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The role of spontaneous and piezoelectric polarization in Ill-V nitride heterostructures is
investigated. Polarization effects and crystal polarity are reviewed in the context of nitride
heterostructure materials and device design, and a detailed analysis of their influence in nitride
heterostructure field-effect transistors is presented. The combined effects of spontaneous and
piezoelectric polarization are found to account well for carrier concentrations observed in AlGaN/
GaN transistor structures with low to moderate Al concentrations, while the data for higher Al
concentrations are consistent with defect formation in the AlGaN barrier. Theoretical analysis
suggests that incorporation of In into the barrier and/or channel layers can substantially increase
polarization charge at the heterojunction interface. The use of polarization effects to engineer
Schottky barrier structures with large enhancements in barrier height is also discussed, and electrical
characteristics of transistors with conventional and polarization-enhanced Schottky barrier gates are
presented. The polarization-enhanced barrier is found to yield a marked reduction in gate leakage
current, but to have little effect on transistor breakdown voltage.1999 American Vacuum
Society [S0734-211X99)05804-7

I. INTRODUCTION HFETs is addressed in Sec. IV. Section V concludes the

[11-V nitride heterostructures are of outstanding current2"ticle.

interest for a wide range of device applications, including

blue and ultraviolet light-emitting diodes and lasktsigh- Il. OVERVIEW OF POLARIZATION EFFECTS
temperature/high-power electronfc$, visible-blind ultra- The wurtzite crystal structure of nitride semiconductors
violet photodetectors? and field-emitter structur€s® I combined with epitaxial growth that is performed typically
addition, these materials, by virtue of their wurtzite crystalin the (0001 orientation leads to the existence of a piezo-
structure and high degree of ionicity, exhibit a variety of electric polarization field and associated electrostatic charge
material properties that either are not found or are of considelensities in strained material that have been shown to influ-
erably reduced importance in conventional zincblende Ill-Vence carrier distributions, electric fields, and consequently a
semiconductors. Of particular interest are piezoelectric andvide range of optical and electronic properties of nitride ma-
spontaneous polarization effects, which recent experimentaérials and devices. In addition, recent theoretical results
and theoretical investigations have revealed to be of grediave indicated that nitride semiconductors also possess a
importance in the design and analysis of nitride heterostrudarge spontaneous polarizatibhassociated with which will
ture devices;"**and which can be exploited to advantage inbe electrostatic charge densities analogous to those produced
nitride materials and device engineering. by piezoelectric polarization fields. In bulk material it is as-

In this article, we review the basic phenomena of spontasumed that rearrangement of surface charges nullifies spa-
neous and piezoelectric polarization in nitride semiconductially uniform piezoelectric and spontaneous polarization
tors and discuss their role in nitride heterostructure devicgields. In heterostructures or inhomogeneous alloy layers,
physics, with particular emphasis on the design and analysisowever, variations in composition are expected to create
of nitride-based heterostructure field-effect transistorsmonvanishing spontaneous and piezoelectric polarization
(HFETs. Section Il provides an overview of piezoelectric fields and associated charge densities that can dramatically
and spontaneous polarization effects in nitride heterostrudnfluence material properties and device behavior.
tures, the influence of crystal polarity, and the role of polar- The piezoelectric polarization field,, is determined by
ization effects in the analysis and design of various nitridethe piezoelectric coefficients; and the strain tensas;, and
heterostructure devices. Section Ill focuses specifically ofis given by
the role of spontaneous and piezoelectric polarization in the
analysis and design of nitride HFETS; the use of polarization
effects to engineer Schottky barrier structures in nitridewhered;; are the piezoelectric coefficients relating the polar-
ization to the stress tenser; = cjc€,, andcy is the elastic
dElectronic mail: ety@ece.ucsd.edu tensor. Contracted matrix notation is used, and summation

Po.=€ij€j=dijCjxex, |, K=XXYY,2ZYZZXXY, (&N
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in the figure is referred to as the for Ga face, and the

lower (0001 surface as the Bor N) face. It has been found
empirically that the orientation of high-quality nitride films

G:l A (Ga) face grown by metalorganic chemical vapor deposition
ca L (MOCVD) is typically (0001), whereas molecular-beam ep-
N itaxy (MBE) can yield high-quality films with either the

Ga (0009 or the (000} orientation.(0001) and (0003} films
N can be distinguished from each other by a variety of tech-
G; B (N) face niques including wet chemical etching, characterization of
physical morphology, and convergent beam electron
GaN diffraction 16
AIIG'G P, P Polarity in epitaxially grown nitride films is significant in
the context of polarization because the spontaneous and pi-
AGa ‘l‘ ezoelectric polarization fields have a well-defined orientation
AlGa with respect to the A and B crystal faces. Theoretical
N calculationd® indicate that for GaN, AIN, and InN the spon-
Alica taneous polarization field is in thgd001] direction, i.e.,
AlGaN pointing from the A face to the B face as indicated in Fig. 1.
Experimentadi?'3and theoreticaP results have indicated that
In/Ga the signs of the relevant piezoelectric coefficients in the ni-
N . trides are such that fol0001) films grown under tensile or
In/Ga T compressive strairk, is in the[ 0001] or [0001] direction,
N respectively. The orientation of the piezoelectric polarization
ln/Gﬂ field with respect to the crystallographic axes in the nitride
semiconductors is opposite that found in other llI-V semi-
n/Ge conductors and is the same as that found in 11-VI semicon-
InGaN ductors, a consequence of the greater ionicities of IlI-V ni-

trides compared to those of other -V semi-

Fic. 1. Crystal structure, spontaneous polarization fieldlg)(and piezo- conductor§.3'15'17
electric polarization fields Ry, for GaN (top), and for ALGa _xN and For strained 1lI-V nitride epitaxial layers grown in the

In,Ga _ N coherently strained to Gak0002).

over repeated indices is assumed. The total polarization field
P is then the sum oP,, and the spontaneous polarization
and is related to the polarization charge dengity;

Psps
according to

VP=V - (PgytPod) =~ ppol-

(0001 orientation, a piezoelectric polarization will be
present aligned along tH€001] direction and given by

C13
Ppz2=2 €31~ ;. €33/ €1 (3
33
The values of the spontaneous polarization and of the rel-

evant piezoelectric and elastic constants in IlI-V nitrides
have in many cases not been definitively established. Table |

From Eq.(2) it is evident that at an abrupt heterojunction shows values for several relevant physical quantities for
interface, a polarization sheet charge density will be preserGaN, AIN, and InN'*8-32|n this work, we have used theoret-
arising from the difference in spontaneous polarization beical values® for spontaneous polarization and for the piezo-
tween the two heterojunction constituents and from theelectric coefficientsee;; and ez3. For spontaneous polariza-
abrupt change in straig that gives rise to a discontinuity in tion, only a single set of theoretical values, and no
Pyz- In compositionally graded alloy layers, the spatially experimental values, are available. For the piezoelectric co-
varying polarization field will produce either positive or efficients, only theoretical values are available for InN; for
negative volume charge densities that will in many respect&IN, experimental and theoretical values appear to be in
act as donors or acceptors, respectively. Finally, it should bgood agreement. In the case of GaN, there is a significant
noted that very gradual changesfn as would arise from discrepancy between the experimental and theoretical values,
uniform or nearly uniform stress in an epitaxial layer struc-particularly fores;; for consistency, and given the large un-
ture, will produce only very small polarization charge densi-certainty likely to exist for both the experimental and theo-
ties. retical values, we have used the theoretical valuesfpand

Closely related to the investigation of polarization and itses;. For the elastic constants; andcss, we have used the
influence on nitride heterostructure device physics is the isaverages of the values listed in Table I. Values for ternary
sue of crystal polarity. Figure 1 shows a schematic diagranand quaternary alloys are then obtained by simple linear in-
of the GaN wurtzite crystal structure. The lack of inversionterpolation.
symmetry in the(0001) plane gives rise to two possible po-  Recent work has demonstrated that polarization effects
larities for (0002 epitaxial growth. The uppef00) surface  can exert a pronounced influence on heterostructure material
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TaBLE |. Selected physical constants for GaN, AIN, and InN.

HFET n_vs.Xx

GaN AIN InN Reference 240"
P SAARARARNNRRARE RRREE RRRENRERES RERE) &
a(A) 3.189 3.112 3.548 18 ' - =MOCVD SP+PZ/4
c(R) 5.185 4.982 5.760 18 3“ 510" AMBE B
es (C/mz) —-0.32 20 ! X .
e, (CIm) -0.22 - o 21 H i
€31 (CIm)) -0.36 : 19, 22 T 0" .-SP
ey (C/m?) . —0.58 fe 23 'g r Pz
e, (C/mP) —0.49 —0.60 -0.57 15 ] i -
€33 (C/Im?) 0.65 20 g s5x10”[ -
€33 (C/mP) 0.44 21 3 e
€43 (C/mP) 1 - . 19, 22 2 Lela 1
e (C/Z) 1.55 23 7] olo vl b aia b b s L
3 ‘ 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
€53 (C/mP) 0.73 1.46 0.97 15 Al concentration
ci3 (GP3 158 e 24
c13 (GPa 70 25 Fic. 2. Measuredsymbols and calculatedlines) sheet carrier concentra-
C13 (GP3 106 26 tions in AlLGa_,N/GaN HFET structures grown by both MBE and
c13(GPa 114 27 MOCVD as a function of Al concentration. Calculated values show the
13 (GP3 110 100 28 separate and combined contributions of piezoelectric and spontaneous po-
Ci3 (GP3 120 e 29 larization.
13 (GP3 99 30
Ci3 (GP3 100 127 94 31
Ci3 (gpa 283 108 92 232 a dominant factor in the formation of a 2DEG with ex-
Cs3 (GP3 ! 4 tremely high carrier concentration at the heterojunction
Ca3 (GP3 379 25 ; 1233 o
cas (GP3 398 26 interface.“~* For an ALqu,XN/GaN HFET eplta?<|al layer
a3 (GPa 209 27 structure, the AlGa, _,N will be under tensile strain and, for
Ca3 (GPa 390 390 28 growth on the(0001) surface(i.e., A or Ga facg a positive
Cs3 (GP3 395 29 polarization charge density will be present at the
233 Egﬁg 392 35882 '2'(')0 331 Al,Ga,_,N/GaN heterojunction interface. For growth on the
33 . . .
Cas (GP3 405 373 224 32 (000 surface, the polarization sheet charge densify at
Pepz (CIMP) —~0.029 —0.081 —~0.032 15 the heterojunction interface and the electron sheet concentra-

tion ng in the 2DEG will be given approximately by

Ng= O'polle_ (EAIGaN/dez)(ed’b'l' Er—AEy)+ %Nd d, (4
properties and device physics, and furthermore that these ef- _
fects can be used to achieve substantial improvements in 7ot/ €=~ 2[ €31~ (C1a/Caz)€aal (Agan/aan — L)X
various aspects of device performance. 1pQg _,N/GaN +|:>§paz'\‘— pfs*;‘;a’\‘, (5)
quantum well structures, polarization fields in theGi; N
qguantum wells lead to substantial redshifts in luminescenc
energy that are screened at high carrier concentrations. : A
Recently, it has also been shown that local strain fields ass¢fLlice constants of GaN and AIN, respectiveRg,, and
ciated with threading dislocations can create substantial ele©spz '€ the spontaneous polarizations of GaN and

trostatic sheet charge densities, and consequently electrl XgalﬁxN’ €AGaN 1S thehdlellectrlc ponrs]ta}n; of fBa N,
fields, at a free surface or a heterojunction interface in thePb IS the ALGa, N Schottky barrier height=e and AE.

vicinity of the dislocatior?® In Al,Ga_,N/GaN HFETs, &€ the Fermi energy qnd .conduction-band offset, respec-
positive polarization charge at the Ma,_,N/GaN interface t|v_ely, at the heterojunction mterfa_ce, audand N.d are t_he
contributes to the formation of a two-dimensional electronth'ckness and . donor concentration, respectively, in the
gas(2DEG) with extremely high carrier concentratiotfs:> AIXQQ—XN barrier layer. .

Furthermore, polarization charges can be used in a nitride F|gur_e 2 showsng (obtamed_ from Hall megsuremehtss
HFET to achieve a dramatic increase in barrier height, and function of Al concentration for a series of 300 A
consequently a reduction in gate leakage current, withouf xGa—xN/GaN HFET structures grown by both MBE and
increasing the total barrier thickness or the Al concentratio1OCVD- Also. shown are values af, calculated from Egs.

in the ALGa _,N layer?® Finally, polarization charges in (4) and (5) using values fores;, €33, C13, andcs; deter-
compressively strained JG&a N deposited on GaN can be mined in the manner described above, and assuiipg1

. 8em—3 i 0 -
used to lower the surface barrier, and consequently decrea 10%cm?. For Al concentrations below-20%, the agree
turn-on voltage, for GaN field emittef8. ment between the calculated and measured values is very

good, provided that the contributions of both spontaneous
and piezoelectric polarization charge are included. For
lll. POLARIZATION EFFECTS IN HFETs higher Al concentrations, the measured valuesfoare sig-
It has emerged from studies of Ma _,N/GaN HFETs nificantly below the calculated values. Estimates of strain
that polarization charges at the &la, _,N/GaN interface are relaxation in A} ,<Ga, ;N/GaN HFET4! have indicated that

gvhereegl, €33, C13, andcgy are the relevant piezoelectric
and elastic constants for Aba; N, ag,y anda,y are the
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Fic. 3. Polarization sheet charge concentration at the 2DEG interface of apic. 4. Polarization sheet charge concentration at the 2DEG interface of an

HFET structure containing an &ba,_,N barrier and 19Ga _,N channel,  HFET structure containing an Ah,Ga,_,_,N barrier layer, shown for In
shown for Al concentrations of 10%, 20%, and 30% as a function of Inconcentrations of 0%, 4%, and 8% as a function of Al concentration. For
concentration. barriers lattice matched to GaN, the polarization charge density increases

with In concentration.

strain relaxation initiates for fhsGa, 79N layer thicknesses achieved without strain relaxation in the barrier layer will
between 20 and 40 nm, suggesting that the discrepancy b@tso increase with In concentration.

tween our calculated and measured values at Al concentra-

tions above~20% may be due partly to strain relaxation |\, scHOTTKY BARRIER ENHANCEMENT IN

and, consequently, a reduction in piezoelectric polarizationy TRIDE HFETs

charge, or possibly to formation of compensating defects in o .
the AL, Ga, N layer. As an example of the use of polarization effects to im-

The analysis of sheet carrier concentration as a functioR"0Ve various aspects of device performance, we describe
of composition can be extended to include In-containing al€cent studies in which polarization effects were used to
loys. Because of the relatively large lattice mismatch be@chieve large increases in chottky'bam'er height in an
tween InN and GaN compared to that between AIN and GaM\xGa—xN/GaN HFET structu_ré, and in which the influ-
(11.3% and 2.4%, respectivélyiow In concentrations in an €Nce of th|s increase on transistor c_haracterlsncs was inves-
In,Ga,_,N alloy will lead to relatively high piezoelectric tigated. Figure &) shows a schematic energy band diagram
charge densities at an @a_,N/GaN heterojunction inter- for an HFET epl'FaX|aI layer structure in which the barrier
face. Because J&a_,N grown on GaN will be under com- mcorporates a thin QaN Igyer grown on top of the conven-
pressive strain, a negative piezoelectric sheet charge densifpnal AliGa, N barrier. Figure &) shows the correspond-
will be present at the bottom of the /@& N layer and a
positive sheet charge density at the top, for growth on the @

(000Y) surface. Incorporation into an HFET structure of an pola,;zaﬁon.inducedf I N
InyGa, _yN channel layer with an AlGa, N barrier should enhancement A
therefore lead to a substantial increase in polarization charge J\
density at the 2DEG interface, as shown in Fig. 3. The major N
additional contribution to polarization charge is expected to 8, o1
be piezoelectric, since the calculated values of spontaneous o

polarization for GaN and InN differ by only a small amount. appicaN

An additional possibility is incorporation of an
Al,In,Ga _,_yN barrier into an HFET structure. Incorpora- 7
tion gf In intoythe barrier layer will allow higher Al concen- ////%
trations to be attained without strain relaxation. Because the (b) ' >
discontinuity in spontaneous polarization is expected to pro- A
vide a larger contribution to polarization charge at the het-
erojunction interface than piezoelectric polarization for a
given change in Al concentration, an,/,Ga N bar-
rier structure may be expected to provide a substantial polar- |
ization sheet chargélue to spontaneous polarizatioeven 2deg G
at compositions lattice matched to GaN as shown in Fig. 4.

Furthermore, for a given degree of tensile strain the p0|a|—F|G. 5. (a) Schematic energy band diagram dhyicharge distribution for an

S . . HFET structure in which the barrier consists of GaN grown atop
ization charge at the 'Q‘"nyGakX*yN/GaN interface is ex Al,Ga,_,N. The negative polarization sheet charge at the upper

pected tq increase W_ith _m concentration, ?nd consequently; g5 N/GaN interface leads to a large enhancement in effective barrier
the maximum polarization charge density that can beheight.

JVST B - Microelectronics and  Nanometer Structures
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ing charge distribution in this structure, assuming growth orcrease the effective barrier height electrostatically. In the
the (000 surface. As shown in Fig. 5, incorporation of a structure shown in Fig. (8), however, control over layer
GaN layer above the AGa ,N barrier layer allows the thickness and composition in epitaxial growth allows the
negative polarization charge at the top of thg@d N magnitude and position of the polarization charge to be con-
layer to be positioned within the Schottky barrier structure trolled very precisely.

thereby increasing the effective barrier height. This approach A straightforward electrostatic analysis shows that the

is analogous to the use of a thin" layer near the metal- 2DEG sheet concentration, and the effective barrier height
semiconductor interface of amtype Schottky diode to in- ¢, ¢ are given by

o (encan/d0) (65 Er /e~ V) + No1d1/2+ (encan/ €can) (€N + e Nopd5/20)
* e[1+ (encan/ €can) (d2/d1)] ’

(6)

ed,
bp = AEc/e+ N+ o M5~ Nt~ Neo), @)
a

where o, is the GaN/AlGa _,N interface polarization structures are consistent with those expected when either
sheet charge densitjncluding both spontaneous and piezo- spontaneous or piezoelectric polarization effects are in-
electric polarizatiop d, andd, are the AlGa;_,N and GaN  cluded, but are smaller than those expected from the com-
layer thicknesses\y; andNy, are the AJGa,_N and GaN bined effects of spontaneous and piezoelectric polarization.
layer donor concentrations, g,y and egay are the dielectric  Studies of similarly grown HFET structures with barriers
constants 22N is the GaN Schottky barrier heighhE, is
the conduction-band offset, aitf is the Fermi level at the
2DEG interface. In deriving Eq46) and (7) we have as-
sumed that¢)'®®N= SN+ AE;, as suggested by direct
measurements af-Al,Ga _,N Schottky barrier height&
Figures 6a) and @b) show, respectively, the effective
barrier heightspy, o and sheet carrier concentratiomscal-
culated as functions of GaN layer thickneds for a total
barrier thicknessd;+d, of 300 A, assumingNg =1
X 10%¥em 3, Ng,=5%10"cm 3, and ¢5*"=1.0V, and
showing both the separate and combined effects of the spon-

taneous and piezoelectric contributions to polarization 2§ ]
charge. The total barrier thickness was kept at 300 A because D R e 3
in an HFET device it is desirable to maintain a small barrier 50 00 T80 200
thickness to ensure a high gate capacitance and, conse- GaN thickness (A)
guently, high channel conductance and transconductance. (b) 1.5x10" L+ rmrmrmrrr NN
Figure 6 shows that extremely large increases in barrier BPRE: X = 25%,

height may be expected, particularly for higher Al concen-
trations, when a thin GaN layer is incorporated at the top of
the barrier. However, the sheet concentration decreases with

Effective barrier height (V)

Bx10™E -+

0
1.5x10"

increasing GaN layer thickness, necessitating a tradeoff be- 1x10"3 E

tweenng andey, o in selecting an optimum GaN layer thick- 5102

ness. obPL
Measurements afg by capacitance—voltage profiling and 1.5x10" ————

of ¢y, o Dy photoresponse have shown that for an HFET
structure consisting of 225 A §b<Ga, 74N/75 A GaN grown

by MOCVD on nominally undoped GaN on a sapphire sub-
strate, an effective barrier height of 1:89.05V and a sheet
carrier concentration of 4:5102cm 2 are obtained. In
comparison, a barrier height of 1.5®.05V and a sheet
carrier concentration of 5X10%cm 2 are obtained for a
control HFET structure with a 300 A Ab-Ga, ;N barrier®®
The extremely large increase in effective barrier height ofg

Sheet concentration (cm)

0.37 V and the sheet carrier concentrations observed in these shown.

J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999

1x1013E A
5x10"2F

Fic. 6. Calculated values fofa) effective barrier height an¢b) electron
sheet concentration in a polarization-enhanced HFET Schottky barrier struc-
ture, shown as functions of GaN layer thickness for a total barrier thickness
f 300 A, for Al concentrations of 15%, 20%, and 25%. The separate and
ombined influences of spontaned@8® and piezoelectri¢PZ) polarization
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a 1umx50um gate
(@) 160 Vg=0.5V Lot " um g s

oy
N
(=)

Standard HFET

\

—10F
10 Enhanced-

barrier HFET

lps (MA/mm)
[o]
[=)

o
=3
4L

Forward gate-drain current,

H
[=]

10—9 E

Standard HFET

Reverse gate-drain current, A

103 F Enfanced-
0 2 4 6 8 10 \ barrier HFET| ¢
Vps (V) 110
7 N L . .
(b) 160 1074030 20 40 o0 o 1 2 3
Voltage (V) Voltage (V)
£ 120p Vg=0.5v
£ Fic. 8. Gate-drain diode characteristics for the conventional- and enhanced-
E 8o} 0.5V barrier HFET structures.
K]
< 40} 1.5V
2.0V structure. Figure 8 shows the gate-drain diode characteris-
0 L A s A tics for these structures. As expected for the enhanced-barrier
0 2 4 6 8 10 structure, there is a strong suppression in reverse-bias leak-
Vos (V) age current—a factor of approximately ten to several

Fic. 7. Current—voltage characteristics fay an HFET with a conventional hundred—and an increase in forward-bias turn-on voltage of

306 A Alg :Gay 7N ba?rrier and(b) an HFET with a polarization-enhanced approximately 0.3 V . .

225 A Al ,:Ga -N/75 A GaN barrier. A further benefit that might be expected from an in-
creased barrier height is that, if transistor breakdown were to
occur primarily via tunneling current through the gate, the
enhanced-barrier structure should exhibit a substantially in-

consisting of 225 A Af3¢Ga;0N/75AGaN and 300 A creased breakdown voltage. Detailed investigations of this

Alg 3fGay 7N have shown that the barrier height changespossibility have been performed using the conventional- and

from 1.56+0.05V to 1.83-0.05V with incorporation of the  enhanced-barrier HFET device structures. Figure 9 shows the

top GaN layer, an increase of 0.27 V. These observationgrain and gate currents as functions of the drain-source volt-
suggest that at these Al concentrations, partial strain relaxage V4 for the conventional- and enhanced-barrier HFET

ation in the A{Ga, N layers may occur, reducing the con- structures. Defining breakdown to occur at a current of 1

tribution of piezoelectric polarization to the charge distribu-mA/mm, essentially identical breakdown voltages of 98 and

tion in the epitaxial layer structure. An additional possibility 100 VV are measured for the enhanced- and conventional-
is formation of compensating defects in thgB&, N layer  barrier devices. Subsequent analysis of breakdown voltage as
at high Al concentrations. a function of temperature has shown that the breakdown
To determine the influence of the observed barrier-heigh{oltage increases with increasing temperature, indicating that
enhancement on HFET device characteristics, transistahe primary breakdown mechanism is impact ionization
structures were fabricated from the epitaxial layer structuresgather than gate tunneling, and explaining the similarity in
described above with barriers consisting of 300 Apreakdown voltages measured for the different device

Aly,Ga - (conventional barrier and 225 A structure<?®

Al »Ga, -N/75 A GaN (enhanced barrigr Transistors were

fabricated with gate lengths of im and gate widths of 25

and 50um, and source-gate and gate-drain spacingsainl V. CONCLUSIONS

each. Ti/Al metallization annealed at 950 °C for 30 s was We have investigated the role of spontaneous and piezo-

used for ohmic contacts, and Ni/Au for the Schottky gateelectric polarization in nitride heterostructures, with particu-

contacts. lar emphasis on the design, characterization, and analysis of
Figure 7 shows transistor characteristics for thenitride HFETs. A detailed understanding of polarization ef-
conventional- and enhanced-barrier HFET structures. Théects and of the closely related issue of crystal polarity is
enhanced-barrier HFET is characterized by slightly loweressential in nitride heterostructure materials and device engi-
drain current and transconductance than the conventionaheering. For A|Ga, _,N/GaN HFETs we have found that, at
barrier HFET, features which we attribute primarily to the low to moderate Al concentrations, the 2DEG carrier con-
slightly lower sheet concentration and Hall mobility ob- centrations observed are in very good agreement with those
served in the enhanced-barrier epitaxial layer structure (4.Bxpected to arise from the combined effects of spontaneous

X 102cm 2 and 620 cr’V's at 300 K, in comparison to and piezoelectric polarization. At higher Al concentrations,

5.0x 10'2cm 2 and 800 crfV s for the conventional-barrier the data are consistent with partial strain relaxation in the

JVST B - Microelectronics and  Nanometer Structures
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