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The impact of the Ga/N ratio on the structure and electrical activity of threading dislocations in GaN
films grown by molecular-beam epitaxy is reported. Electrical measurements performed on samples
grown under Ga-rich conditions show three orders of magnitude higher reverse bias leakage
compared with those grown under Ga-lean conditions. Transmission electron micrd3&dygy

studies reveal excess Ga at the surface termination of pure screw dislocations accompanied by a
change in the screw dislocation core structure in Ga-rich films. The correlation of transport and
TEM results indicates that dislocation electrical activity depends sensitively on dislocation type and
growth stoichiometry. ©2001 American Institute of Physic§DOI: 10.1063/1.1379789

During the past year, the quality of AlIGaN/GaN hetero-shows cross-sectional transmission electron microscopy
structures has improved dramatically. AlIGaN/GaN hetero{TEM) images of a sample grown under Ga-rich conditions.
structures grown on GaN templates by molecular-beam epidNo surface cleaning was done prior to making the cross
taxy (MBE) have been shown to display extremely high sectional TEM specimen, i.e., the excess surface Ga was not
mobilities! =3 The low temperature mobility of the two- removed) The MBE/HVPE interface is invisible, indicating
dimensional electron ga@DEG) confined at the AlGaN/ good control of our MBE growth. Since no new dislocations
GaN interface has reached 75000 %vis,* limited by  were generated in the MBE layer, the dislocation density and
charged dislocation scattering.These advances can be at- type are determined by the HVPE template. The total dislo-
tributed to the reduction of dislocation density in the GaNcation density in these samples varies betweerl8 and
templates, and the low background impurity incorporatfon 10° cm™2, with the majority being screw and mixed types.
and superior interface contfdhherent to the MBE growth. Capacitance—voltage measurements show a background net
Despite the improvement in low-temperature 2DEG mobil-donor concentration below 3cm™2 in the MBE GaN layer.
ity, excess reverse bias leakage is a still a major impediment  Scanning current—voltage microsco§VM) was em-
for commercialization of Ill-nitride electronic devices. For ployed to map the spatial distribution of reverse bias current.
films grown by MBE, growth stoichiometry has a pro- For these measurements, the excess surface Ga was removed
nounced impact on the surface morphology and the electricalith concentrated HCI. In the SIVM experiment, a voltage
activity of defects:® Ga-rich films are smooth with mono- bias is applied between the tip and sample while current that
layer steps and dislocations appear as hillocks. Ga-lean filmfows through the conducting tip is detected using a current
display a pitted morphology. The smooth morphology of thepreamplifier. The tip acts as a microscopic Schottky contact
Ga-rich growth is known to enhance 2DEG mobility. On theto the GaN samplé&* All data were taken using a boron-
other hand, SChOttky diode measurements show that rever@@ped Conducting diamond tip' and the experiment was per-
bias leakage at a fixed bias is 2—-3 orders of magnitude larggprmed in air at room temperature. Figuréa2shows a to-
for Ga-rich samples than for Ga-lean sampfés this work,  pographic image of a MBE GaN films grown under Ga-rich
we elucidate the origin of excess reverse bias leakage iBonditions. The spiral hillocks correspond to the presence of
MBE grown films and illustrate the impact of growth stoichi- pure screw or mixed dislocations. FigurébR shows the
ometry on dislocation electrical activity. ~ SIVM image taken simultaneously with Fig(&? under —6

The GaN films were grown by nitrogen plasma assisted, reverse bias. The reverse current is defined with a negative
MBE on GaN templates prepared by hydride vapor phasgign: thus, current is nonzero in dark regions of Figp)2
epitaxy (HVPE). The HVPE templates were nominally 15 gyidently, the reverse bias current flow concentrates on small
pm thick. The MBE growth temperature was 750 °C andigq|ated regions. The locations of most leakage spots corre-
growth rate was 0.2um/h. The Ga-rich growth conditions  gnond to spiral hillocks, suggesting that the leakage occur at
refer to having visible Ga droplets on the surface. Figure Iscrew/mixed dislocations. Further confirmation comes from

the similar density between the leakage spots and screw/
3Electronic mail: jhsu@Iucent.com mixed dislocation density determined by TEM.
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FIG. 1. Cross-sectional TEM images of a MBE GaN grown under Ga-rich 600
condition. Micrographs were taken at the same sample position under dif- -2 =00 Ga
ferent diffraction conditions to show dislocations with a screw component in = g
(a) and those with an edge componentlin Arrows indicate extra materials Q 200
in a form of small particles on the surface. The arrows in the two images 100/ N
correspond to the same positions. 05— —
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The SIVM results indicate that screw/mixed dislocationsgg. 3. (a) cross-sectional TEM micrograph of the same sample as in Figs.
contribute significantly more to gate leakage than pure edge and 2 to show extra materials at the surface termination of a screw dislo-
dislocations. Previously, screw/mixed dislocations were recation. EDS spectra taken on the TEM specimen with the beam fo¢hsed
ported to be more effective recombination cerfeamd have " the surface bump an@d) on GaN films away from the surface.
reduced barrier heightscompared to pure edge dislocations
in GaN. One interesting question is why screw/mixed dislo-Structure that is energetically more favorableExperimen-
cations are more electrically active than pure edge dislocdally, both full coré® and open coré structures have been
tions. The structure of threading edge dislocations in GaNeported for threading screw dislocations. Furthermore, the
have been studied extensively theoretic4lly and con- calculatiort* showed no deep levels associated with this core
firmed experimentally by high-resolution TEM imag8s. structure. This is inconsistent with experimental results
Deep acceptors, hence electron trapsfoype materials, are ShOWiI"Ig screw/mixed dislocations are more electrically ac-
predicted to accompany these edge dislocaftdr@n the tive than pure edge dislocatioHs:**?
other hand, comparably little is known about threading screw ~ Close examination of our TEM images reveals nanom-
dislocations. Theoretically, Elsnet al. found an open core €ter size particles at the surface termination of pure screw
dislocationgarrows in Fig. 1 and Fig.(@&)]. The TEM con-
trast of this material is different from that of GaN. To obtain
chemical information, we perform energy dispersive x-ray
spectroscopyEDS) on the cross sectional TEM samples us-
’ ing a detector sensitive to lo& elements. The beam size is
~15 nm. Figure ®) is a spectrum taken with the electron
beam focused on a small particle at the surface termination
of a screw dislocation. The only elements detected were Ga,
O, and C. No N signal was detected, indicating that the par-
» ticle is not GaN. The carbon comes from contamination
- buildup during data acquisition and not from the sample.
m— 500 Nm Thus, these particles are comprised of Ga and O. For com-
o _ parison, the spectrum of the GaN film was shown in Fig.
FIG. 2. 2umX 2 um (a) topographic images an) simultaneously taken

SIVM image under-6 V reverse bias of a GaN film grown under Ga-rich 3(c). The N signal is distinctly evident Wh”e_ the O signal is
conditions. Grayscale represents 3 nm(@ and 6<10 LA in (b). The  NOt detectable. Hence, the excess materials at the surface

dark spots in(b) are conducting regions. They correlate with hillockgan termination of screw dislocations are microscopic size
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principles total energy calculations show that screw disloca-
tions with a Ga-filled core has a lower formation energy in
Ga-rich growth environments and dislocations with this core
structure is expected to be electrically actiVe.

From SIVM measurements we found that reverse bias
leakage occurs predominantly at dislocations with a screw
component. This leakage depends sensitively on the growth
soichiometry and is orders of magnitude larger for MBE
samples grown under Ga-rich conditions. Cross-sectional
TEM images and local EDS reveal microscopic Ga droplets
at the surface terminations of pure screw dislocations in
these samples. We show that excess Ga drastically changes
FIG. 4. Cross-sectional TEM micrographs taken ungtef 0002 diffrac-  the screw dislocation core structure. Consequently, disloca-
tion _condition showing the difference in screw dislocations betw@gra tion electrical activity depends not only on the type of dislo-
Ga-rich sample anth) a Ga-lean sample. cation, but also upon growth stoichiometry.

Ga droplet

(~100 nm Ga droplets that were oxidized when the surface  The authors would like to thank S. Richter, R. N.
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notice thatthese microscopic Ga droplets are associated ex-The Lincoln Laboratory portion of this work was sponsored
clusively with pure screw dislocationslo Ga droplets were by the Office of Naval Research under Air Force Contract
found at the termination of mixed or edge dislocations. ~ No. F19628-00-C-0002. Opinions, interpretations, conclu-
To examine the effect of excess Ga might have on dissions and recommendations are those of the authors and not
locations with a screw component, TEM was done on a Ganecessarily endorsed by the United States Air Force.
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