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The strain and electric fields present in free-standing AlIGaN/GaN slabs are examined theoretically
within the framework of fully coupled continuum elastic and dielectric models. Simultaneous
solutions for the electric field and strain components are obtained by minimizing the electric
enthalpy. We apply constraints appropriate to pseudomorphic semiconductor epitaxial layers and
obtain closed-form analytic expressions that take into account the wurtzite crystal anisotropy. It is
shown that in the absence of free charges, the calculated strain and electric fields are substantially
different from those obtained using the standard model without electromechanical coupling. It is
also shown, however, that when a two-dimensional electron gas is present at the AlGaN/GaN
interface, a condition that is the basis for heterojunction field-effect transistors, the
electromechanical coupling is screened and the decoupled model is once again a good
approximation. Specific cases of these calculations corresponding to transistor and superlattice
structures are discussed. @03 American Institute of Physic§DOI: 10.1063/1.1620378

I. INTRODUCTION electromechanical coupling coefficiéfftan important pa-
rameter in the design of SAW filters. This quantity is related

In previous analyses of the strain in epitaxial layers ofto the interaction between acoustic and electromagnetic
AlGaN/GaN, the electrical and mechanical properties of thevaves in piezoelectric materialsand is derived from the
crystal have been treated as though they are decoupled. Lifhermodynamic equations of state for piezoelectric
ear elastic theory is assumed to hold, and Hooke’s law ignaterials:® The electromechanical coupling described in the
invoked to obtain the relation between the in-plane and aXiaIbresent work addresses the interaction betweensthBc
components of the strain tensor. The standard model deslectric and mechanical strain fields. To date, this interaction
couples the strain tensor from the electric field and enablefas been ignored in the modeling and design of AIGaN/GaN
the separation of the electric field and electronic eigenstatgeterojunction field-effect transistofsIFETS. The electro-
calculations from calculations of the strain field. Historically, mechanical coupling described herein is not directly related
there is a solid tradition of using this separability whento the electromechanical coupling coefficient in SAW de-
studying heterostructures of GaAs and associated alloygices, but both originate from the same thermodynamic
where the approximation that the strain field is negligibly equations of stat¥
affected by the electric field is valf. In this article, we calculate the strain field in a free-

Generally, it is known from thermodynamfcthat the  standing AlGaN/GaN slab using a fully coupled model. A
electrical and mechanical properties of piezoelectric materifree-standing bilayer slab is chosen as the model structure on
als are coupled and a simultaneous treatment is called faghich to develop the theory as it can serve as a building
when the electromechanical coupling is significant. This isblock for other, more complicated, structures. For instance, it
the case when the piezoelectric response is large, as it is #tn be used as a building block for superlattices and quan-
AlGaN, especially for high Al fractions. For example, large tum wells. In addition, a HFET is just a special case of a
corrections of the electrostatic and elastic properties havpilayer slab in the limit that the GaN layer is much thicker
been predicted for AIGaN/GaN transistor structdrasd for  than the AlGaN layer. It will be seen that the fully coupled
free-standing plates of Af\when a fully coupled model is  strain and electric fields for an HFET can be obtained in this
used instead of a standafancoupled one. asymptotic limit.

The electromechanical coupling is the basis for surface  Although the present model is still within the framework
acoustic wave(SAW) devices using AIN and GaN thin of continuum mechanics, it goes beyond the standard con-
films>~® A quantitative measure of the interaction betweentinuum elastic theory used in typical strain calculations in
the electrical and mechanical properties of the material is theemiconductor materials. We obtain the total electric en-
thalpy for the bilayer slab and minimize it subject to certain
dAuthor to whom correspondence should be addressed; electronic maif?onsn‘"’lints to find both the strain and electric fields. Two
brahmanand.jogai@wpafb.af.mil constraints are used. One is that the two layers must share a
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commonc-plane lattice constant after strain. This lattice con- surface 0
stz_'mt ?s u_nknown at the outset_ ar_nd is deduced only after P le lAlGaNQt_S“:th_%
minimization. The other constraint is set up by the electro- Al Aloan e
static potential, and hence the electric field, being forced to ; 1%
satisfy the Poisson equation subject to the boundary condi- P l PG‘jNT GaN  _y strain 4=
tions at the surface and the common interface. Both the spon- Yy |
taneous and piezoelectric polarizations are included. The ef- surface o
fect on the strain and electric fields of a two-dimensional (b zv[0001]
electron gag2DEG) at the AIGaN/GaN interface, a situation [ R ——— 0
that is essential for channel conduction in the HFET, is also AlGaN
investigated. The model produces expressions for the strain crrrrirevovireirirey [
tensor and the electric field in the two layers in closed form. [ 777777 G ¢

This article is organized as follows: In Sec. Il, the elec- N
tric enthalpy for the AIGaN/GaN slab is minimized subject to e T

4 , . : (10,1221, 101041, 10505, d=) _

the constraints derived from the pseudomorphic strain con- 2¥[0001]

dition and from the Poisson equation. The strain tensor and
the electric field are derived in closed form. In Sec. Ill, theFIG. 1. Cross section of a model cation-faced AlGaN/GaN bilayer slab. The
calculated results from the fully coupled model are con-oP Panel shows the direction of the piezoelec®? and spontaneoug®

. r%)olarlzatlon vectors in relation to the axis. Both layers in the slab are
trasted W'th those fr9m_the uncoupled_ model. The effect O under strain, and the directions of the four strain components are indicated.
the strain and electric fields of screening from the 2DEG ig, andt, are the thicknesses of the AlGaN and GaN layers, respectively. The

discussed. The results are summarized in Sec. |V. bottom panel shows the fixed space charges at the extremities of each layer
resulting from polarization. Also shown in the bottom panel is the potential
@, taken to be the same on both surfaces, i.e., the applied bias is taken to be

Il. MODEL DESCRIPTION ZEro.

In the standard strain theory for semiconductor materi-
als, the formal way to calculate the strain field in a general-

ized strain problem is to minimize the Helmholtz free PUffer. effectively fixing v, and y,y. Clearly, wheny,,
energy?t3 =vyyy=(a—ay)/a,, Eq. (2) yields the usual result for the

Poisson effect in the case of biaxial strain in an epilayer
F= %Cijkl Yij Ykl (1) which is v,/ yxx= = 2Cxx22/ C1222
The situation for the free-standing bilayer slab depicted
in Fig. 1 in which the two layers are of comparable thick-
. . . nesses is more complicated, since none of the strain compo-
Cartesian coordinates y, andz. Summation over repeated nents is known beforehand. To obtain the strain, at least

indices is |mp!|ed throughout. The_ minimization will, of \\inin the standard model, the total mechanical strain energy
course, be subject to certain constraints brought about by the . - <125 must be minimized with respect;tg subject o

bOLind'aIry condm”ons at thetsurfaﬁes and between adjaceme constraints along the interface. There is a further compli-
ma Ierla S %S well as aPy ex _erne; otrces. bl h cation in piezoelectric materials such as AlGaN and GaN
N a wide range of semiconductor problems, NOWEVEr,, ,q ein the electrical and mechanical properties are coupled

one is concerned with calculating the strain in epitaxial Iay'through the piezoelectric coefficient tensor. Equatihis

ers grown, at Iea;t in principl_e, pseudamorphically on athic'ﬂﬁo longer a suitable energy functional for calculating the
buffer layer. Typically, the thick layer belongs to, or at IealStstrain field, since it does not include the electromechanical

cIoser resembles, .the same crys_ta!lographic point group ac':'oupling. Instead, we begin the derivation with the electric
the epilayers. In this case, a minimization of Ed) is un- enthalpyH given by

necessary, since we can take full advantage of the boundary
condition for a free surface which requires that the compo- H=U-E-D, 3
nents of the stress tensor parallel to an outward normal to the o o
means thatr;, =0, whereo; is the stress tensor. In addition, Ment, respectively, and is the total internal energy given
since the lateral extent of the layers is far greater than theipy
thickness, a one-dimension&l D) approximation can be

. S . L . U=3iC .. ,v v+ e EE, (4)
used, whereiry;; =0 fori # j. This condition is equivalent to 2-0jkl Yip YT 2 8RR
ignoring the effects of bowing on the local lattice displace-
ment. Under these conditions, the result

0277 0= Cyyzd Yxxt ')’yy)+szzz'yzz )

is obtained for wurtzite epilayers oriented in tf@01] di-

rection. Here the only unknown ig,,, because a standard in which e;;, is the piezoelectric coefficient tensor aﬁﬁ is
approach is to assume that the buffer layer is unstrained arttie spontaneous polarizatibhThe first term in Eq.(5) is

that the epilayer assumes theplane lattice constant of the recognized as the piezoelectric polarization. The spontaneous

in which Cj,, is the fourth-ranked elastic stiffness tensgy,
is the strain tensor, and the indideg, k, andl run over the

in which gj; is the tensor form of the electric permittivity.
The electric displacement field components are given by

Di:eijkyjk+8ijEj+Pisy (5)
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polarization is in the direction N> Ga along thec-axis bond. aij = Cijii Y1 — €xijEx (7)
After substitution into Eq(3), the enthalpy in its final form
1S for piezoelectric materials. To obtain the strain and electric

fields within a fully coupled model, Eq6) must be mini-
mized with respect to bothy;; andE; subject to the con-
This expression includes the full electromechanical couplingtraints to be discussed shortly for the bilayer slab of Fig. 1.
as well as the spontaneous polarization. Differentiating the ~ Using the Voigt notatiotf and expanding Eq(6), the
enthalpy with respect to the strain tensor gives the fullyenthalpy for a wurtzite crystal with thED001] axis as the
coupled equation of state principal axis can be written as

H= 3Ciju ¥ij ki~ €iEi vik— 38 EiE; —EiP}. (6)

H= %Cll( 7>2<x+ 7§y) + %C337§z+ C127xx7yy+ CraVad Yxxt ')’yy) +2C 44 7>2<z+ 752) +(C11—Cy2) 7>2<y_ Elesi( yuxt 7’yy)

+€33Y22] —e1s(Exyxzt Ey')’yz) - EZPS_ %8 ( E>2<+ E32/+ Eg) ) (8)

where ¢ is the electric permittivity assumed here, for sim- =0 andz=(t,+t,) and also to the continuity of and the
plicity, to be a scalar. The enthalpy for the slab is given by electric displacement across the interface. The general solu-
tion of Eq.(11) in each layer is given b

, 9 PS  2ey7nte€ A
i, b= ?Z-l- 31')’><><8 337222+ ;Z+B, (12)

slab_
wheret, andt, are the thicknesses of the two layers and “a”
denotes the AlGaN layer and “b” the GaN layer. It is noted where A and B are unknown constants. It is evident that
that the elastic and piezoelectric coefficients and the electrithere are four unknowns, two in each layer. Beeare elimi-
permittivity can be substantially different in the two layers. nated by enforcing the boundary conditiopis=0 atz=t,
These variations are taken into account in &g Because of andz=t,+t,. Evidently, we are assuming zero applied bias
the rotational symmetry of the slaly,,= v, and y,,= 74,  across the structure. By pinning the surface potential, the
in each layer. The shear terms in the strain tenggrfor i surface space charg€s andQ, (see Fig. 1 brought about
#j, turn out to be zero because of the assumption that thby the divergence of the polarization vector at the surface are
strain is piecewise homogeneous. A more realistic assumgeffectively screened such that the electric field in the free
tion would be to expect the strain to diminish away from thespace above and below the slab is zero, a reasonable and
interface, resulting in a nonzerg,, that would vary with  physically plausible result. The relationship between the two
position along the axis. This situation would be manifested As is established from the continuity of the electric displace-
in a bowing of the slab. Such inhomogeneous strains, howment and is obtained by integrating Ed1) across the inter-
ever, would require a three-dimensioif@D) numerical cal- face(see Fig. 1 as follows:

culation that is beyond the scope of the present work. o+
One of the minimization constraints on E@) is that the dpla i ty
two layers share the saneeplane lattice constant which is oz - P |t;+(ze3lyxx+ e33y22)|t;+e0n2,3. (13
a

unknown at the outset. This condition is expressed as
From Egs.(12) and(13), the relation between thas in the
respective layers is given by
where a, and a, are the unstraingd-plane Iat.tice of the ACEN= pAIGaNL g (14)
AlGaN and GaN layers, respectively. Equati¢bh0) pre-
sumes ideal growth conditions. Partial relaxation due to disFrom Eq.(14) and from the continuity ot atz=t,, we can
locations will be the subject of future investigations. solve for all of the remaining unknowns.

The other constraint is the relationship between the elec- With the electrostatic potential now known in terms of
tric and strain fields. This relationship is established in thethe, as yet, undetermined strain tensor, the electric fields in
present work by solving the 1D Poisson equation given by the two layers are then given by

(1+y2)a,=(1+y2)ay, (10)

Jd 9 Pnet_zea a+zeb b_ea a+eb b
Es&_g:: E(PS+ 2€31YxxT €33Y22) T €oN2pd(Z2—t,), Ei=tp 1 ta‘g:f;):;a 2 337ZZ, (15)
a1y and
where ¢ is the electrostatic potential ant is the sheet
concentration of an ideal 2DEG modeled a$ function at o P26l 2e8 v edait ey,
the AlGaN/GaN interface. Equatiofil) is solved analyti- Ez=—t taepttpea '
cally for ¢ subject to the boundary conditions=0 at z (16
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where P"e=pS(b)—pS@4en, . Equation (9) can be We can also extract the fully coupled results for the
readily minimized with respect tg;; andE, subject to the strain and electric fields in the limit,>t,, i.e. the usual
constraints expressed in Eq&0), (15), and(16) using com- HFET configuration, and compare them with the uncoupled
mercial symbolic-mathematical programs. For convenienceresults. In this case, fully coupled axial strain in the AlGaN
we have also formulated the problem in the form of a matrixlayer is given by

equation of the form a

aA = _2C_13 a |
Ar Az Agz\ [ 98, B, Yadty—oe Cc, Yxxlty—o

Az A Ag Ye.| =| B2 |, 1

AN AR 4 23Ch-ACh)|

31 A3 Assz 2z Cay(e,Cot 6‘232 Vxxlty—oe

in which the matrix elements are obtained by differentiating od_pnet
the energy functional with respect to the unknown strain + 3a3 - (25)
components. The constraints are already built into #&@) £aC3at €33

by eliminating ., E3, andE3 from Eq. (9). Equation(17)  anq the fully coupled electric field by
can be solved either symbolically or numerically. We have

provided the symbolic solution as an auxiliary itétAp- Ea - CEP™ €3:C33—€3:Cls| |
pendix A lists the matrix elements. My g ,Cted2 £,C55t€5%° Yty e -
The fully coupled model described above reproduces the (26)

strain tensor from the standard model in the limit that the,

) ) X In Egs. (23), (24), (25), and (26), v2, takes th mptotic
piezoelectric stress tensor is set to zero. The results are 9s.(23), (24), (25), and (26), 7 S fhe asympriotl

ftrhit (ap,—a,)/a, ast,—o. The first term in Eq(25) is the

follows: result from the standard model. The other two terms are due
. tpas(ap—a,)Cas to electromechanical coupling.
7><x|eijw0:t 21 22CP R (18 It is worth pointing out that the foregoing results also
b%a™33" "a%h~33 apply to a free-standing AlGaN/GaN superlattice in which
and the slab of Fig. 1 forms a period of the superlattice. This
outcome follows from enforcing the pseudomorphic bound-
a _ thaa(ap—aa)Cls 1 ary condition throughout the entire cross section of the slab,
722|eijw0__ tba§C§3+taa§C23R (19 i.e., for all z. In turn, this result is a consequence of the

simplifying assumption made at the outset thgt=0 for i
for the AlGaN layer and #j. In addition, the electrostatic potential will be subject to
periodic boundary conditions at=0 andz=t,+t,. We can
(20 assume without loss of generality that the potential in the
superlattice case can be set to zero at the two ends, as we
have done in the present case. A nonzero potential at the two

b
3 _ taap(a—a,)CgR
Podeo t,25C33+ t,a5C3R

and
ends in the periodic system simply represents a rigid shift of
b taab(ab—aa)C23R the potential distribution function and does not change the
722|eijw0: t.a2Ca.+1.a2CP.R (2D electric field. Thus a superlattice formed from a stack of
ba33™ ladpoas

slabs discussed in the present work will have identical strains
for the GaN layer where the constant fackiis defined as and electric fields within each period as obtained for our
model structure. Other free-standing structures for which the
(22) model applies include free-standing cantilever microelectro-
mechanical system@IEMS)*"* utilizing AIN or GaN. The
. . - change in the electrostatic field brought about by applied
It is further seen from Eqs(18)-(21) that in the limitt, external stresses on the MEMS device can be calculated by

>t,, the well-known uncoupled result for the axial strainin . . .~. . -
o . . minimizing the enthalpy subject to the boundary conditions.
an epitaxial AlGaN layer pseudomorphically strained on a

thick GaN buffer is recovered:

( 6111"' Cellz)cgs_ 2(361132
(Chy+Ch,)CBs—2Ch2"

Ill. RESULTS AND DISCUSSION

a
Vede0tpe= _zc_f?’ixhww' (23 Table | shows the material parameférS~*‘used in the
33 calculations. The signs of the polarization parameters are de-

In this limit, the strain in the GaN layer is reduced to zero, atfinéd in relation to the{000]] direction: a negative sign

least ideally, as the thick GaN layer serves as a fixed anchofeans that the vector is in tfi001] direction.
The uncoupled electric field in the AIGaN layer in this limit ~ For the model structure of Fig. 1, we choosg

then becomes =300 A andt,=500 A. The 300 A AlGaN layer is typical
- o n 4 a of most hig.h-power HFETs. It is r'ecognized'that the GaN
£ _P 2<631C33_ e3C1s| , | layer used in the model structure is much thinner than that
zeij—0tp== g £, Vxxlty—ee - permitted by current technology. For example, using a laser
(24 lift-off process and growth via metalorganic chemical vapor
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TABLE I. Strain-related material parameters used in the present model. The 3
elastic stiffness constants are in units of GPa and the piezoelectric coeffi-
cients and spontaneous polarization in units of €/m
2
. b
Material C;; Ci;, Ci3 Cg3 a(RA) ey  eg PS  glg, S A,
5
AN 396° 137 108" 373 3.112 -05¢ 155 —0.081 8.5 g 1
GaN 367 135 103 405 3.18F —0.36¢ 1° —0.029 10° g
=
®Reference 19. 3 0
PReference 20. g
‘Reference 21. @
‘Reference 22. -1 A
°Reference 23.
'Reference 15. )
“Reference 24. “o 02 04 06 08 10
Al mole fraction

deposition, free-standing layers of nitrides can be produced!G. 3. Deviation of the uncoupled from the fully coupled in-plane strain in
successfully only for relatively thick layefsin the vicinity 1€ Pilayer slab witinzp=0.
of 5 um. The free-standing layers are even thicker for epil-
?yers gzrggvn bdy 3hgd”d§6,¥7""$ﬁr ?hl?se epltagy, recz;lclhlng beI':ig. 3 that the deviation fory,, is quite small. A possible
Wef"nd h and Q‘tm' Ie udy courp])e ”.‘Ose prl?- reason is that the electromechanical couplingygfinto the
sendﬁ erelg IS qtur: N genﬁraf ar;h_, iSGS NOWIE_ n e2c. h’ C&huation of stat¢Eq. (7)] occurs through the piezoelectric
[ﬁa Iyl relprtoducte ) etresu s for f'C i a 'f tlr?urzl fs ?_Wscoefficientegl which is much smaller thaess, as seen from
€ calculated strain tensor as a function of the ractioNraple 1. The electromechanical couplingpf, into the equa-
using the fully coupled model for a model structure that is

: . . tion of state is througles; which is quite large, especially for
depleted, i.e.,n,p=0. Following standard convention, a 98s3 q 9 P y

" LT o . . AIN. It is clear that the error in the calculated strain along the
positive sign indicates dilation and a negative sign contrac-

. ; o th axis i ite significant, hing 30% in the AlGaN
tion. Unlike the situation of a AlGaN layer on a semi-infinite growt axis 1s qurie Signicarnt, reaching olnthe a

GaN buffer. both | trained. with the in-pl layer for a mole fraction of 0.3. This error will, in turn, have
aly butier, both layers are now strained, wi € In-plane significant impact on the calculation of electronic and op-

Isat;aelr tensile in the AlGaN layer and compressive in the Ga ical properties that depend on accurate knowledge of the

. . strain. Some examples of such quantities include the eigen-
Next we examine the deviation between the fully P g g

coupled and uncoupled models for a depleted slab. This des_tates and the complex dielectric function of the slab.

ation A is defined So far it has been assumed that the slab is depleted with
viation A 1S defined as the only charge present being a fixed space ch&rggven
a(b)__ . a(b) uncoupled by
NCH Yii Yii 27)
i 520) ’ p=pS(b)_ pS(a) 4 pp(b) _ pp(a) (28)

wherei is x or z, the superscript “a” or “b” refers to a wherePP® and PP() are the piezoelectric polarizations
particular layer, andy;; is given by the solution to Eq17) PPE—pgd 2 42 o2 (29
for the coupled case and by Eq$8)—(21) for the uncoupled 317xx " =337 kx>

case. The calculated results are shown in Figs. 3 and 4 for thend
in-plane and out-of-plane strains, respectively. It is seen from

b) _ b _b b _b
pp( )= 2e317xx+ €33Yxx " (30)
0.02
-20
A
2z
0.01 £ 30
5 <
7 g
B
0 g
. a
E £
-50
-0.01
0 02 04 0.6 0.8 1.0
Al mole fraction 0 02 04 0.6 0.8 1.0
Al mole fraction

FIG. 2. Calculated strain for the structure of Fig. 1 as a function of the Al

fraction with t,=300 A, t,=500 A, andn,p=0, using the fully coupled FIG. 4. Deviation of the uncoupled from the fully coupled out-of-plane
model. The four strain components are denoted in Fig. 1. strain in the bilayer slab with,,=0.
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0 0.005
0004 7
0.002 o . p
---- coupled (1,.=0 2
Nl el 0003 coup (”21)_) Z7 .-
s N 20.004 \\ ~\\‘\ o, . - ooupled(nZD—O.SP/eO) // /’,’
N .. 72
§ ~ . g z " -
z J 0002
-0.006 standard \\ //’
" copledn,=0) I\ 0.001
0.008 ——- coupled (n,,=0.8P/e)) ~N ’/,
0
0 02 04 0.6 0.8 1.0 0 02 04 0.6 0.8 1.0
Al mole fraction Al mole fraction

FIG. 5. Calculated out-of-plane strain in the AlGaN layer for the standardFIG. 6. Calculated out-of-plane strain in the GaN layer for the standard and
and coupled models. Two coupled cases are shown, one without free elecoupled models. Two coupled cases are shown, one without free electrons
trons and one with free electrons. and one with free electrons.

For a cation-faced structure, the standard growth orientatioforces such as those due to the pseudomorphic interface con-
for most HFETs P is positive?® whereP=Q,— Qg in Fig.  dition. Another result that is evident from Figs. 5 and 6 is
1. Depending on the growth and surface conditions, donorthat the 2DEG screening brings the strains of the coupled
may be present and may contribute free electrons to the inmodel closer to those of the standard model. As will be seen
terface. Under certain conditions, the space charge may tghortly, the effect of screening is to reduce the built-in elec-
partially screened by a 2DEG. For instance, using our owriric fields. This, in turn, will reduce the electromechanical
self-consistent Schdinger—Poisson modé?, we find that  coupling, as seen from Eq7).
the 2DEG is almost 90% of the magnitude of the fixed space Figures 7 and 8 show the calculated electric fields in the
charge fort,=300 A and typical HFET Al mole fractions. AlGaN and GaN layers, respectively, using the standard and
The exact origin of the 2DEG is not well known. From coupled models. These fields help to explain, in part, the
basic electrostatics, the sum of the polarization-inducedarge deviation of the standard strain fields from their
space charges must be zero. This means @hat Q,+Q;  coupled counterparts. As an example, for a Al fraction of 0.3,
+Q,=0 (see Fig. 1L There remains the issue of how to the electric field in the AlGaN layer is about 2 MV/cm, pro-
account for the 2DEG within a theoretical framework while vided that the structure is depleted. Such a large field, if
ensuring that the charge neutrality law is satisfied. In oumresent, will give rise to a strong electromechanical coupling
numerical charge-control mod&we assume that the 2DEG and, therefore, a large discrepancy between the standard and
originates from surface donors. Charge balancing is then effoupled models. When there is a 2DEG, however, the high
fected by the 2DEG being equal to the sheet density of ionspace charge density that gives rise to the electric field is
ized donors. Other possible sources of the 2DEG includ@artially neutralized, depending on the magnitude of the
unintentional dopants and deep-level traps. The magnitude @DEG. Forn,;=0.8P, the field in the AlGaN layer is re-
the 2DEG will depend on the band lineup, the thickness ofluced to about 0.4 MV/cm for a Al fraction of 0.3. Evidence
the layers, and the Al fraction of the barriers. In addition,for the smaller field is seen in recent photoreflectance
there is both a minimum thicknegg and a minimum Al
fraction for the 2DEG to form, as shown in a recent numeri-

cal work®® In the present work, however, the formation 0

threshold of the 2DEG as a function of the Al fraction is not C%Ifd(“r%ed)

taken into account. It has also been shown numericatlyat =

the 2DEG density is a linear function of the Al fraction for a g 2 Sm”"ard(smened)

givent,. We make the latter assumption in the present work. é

Further, we assume, conservatively, that=0.8P/e; and S .

examine the effect of free-electron screening on the electro- g 0"1%7

mechanical coupling. §’ -~
Figures 5 and 6 show?, and 2, respectively, calcu- T . %, )

. . - %,

lated using the standard and coupled models. The in-plane Vf%

strains are not shown, since the effect of electromechanical ",

coupling on the in-plane strain components is weak. It is 3 K4

evident from the calculated strains that the effect of coupling 0 02 04 0.6 08 10

is to reduce the magnitude of the strains relative to those of Al mole fraction

the standard model, especially when the structure is depleteng. 7. Calculated electric field in the AlGaN layer for the standard and

This resu_lt is_ not surprising, since we would expect the Pi'fully coupled models showing the effect of free-electron screening in each
ezoelectric fields to induce forces to oppose any appliedase.
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) APPENDIX: MATRIX SOLUTION OF THE STRAIN
4 &@&“ FIELD
N\
= é&""‘ N 4 &&& The matrix elements required to solve Efj7) are given
E 3 @&6 in this Appendix. As before, “a” refers to the AIGaN layer
é &@& and “b” to the GaN layer
=
”;% 2 A11=taa§(Cil+ C?z)(tasa"' thep) + tbag(ta3b+ thea)
B
3 e 635 X(Ch+Ch) +2tetp(ehaa—edan)?  (AD)
1
 seened A12=t8;CT4(tasn+ thea) + tathanedy €313, — e3124),
ww\ed( (A2)
0
0 02 04 06 08 10 A13:tbaaabck£3(ta8b+ thea) — tatbabeg3( eglab_ eglaa),
Al mole fraction (A3)
FIG. 8. Calculated electric field in the GaN layer for the standard and fully Ao=2t.a.C3(t.en+t +2t.ted (et a.—ela ,
coupled models showing the effect of free-electron screening in each case. 2 agh 13( a®h bsa) ab 33( 31%b st ?%4)
A22=taabC§3(tasb+ the a) + tatbabe§32, (A5)

measurement$32 on AlGaN/GaN heterostructures in which
barrier fields in the vicinity of 0.3 MV/cm were reported for
250 A thick barriers with Al fractions in the range 0.06-0.1. Ag=2t,tpeby(eda,— edap) + 2t,a,Ch(taen+ thea),

Ags= —t,thap€3e3s, (AB)

An electric field of opposite sign occurs in the GaN layer (A7)
with similar trends between the coupled and standard mod- a b
els. Its magnitude is decreased with the thickness of the GaN  As2= ~ lalh@p€33€33, (A8)

layer. It is recognized that the calculation of the electric field
in the GaN layer is more involved than the classical model
presentgd allows here._ The_formatlon of the_notch in the B, =t,t,(ea,— e3a,)[ay( PP — PS®+eyn,p)
conduction band edge in which the 2DEG resides is repro- N . )

ducible only within the scope of a quantum-mechanical cal- +2e31(a3—ap) |+ aatp(ap—aa)(Cyt Ciy)
culation. In spite of approximations used, the calculated

. : . X

fields shown here appear to be quite plausible. (tagbFloea), (A10)

A33: tbangs(tas pt tbS a) + tatbabeg32, (Ag)

B,=2t,t,e5.e3:(a,— ap) + tatpapeds
IV. SUMMARY AND CONCLUSIONS X (PSP —pS@+1gin,p), (A11)

In summary, a fully coupled electromechanical modeland

has been presented for the strain and electric fields in a free- _ b  pS(b)_ pS(a)
. . . = —ttpapezs( P —P>¥+egn,p) +2(ap—a

standing bilayer AIGaN/GaN slab. The electric enthalpy of 3 alb@p®sd oN20) *2(ap ™ aa)
the slab, with 'con.tribut.ions' frlom the pie.zoelectric and spon- X[ tatp€3:€5+ thChataep+thea) 1. (A12)
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