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Polarization charges are measured and the formation of large electrostatic barriers arising primarily
as a consequence of the presence of polarization-induced charge densities is deduced from
capacitance-voltage analysismoftype Al,Ga ,N/GaN and InGa ,N/GaN heterostructures. In
structures consisting of 5-10 nm &a N or In,Ga N surrounded byr-GaN, capacitance—
voltage profiling studies combined with elementary electrostatic analysis yield experimental
estimates of polarization charge densities, which are compared with values expected based on the
combined effects of spontaneous and piezoelectric polarization. These results imply the existence of
electrostatic barriers that are due primarily to the large polarization charge densities at each
heterojunction interface and the resulting potential difference maintained across the Ga AN

or In,Ga, N layers. The electrostatic barriers formed in these structures are large in comparison to
the heterojunction conduction-band offsets, demonstrating the utility of polarization-based
engineering of electrostatic barriers in nitride semiconductor heterostructure200® American
Institute of Physics.[DOI: 10.1063/1.1412594

There has been intense interest and research activity ipected for InGa, _,N/GaN. In addition, our results strongly
recent years directed towards the application of IlI-V nitrideimply the existence of large, polarization-induced barriers
materials in high-power, microwave-frequency electronic dewithin each heterostructure. For a 10 nmy AfGa, g layer
vices. Much of this effort has focused on the development ourrounded byn-GaN, the polarization-induced component
Al,Ga,_,N/GaN heterostructure field-effect transistors of the barrier height is estimated to be over 1 eV, demonstrat-
(HFETS, with outstanding progress in dc and microwaveing that polarization charges at nitride semiconductor hetero-
performance having been made by a number of grétﬁ)s. junction interfaces are a highly effective tool for use in en-
Vertical nitride-based device structures such as heterojund@ineering of large electrostatic barriers in nitride
tion bipolar transistor§HBTs) are of interest as wefl,al-  heterostructure devices.
though development of high-performance HBTs will most ~ Samples for this study were grown by metalorganic
likely require further improvements ip-type GaN conduc- chemical vapor depositioMOCVD) on conducting & SiC
tivity and fabrication of low-resistance ohmic contacts toSubstrates. Trimethylaluminum, triethylgallium, and trimeth-

p-GaN. Spontaneous and piezoelectric polarization effects i¥lindium were employed as group Hll precursors and purified

the nitrides make possible a variety of new approaches in theMMmonia as a group V precursor. A 100 nm high temperature
engineering of both bipolar and unipolar vertical nitride de-AIN buffer layer and a 500 nm™-GaN contact layer were

vice structures, based on the engineering of electrostatic p§€Posited initially for each sample at 1100 and 1020°C, re-
tentials and carrier distributions via the judicious, deliberateSpeCt'Vely' Subsequent layers consisted of 150-200 nm GaN

. . . . E:JY 73
placement of polarization charge densities within a heterogc’ped using S|Ian(_a toa S.' concentration of cm
structure. followed by a thin, nominally undoped /Ba N or

In this letter, we describe the design, fabrication, andlnyGa-‘“yN layer, and finally a GaN cap layer 120200 nm

. In thickness, also Si doped at a concentration of 2
characterization of AlGa ,N/GaN and IgGa,_yN/GaN %1017 ¢m 3. The MOCVD-grown layers all had Ga-

heterostructures in which polarization effects are exploited t(%erminated surfaces. Three samples were studied, containing

create a large electrostatic barrier within each heterostruc-
. ) a5nmA layer, a 10 nm layer(each
ture. A related approach has been used previously to increa bilGaeN lay A1 N layer(

Heposited at 1020 9cand a 5 nm | layer depos-
the peak barrier height in ABa,_,N/GaN HFETs® Our positec a Jeand a 5 nm IgogSa,. layer depos

ited at 780 °C, respectively. Circular Schottky contacts 130

studies yield values for polarization charge densities in googum in diameter were formed by deposition of 100 nm Ni.

agreement with those expected from the combined effects Ghmic contacts formed on the sample surfaces consisted of
spontaneous  and  piezoelectric  polarization  forynneaied AlTI metallization. Schematic diagrams of repre-
Al,Ga ,N/GaN interfaces, but somewhat lower than ex-gseniative sample structures and the corresponding band-edge
energy profiles and charge densities are shown in Fig. 1.
dElectronic mail: lia@ece.ucsd.edu In the ALGa, _,N/GaN structures, the presence of the
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FIG. 1. Schematic diagrams of the epitaxial layer structure, energy-bandProfile are shown for samples 1 ar_‘d 3 ir_‘ Figs. 2 and 3,
edge profile, and electrostatic charge density @ran AlL,Ga_,N/GaN  respectively. The electrostatic potentigx) within each de-

single-barrier heterostructure ati) an In/Ga, - yN/GaN single-barrier het-  vice structure must satisty®
erostructure. Note that,,<0 for the InGa _,N/GaN structure.

xp1
polarization dipoles with surface charges, and — o at b(X1) = ¢(Xo) = JXO?[eNd(x)+pp0|(x)—en(x)]xdx
the lower and upper AGa_,N/GaN heterointerfaces, re-
spectively, produces a potential changg,, given by
Tpold/ €aican, Whered is the thickness of the AGa N
layer and eacay IS its dielectric constant. This potential @
change results in the existence of a peak in potential energy

of heightedy,, yvhose value is modified froregpo by the  \yhere Ng(x) is the donor concentration profilg,,(x) the
effects of the induced compensating charges and by thgo|arization charge density profile, an(ix) the true electron
conduction-band offset energy associated with the hetergsyncentration profile in the device. As shown in Figured.,

junctions. The value of,, can be obtained approximately by anqx, are points in the GaN layers at which the electric field
solution of the following equations corresponding to theggociated with  the presence of the @& ,N or
chargg neutrality_ condition and integration of Poisson’smyGai_yN layer has vanished. Given the dopant concentra-
equation, respectively: tions and apparent carrier concentration profiles derived from
— — C-V measurements as shown in Fig. 2, the polarization-
&Ny can V2€ca ¢n~ AEc/e~Er,can/e)/eNg can induced potential changg,, can then be obtained from Eq.

X1 1 ~
:f ~[eN(x) + ppaX) — 1) Ixdlx

X0

+eNg acand —€ng=0, (1)  (4), and is found to be given by

= o~ €N/ epgant €N d%2epcant (AE x1 1 X1 e .
(o ¢p|: )r/ls AlGaN b, AlGaN acant (AE¢ o o= fxo:ppd(x)xdx: - LO;[Nd(x)—n(x)]de.

—Efnj)€
)

wheree is the electronic chargesg,y is the dielectric con-
stant of GaN /Ny gay and Ng acan are the donor concentra- —T—T— T
tions in the upper GaN layer and in the, S, _,N layer, ”g 8x10" b = 20x10" F i
respectively,AE. is the ALGa _,N/GaN conduction-band & 3 " y
offset, E¢ gan is the Fermi level within the upper GaN layer, -% § 1.5x10° F
Et nj is the Fermi level at the lower ABa _,N/GaN inter- 2 ex10" | '§1_0,10-". 4
face, andng is the electron sheet concentration at that inter- g ] Ssoaol.
face. A similar analysis may be employed to deritjg, and o 0 5 10
¢y, for the InGa,_,N/GaN heterostructure. & ax10” | Voitage (V) .

Capacitance—voltageC(-V) profiling was used to deter- E
mine the charge and electrostatic potential distributions ing "
these samples. Apparent carrier concentration profiles 2 2x10° F ]
can be obtained from measur&€d-V profiles according to § 5-0 . ";0 2 1;0 . 2(;0 x 25-0 : 3‘;0
the relationship

Depth (nm)
. 2(d 1\ : : . .
nx)=—/|-—— — . x=¢€lC. (3) FIG. 3. Apparent carrier concentration profile for sample 3, derived from
ee\dV C C-V profiling data(inse}.
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TABLE I. Layer thickness and composition of Ma_N/GaN and  for ¢, in samples 1 and 2 are particularly interesting given

In,Ga, _,N/GaN single-barrier heterostructures. Experimentally determine ;
y y -
values for polarization charge density and polarization-induced barriedrthat the conduction-band offset for the OA@%'SN/GaN

height are also shown. For comparison, the expected values for polarizatiofl€terojunction is eStimat?d to _be a_pmeimatAlEc:O-26 _
induced barrier height are listed. eV: most of the total barrier height in these structures arises

from the presence of the polarization charges at the hetero-

2 . . . .
Sample . opol( X 10 efen) by (V) dpa (V) i nction interfaces rather than from the conduction-band off-
No. Barrier layer measured measured expected -
sets. Indeed, these results demonstrate that polarization
1 10nm Abb.laGaoAsﬁ\‘ 7.24+0.04 131001  1.50 charges in thin IlI-V nitride layers are a powerful tool for
2 5nm AL, GasN 7.1 0.1 0.64:0.01  0.75 - ; - Cre i i
3 5 M I, uGa oN 41201 0.36:001 099 323;2§Sermg of electrostatic barriers in nitride heterostructure

Our analysis also provides insight into the factors that
. ] ] ] exert the most pronounced influence on the design of such
The barrier heighip, can then be obtained by solution of parrier structures. For ABa,_,N/GaN heterostructures, the
Egs.(1) and(2). Alternatively,ns can be determined directly no|arization charge increases in rough proportion to the Al
by integrating the apparent carrier concentration profile inconcentration in the ABGa, _,N layer; increased Al concen-
the vicinity of the lower AlGa _,N/GaN interface or the tration is therefore the most effective approach for increasing
upper InGa, N/GaN interface.¢, can then be computed the parrier height for the structure shown in Figa)l An
using EQ;(Z)- _ _ increase in the AlGa, N layer thickness can also be highly
It is interesting to note that the value @f,y is NOt  effective, since the change in electrostatic potential associ-
strongly sensitive to the detailed distribution of the group Ill gted with the polarization charge increases directly with the
elements within the barrier. For example, if the aIuminumA|X631_xN layer thickness. Analogous behavior is expected
mole fraction in the AlGa, _,N has a distributiom(x), then o the In,Ga _,N/GaN structure shown in Fig.().
there will be a polarization distributioR(x) ~Ka(x) and an In summary, we have performe@—V characterization
associated charge density distributipg,(X) = —d_P/dx_~ and analysis of AlGa,_,N/GaN and InGa_,N/GaN
—K da(x)/dx whereK corresponds to an effective piezo- single-barrier heterostructures. Our studies provide estimates
electric coefficient, assumed to be constant over the range @f polarization charges present at each heterojunction inter-
variation ofa(x). Then the effective polarization barrigh,,  face, and demonstrate that large electrostatic barriers can be
is given by [(1/€)ppo(X)xdx=—(K/€)[[da(x)/dX]xdX  formed within a nitride heterostructure largely as a conse-
computed across the barrier. Integrating by parts shows th%{uence of the spontaneous and piezoelectric polarization
bpo=(K/€) [ a(x)dx, which depends only on the total charges present at these interfaces. The barriers arising due
amount of aluminum incorporated in the structure. In ourtg the presence of polarization charges can be several times
analysis, we assume that the aluminum distribution in thgarger than those due to the band offsets at the nitride het-
Al,Ga, N is uniform, so the polarization barrigbp, be-  erojunction interface, demonstrating the utility of polariza-
comes [(1/€) ppoi(X)XdX=0pod/ €pican, @S mentioned  ion effects as tools for engineering of electrostatic barriers

above. . in nitride heterostructures.
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