Measurement of piezoelectrically induced charge in GaN/AlGaN
heterostructure field-effect transistors
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Electron concentration profiles have been obtained fgGA| _,N/GaN heterostructure field-effect
transistor structures. Analysis of the measured electron distributions demonstrates the influence of
piezoelectric effects in coherently strained layers on I1lI-V nitride heterostructure device
characteristics. Characterization of a nominally undopegl;#a, ggN/GaN transistor structure
reveals the presence of a high sheet carrier density in the GaN channel which may be explained as
a consequence of piezoelectrically induced charges present at §heGAJsN/GaN interface.
Measurements performed on anyMGa, gg\N/GaN transistor structure with a buried ALGa, ggN

isolation layer indicate a reduction in electron sheet concentration in the transistor channel and
accumulation of carriers below the AGa, gJN isolation layer, both of which are attributable to
piezoelectric effects. €1997 American Institute of Physid$S0003-695(97)01245-X

-V nitride heterostructure field-effect transistors have been provided elsewhere. Schottky diodes were fabri-
(HFET9 have been a subject of intense recent investigationgated using evaporated Ti/Al annealed at 950 °C to form
and have emerged as attractive candidates for high-voltagigrge-area Ohmic contacts to the HFET layers, and Ni to
high-power operation at microwave frequencigsContrib-  form Schottky contacts consisting typically of 32@n diam
uting to the outstanding performance of nitride-based HFETslots.
is the ability to achieve sheet carrier concentrations-df Initial studies were performed using a nominally un-

X 10 cm 2 or higher in the channel region of the doped 300 A A},Ga,sN/GaN heterostructure, shown
transistor—well in excess of those achievable in other IlI-Vschematically in Fig. 1. Despite the absence of intentional
material systems. It has been shown previously that piezadoping in this structure, a high sheet carrier concentration is
electric effects can exert a substantial influence on chargebserved at the GaN/jGay g\ interface, which can be
density and electric field distributions in zincblende semicon-explained as a consequence of the presence of piezoelectri-
ductors grown in thé111) orientation>® and more recently cally induced polarization charge at the GaN/AlGa, g\

in 11I-V nitride heterostructures with the wurtzite crystal interface. The piezoelectrically induced charges shown sche-
structure grown in th€é0001) orientation’*® matically in Fig. Xc) arise from the lattice mismatch be-

In this letter we describe experimental measurementéveen the AlGa _, N barrier layer and the underlying GaN
and analysis of carrier density distributions in epilayer. For growth in th€0001) orientation of IlI-V ni-
GaN/ALGa,_, N HFET structures grown by both trides with the wurtzite crystal structure, there will be present
molecular-beam epitaxyMBE) and metalorganic vapor
phase epitaxf{MOVPE). Carrier distributions measured in
these structures are interpreted as consequences of piezoelec-

trically induced electric polarization charges at the @ (®) ” © -
GaN/ALGa _, N heterojunction interfaces. These studies <~  ——
demonstrate the influence of piezoelectric effects on carrier 300Ai-Aly 5GaggsN[ i

distributions in HFET structures, and the importance of ST o»
proper inclusion of these effects in the design and analysis of

high-performance nitride-based HFET structures. i-GaN

The epitaxial structures used in these experiments were
grown onc-plane(0001) sapphire substrates. Details of the
growth procedures and epitaxial layer characteristics for Z
samples grown by MBEand by low-pressure MOVPE

FIG. 1. (a) Schematic diagram of a nominally undoped, AlGa, gsN/GaN
HFET structure(b) Conduction-band energy diagrasolid line) calculated

dElectronic mail: ety@ece.ucsd.edu for this structure; the dotted line represents the Fermi level,eafydis the
PPermanent address: Department of Applied Physics, Tianjin UniversitySchottky barrier heightic) Schematic diagram of piezoelectrically induced
Tianjin 300072, People’s Republic of China. and free-carrier charge distribution.
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in a strained layer a polarization fielé, aligned along the
[0001] direction, given by

P,=2d31(C11+ C1o— 2C3y Cag) €y, (1)

whereds, is the relevant piezoelectric constant; are the
elastic constants, ang,= agan/aacan— 1; @gan @Ndacan
are the lattice constants of GaN and, @& _,N, respec-
tively.

For AIN, a value of—2x 101 cm/V has been reported
for d3;,* and negative values of slightly smaller magnitude
are expected for GaN and Ma_,N alloys!? For

AlL,Ga _,N, which when grown pseudomorphically on a _ , _

. . . . .__FIG. 2. Profile of electron concentration vs depth obtained f@aV mea-
S_tram_'relax_ed G_aN_ Iayer IS umer_ ten_S”e S_tram' the pOIarlzas'urements performed on the device structure shown in Fig. 1, showing that
tion field will point in the[0001] direction, i.e., from the A the electrons are present primarily at the GalysBa, zN interface.
(cation-terminatedface to the B(N-terminated face in the

crystal. This direction is opposite to that found in IlI-V
zincblende semiconductors grown in tEL1) orientation,
but is the same as that observed in CdS, which forms in th
wurtzite crystal structure and has piezoelectric coefficien
d3;<0.! That the polarization field is in the opposite direc-
tion for nitride compounds compared to other IlI-V semicon-
ductors is not unexpected given the greater ionicity of th
nitrides compared to other I1I-V materiaf3.

Associated with the polarization field given by Ed) is
a piezoelectrically induced charge densjby, given by
V-P=pp,. In the ALGa,_,N/GaN heterostructure shown in
Fig. 1, a positive piezoelectric sheet charge densjtywill
be present at the GaN/&ba _,N interface, and a corre-
sponding negative sheet chargeo,, at the top of the
AlL,Ga _,N layer. We see immediately that any strain com-
ponent common to both the GaN and @k, N layers, or Ns=0p /e~ (€pcan/de?) (edy+Ex— AE,),
slowly varying in comparison to the strain induced b 2
pseut):i/omo?/ph?c growth,pwill not contribute significantly tg Tpz/€=2031(C1y+ €12~ 214 Ca) (Agan/Aan = 1)Xar, .
ppz—the lattice-mismatch-induced component of strain will @
exert the dominant influence. Variations in composition orwhere eacay is the dielectric constant of #Ga N, d is
strain distribution near an interface will alter the local distri- the width of the A|Ga, (N barrier, E is the Fermi level
bution of piezoelectrically induced charge; however, the totaWith respect to the GaN conduction-band-edge energy at the
piezoelectric sheet charge density associated with the inteaN/ALGa, N interface, andk,, is the Al concentration.
face will be very nearly equal to that present at an abrupfn analysis of carrier concentrations measured in several
interface between materials with the same compositions agominally undoped AlGa; - ,N/GaN HFET structures grown
those found away from the immediate vicinity of the inter- by both MBE and MOVPE has provided quantitative confir-
face. And finally, local process-induced variations in strainmation of this behaviof.
arising from, for example, etching for mesa isolation or re-  Figure 2 shows the carrier concentration profile versus
cessing for Ohmic or Schottky contacts in FET structureglepth measured in the HFET structure shown in Fig. 1. The

will produce corresponding local variations fig, and, con- ~ carriers are located primarily at the GaNjAiGa g\ inter-
sequently, free-carrier concentrations. face, and we obtain a sheet carrier concentratigrof 3.8

Using values reported in the literature for the piezoelec-< 10> cm~? at zero bias. Furthermore, we do not see signifi-
tric coefficient’ and elastic constantéwe estimate thatr,, ~ cant evidence of electron transfer into theo A5ay g\
in Fig. 1 is ~4x10%e cm 2 The electric field in the layer, as would be expected if a high level of unintentional
Al 1:Ga, g layer implied by this value is far too large to be doping were present in that barrier layer. The absence of
consistent with reasonable values for the Schottky barrieglectron transfer into the fLsGay g\ layer can be shown to
heighteg,, for Al 1<Ga, N and the conduction-band offset imply that any uniformly distributed space charge in the
AE, at the GaN/A} Ga s interface. Thus, a two- Alg15Ga e\ layer must be confined to within a distandg
dimensional electron gas2DEG) is formed at the Of the Aly;5Ga gdN/GaN interface, where
GaN/Aly 1:Gay g\ interface, the negative charges from 2€ncaN
which act to cancel partially the electric field arising from the dos( > )(AEC— Er). 3
piezoelectrically induced charges. At the top of the €Ns
Alg 1:Ga, g layer, the negative piezoelectric charge densityFor the structure shown in Fig. 1, an estimate usimg
will induce the formation in a Schottky barrier structure of a =3.8x 10'? cm™2 as determined from our capacitance volt-
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positive sheet charge in the metal at the metal-nitride inter-
face, or at a free surface of a positive sheet charge that most
ﬁkely arises from charging of surface states.

The piezoelectric effect therefore leads to the formation
of a 2DEG with a high sheet charge density even in
AlL,Ga, _,N/GaN HFET structures without intentional dop-
eing. The sheet carrier densities in nominally undoped nitride
HFET structures can in fact be comparable to those achiev-
able in doped-channel structures, but without the degradation
in mobility resulting from the presence of ionized impurities
in the channel. A simple electrostatic analysis shows that the
sheet carrier concentratiomg in the 2DEG at the
AlL,Ga _,N/GaN interface for a nominally undoped HFET
structure should be given by
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(a) (b) © more, there is evidence in the carrier concentration profile
shown in Fig. 4 for the formation of a second 2DEG below

it I 7 the lower Ap 1:Ga&, g\ layer, arising from the presence of
300A n-Aly 15Gag gsN O] met - ; ; -
100A i-Aly 1:Gag e I positive piezoelectrically induced charge at the bottom of
i e s that layer, as indicated in Fig(@&. These results provide a
500A -GaN — clear demonstration of the influence of piezoelectric effects
pz on IlI-V nitride device characteristics, and the importance of
. A|0112?5%1:85N incorporating these effects in nitride device design.
' ' In summary, we have performed measurements of car-
—crzdr_"pz rier concentration profiles in two ABa _,N/GaN HFET
i-GaN structures.  Analysis of a nominally undoped
Al 1:Ga ggN/GaN HFET structure revealed the presence of
a high sheet carrier density in the HFET channel, which we

interpret as a consequence of piezoelectrically induced polar-
ization charges present at the GaN/AlGa g\ interface.
FIG. 3. () Schematic diagram of a dopedAkGa, gN/GaN HFET struc-  C—V profiling of an Al 14Ga, sgN/GaN HFET structure with

ture with a buried A} ;:Ga, g5\ isolation layer(b) Conduction-band energy an Al isolation laver located beneath a 500 A GaN
diagram(solid ling) calculated for this structure; the dotted line represents 0'15680'85N y

the Fermi level, ane ¢y, is the Schottky barrier heightc) Schematic dia- (?hannel demantrated that ple_zoele_ctrlcally induced polariza-
gram of piezoelectrically induced and free-carrier charge distribution. tion charges in the Al;:Ga, g\ isolation layer act to reduce
the sheet carrier density in the HFET channel and to induce
the accumulation of electrons at the GaN/AGa, g5\ inter-

. . : face at the bottom of the isolation layer. These results con-
~58 A. Space charge arising from the piezoelectric effec y

. . tf'rm the importance of including piezoelectric phenomena in
would be located at or very close to the interface, conS|sten[ . : .
with this limit. e design and analysis of IlI-V nitride heterostructure de-
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