UC Santa Barbara
UC Santa Barbara Previously Published Works

Title

Polarity determination of a-plane GaN on r-plane sapphire and its effects on lateral
overgrowth and heteroepitaxy

Permalink

https://escholarship.org/uc/item/5nk5c5h4|

Journal
Journal of Applied Physics, 94(2)

ISSN
0021-8979

Authors

Wu, F
Craven, M D
Lim, S H

Publication Date
2003-07-01

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5nk5c5h4
https://escholarship.org/uc/item/5nk5c5h4#author
https://escholarship.org
http://www.cdlib.org/

JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 2 15 JULY 2003

Polarity determination of a-plane GaN on  r-plane sapphire and its effects
on lateral overgrowth and heteroepitaxy

Feng Wu, Michael D. Craven,® Sung-Hwan Lim, and James S. Speck
Materials Department, University of California, Santa Barbara, California 93106-5050

(Received 26 February 2003; accepted 9 April 2003

Achieving nitride-based device structures unaffected by polarization-induced electric fields can be
realized with nonpolar GaN, although polarity plays a key role in the growtti2@}ld-plane GaN

films were grown on (102) r-plane sapphire substrates and subsequently laterally overgrown using
metalorganic chemical vapor deposition. Convergent beam electron diffraction analysis was used to
determine th@-GaN polarity to explicitly define the film/substrate relationship, and subsequently to
identify various growth features and surfaces observed throughout our studigdasfe GaN. In
particular, the effects of polarity ofi) lateral overgrowth from mask stripe openings aligned along
[1100]g,yand(2) pit formation in heteroepitaxial films grown under nonoptimized conditions were
investigated. The fundamental differences between the polar surfaces are clearly observed; analysis
of the lateral epitaxial overgrowth stripes revealed that (0001) surfaces grew faster thaj (0001
surfaces by approximately an order of magnitude, and these stable, slow-growing €uofites

are a likely cause of pitting ie-GaN films. The growth features under investigation were imaged
using scanning and transmission electron microscopy.2003 American Institute of Physics.

[DOI: 10.1063/1.1578530

I. INTRODUCTION we describe the convergent beam electron diffraction
(CBED) experiments used to determine the polarity of
Despite the advances being made with nitride-base@-GaN grown onr-sapphire. CBED is a well-established
semiconductor devices, current state-of-the-art device strugnethod which has been widely used to determine the polarity
tures are ultimately affected by polarization-induced electroof polar c-plane GaN film$3~1° The results of the CBED
static fields since these structures are grown along the polaxperiments performed here are used to accurately index
c-axis of the wurtzite crystal structure. Polarization disconti-crystallographic growth features and surfaces observed in
nuities along the growth direction generate fixed sheehonpolar GaN heteroepitaxial films and lateral overgrowth
charges at interfaces and surfaces which, in turn, produceamples. Once identified, we can develop a general under-
electric fields which affect the operation of 1lI-N-based de-standing of how polarity affects nonpolar GaN growth.
vices. For example, internal fields are responsible for the In particular, polarity effects are most clearly observed
large sheet charge densities present in(G&N/GaN in the lateral overgrowth characteristicsafGaN films. The
heterostructurés and the quantum confined Stark effect ob- heteroepitaxiah-GaN films have proven to be excellent can-
served in GaN/AlGaN(Refs. 3—8 and InGaN({in)\GaN didates for dislocation reduction via lateral epitaxial over-
(Refs. 9 and 1pquantum well structures. The most direct growth (LEO) since their microstructure consistently con-
means of eliminating internal field effects in the nitrides istains a large density of threading dislocations-2.6
through the growth of wurtzite device structures with nonpo-x 10°cm~2) with line directions parallel to thd 1120]
lar orientations or zinc blende device structures along a@rowth direction. Stacking faults also appear in #&aN
(001 direction. The metastability of the zinc blende phase ofmicrostructure with a fault density of 3.5x 10° cm™*. Po-
nitrides creates challenging issues for consistent and reprdarity dictates the lateral overgrowth from rectangular mask
ducible device growth. The most attractive means, thereforebpenmgs aligned alon§1100]g,y (perpendicular to the
of producing internal field-free nitride device structures isaxis) since the stripe sidewalls aplanes with opposing
the growth of nonpolar wurtzite GaN. surface polarities. Note that convention identifies the (0001)
Recently, we characterized (40) a-plane GaN fims  gyrface ¢ c-plane as the Ga-face and the (00Os$urface
heteroepitaxially grown on (D2) r-plane sapphire sub- (—c-plang as the N-face. Additionally, polarity affects the
strates and the Subsequent lateral 0vergr0Wth of these filn’fgrmation of |arge-sca|e, Crysta”ographic p|tS in heteroepi-
(see Refs. 11 and 12In order to explicitly define the film/  taxjal a-GaN films grown under nonoptimized conditions.

substrate epitaxial relationship and to accurately describghese surface pits contain two inclined facets that terminate
growth features and surfaces, the polarity of the nonpolagt ac-plane facet with a common polarity.

GaN film must be determined since the Gedsxis lies in the
growth plane, as shown schematically in Fig. 1. In this articlell. EXPERIMENT

The polarity of an uncoalesced, laterally overgrown non-
dCorresponding author; electronic mail: mdcraven@engineering.ucsb.edupolar GaN sample grown via metalorganic chemical vapor
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FIG. 2. (a) Cross-sectional SEM image revealing the morphology of LEO

stripes grown from mask windows aligned alc{n_glOO_]GaN, perpendicular

to the c-axis. (b) Cross-sectional TEM image corresponding to the area

enclosed by the white dashed box(a& indicating that effective dislocation
Ga N reduction is achieved via mask blocking with this LEO orientation.

(b) oot
[0001]

DESKTOP MICROSCOPIST2.0 software package. The software
Fh'G- 1|- SChemart_]i_C fepfse“taﬁozsgflthe eg"zxﬁ' fe'agg;whiﬁ’ between generates intensity patterns calculated using the dynamical
ther-plane sa Ire substrate an ane Gal IHm an a plan view .
of th(IeJ surfaceppatoms which lie on tr':eplane GaN surface. Trr)1e positive BlOCh wave method. Furthermore, SeIQCted a_rea electron dif-
GaN c-axis is defined as the direction of the cati@a) to anion(N) bond  fraction patterns from the TEM foil confirmed tha
perpendicular to the basal plaf@ong thec-axis). —GaN/r-sapphire in-plane orientation previously deter-

mined using x-ray diffraction measuremeilsee Ref. 11

deposition (MOCVD) was determined using CBED. The
conventional LEO technique employed here involves two
growth steps and one intermediate processing step. InitiallyA. GaN LEO stripe morphology and microstructure

a specular (15[9) a-plane GaN film was heteroepitaxially GaN LEO stripes aligned anr{gilOO]GaN possess rect-

grown on an (102) r-plane sapphire substrate using a low gngjar cross sections for the growth conditions employed,
ter_npe_rature GaN nucleation layer prior to high temperature,q shown in Fig. @). Since the polar GaN-axis is perpen-
epitaxial GaN growtt(see Ref. 1L The as-grown nonpolar gjcjar to the direction of the stripe, the vertical sidewalls of
GaN film was coated with-200 nm of SiQ which was sub- ¢ stripe ard0001 c-plane facets with opposing polarities
seguently patterned with parallelm wide mask OPENINGS ~\yhile the top horizontal facet is the nonpolar @0) growth
(vymdows) spaced 15um apart and .crystallograph@ally surface. Figure @) also reveals substantial asymmetry in the
aligned parallel 11100 cay, perpendicular to the-axis.  gyient of lateral overgrowth to the left and right of the mask

After patterning the mask, the sample was subjected to brigfingow (the regions of growth over the mask are referred to
MOCVD regrowth using the same growth conditions as,q “wings”). The right wing of the stripe is roughly an order

those used for the high temperature heteroepitaxial gr&tvth. of magnitude wider than the left wing, indicating a signifi-

During selective epitaxial regrowth, the GaN grows verti- .ot gifference in the growth rates of the polar surfaces. This
cally through the mask windows and laterally over the maskI =

) teral growth rate asymmetry f¢a100|g,y Stripes is con-
however, the regrowth was kept brief so that coalescence %%stently observed for various LEO samples grown to date.

adjacent stripes was avoided and the uncoalesced stripe mere
phology could be studied. We employ specific GaN EryStal'tion (TD) density present in the heteroepitaxéaGaN films

lographic indexing throughout this article with the @0} i3 mask blocking for this particular crystallographic orien-
GaN growth surface as the reference index due to the ryiinn as shown in Fig. (), a cross-sectional TEM image of
duced symmetry of the nonpolar GaN surface. the window/mask region. TDs extend vertically through the

The morphology and microstructure of the as-grown hety, 551 window but do not propagate laterally into the wings;

eroepitaxial GaN film and subsequent LEO samples Werg,qrefore, the wing regions are considered dislocation free.
observed using a JEOL 6340F scanning electron microscongote that this TD reduction behavior is unique to the

(SEM) operated at 5 kV and a JEOL 2000FX transmissio
electron microscop€TEM) operated at 200 kV, respectively.
As-cleaved sample cross sections were imaged for morpho
ogy analysis while cross-sectional foils were prepared for
TEM analysis by wedge polishing and subsequent ion mill-
ing with a Gatan precision ion milling syste®IPS. In
addition to TEM imaging, the LEO sample foils were used  To determine the polarity and strictly define tle

for polarity determination via CBED using a condenser ap-— GaN/r-sapphire crystallographic relationship, CBED ex-
erture of 70um and a beam spot size of approximately 40periments were performed on the LEO wing which exhibited
nm. CBED patterns were obtained for a range of TEM foila larger growth rate using the TEM foil imaged in FigaB
thicknesses and compared with patterns simulated using thiéote that since there is a 180° rotation between the image

[Il. RESULTS AND DISCUSSION

O dramatically reduces the substantial threading disloca-

n[ilOO]GaN stripe orientation since TDs have been observed
o bend into the overgrowth for other crystallograp&iGaN
"EO stripe orientation$?

B. Polarity determination via CBED
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FIG. 3. Cross-sectional TEM images
of the foils used to obtain the CBED
patterns for ana-plane GaN LEO
sample and a heteroepitaxieiplane
GaN sample. CBED patterns for
a-GaN LEO foil thicknesses db) 135
and(c) 95 nm obtained from the right
edge of thea-GaN LEO stripe where
lum E the thickness fringes are visible {g).
T T The CBED patterns were compared to
simulated patterns for corresponding
foil thicknesseg 135 and 95 nm{d)
and (e), respectively. The CBED pat-
terns are aligned to correspond with
the image orientation, therefore, the
positive GaNc-axis points towards the
right side. To verify the accuracy of
the analysis, CBED was performed on
(f) ac-plane GaN film and patterns of
the simulated foil thicknesses were ob-
tained(g), (h). The top row of patterns
corresponds to a foil thickness of 135
nm while the bottom row corresponds
to 95 nm.

and the diffraction patterns due to the microscope geometrygorresponds to the direction of enhanced lateral growth rate.
the TEM images shown in Fig. 3 have been rotated along th&o complement the CBED analysis and confirm the epitaxial
diffraction pattern so that the pattern alignment matches theelationship, the selected area diffraction pattern shown in
associated image. A series of CBED patterns correspondingig. 4 was obtained in the vicinity of the—GaN/i
to a range of foil thicknesses was obtained on a single foil assapphire interface. The GaM c axis coincides with the
a result of wedge polishing. Figureg$b3 and 3c) show two  r-sapphire substratetsaxis surface projection, and produces
of the experimental CBED patterns obtained for the nonpolathe following in-plane relationshig:0001] [ 1101 sapphire
sample. The center disk of the patterns exhibits mirror Syma“d[110Q|Gar\“[1120]sapphire
metry whose contrast provides information on the thickness  To confirm the accuracy of the polarity analysis de-
of the sample. The asymmetry in the contrast of the 0003cribed above, the analysis was repeated forpéane GaN
diffraction disks is dependent on the thickness and polaritytiim grown on ac-plane sapphire substrate via MOCVD. A
of the area being analyzed. For FiggbBand 3c), the con-  TEM image of the polar GaN film cross section is shown in
trast of the center fringes in the two 0002 disks is oppositeFig. 3(f). The experimental CBED patterns that correspond
indicating a difference in the foil thickness. Note that theto the thickness of the simulated patterns used for the non-
polarity is assumed to be constant throughout the entirgolar GaN CBED comparison are shown in Figég)3and
specimen since inversion domains were not observed. 3(h). The CBED analysis identifies the surface of the
The experimental CBED patterns were compared withiOCVD-grown c-GaN film as Ga-face, which is consistent
CBED simulations, carried out for a range of foil thick- with a large body of worké=2°The CBED patterns from the

nesses, to determine the polarity of the nonpolar GaN LEGyolar sample confirm the validity of th@GaN polarity de-
stripe. For these simulations, the positions of the atoms wergrmination.

defined according to Fig. 1 and the absorption coefficient

was set as 0.05. Additionally, 33 zero.order electrpn peamé. Polarity effects: LEO
were selected for many-beam dynamical calculation in the
(1100 zone axis. Note that Zhao and co-workers used simi-  The nonpolar GaN LEO sample analyzed herein pro-
lar simulation conditions to determine the polarity of GaN vides a unique opportunity by which to study and compare
grown on Si(111) Figure 3d) is a simulated pattern for a the growth of (0001) and (00QIsurfaces on the same wafer
thickness of 95 nm which matches the experimental patternnder identical growth conditions. The TEM image shown in
of Fig. 3(b), and Fig. 3e) is a simulated pattern for 145 nm Fig. 2 clearly reveals the substantial effects of polarity on the
thickness which matches Fig(c3. Both simulation patterns lateral overgrowth. The CBED analysis determined that the
indicate that the+ c-axis points towards the right, which positivec-axis points in the direction of faster lateral growth,
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FIG. 4. Selected area diffraction pattern obtained in the vicinity of the
film/substrate interface for the TEM foil imaged in FigaB The reciprocal
lattice points corresponding to tleplane sapphire substrate are labeled by
triangles while those corresponding to h@lane GaN film are labeled by
circles. The sapphire-axis projection on the-plane is aligned with the
positive c-axis, as determined by the CBED analysis. Thus the epitaxial
relationship previously determined with x-ray diffraction measurements is
confirmed and can now be defined with the absolute GaN polarity as

[OOOl]GaI\“ [ 1101]sapphireand [110Q|Gal\” [ 1150] sapphirer

[1100]

thus the (0001) surface grows faster than the (QQGfikface

by approximately an order of magnitude for the growth con-

ditions employed. The polarity dependence of the growth

rate is not entirely unexpected since fundamental differences

exist between the (0001) and (0QO%urfaces of the GaN

crystal. According to density functional theory calculations,

the energetically stable polar nitride surfa¢eslependent of

the chemical environmenare cation stabilizeét thus each FIG. 5. SEM images of the oppositgplane sidewalls of S1100la.y LEO

Ga atom on a (0001)_Surface has one dangling bond Wh”gtrip.e (.scale bar=g3 um) (a) '?Ee (r(n):gz)l) surface is smooth o?]a’:he SEM

each Ga atom on a (00Dkurface has three dangling bonds. length scale and is interrupted by smooth sidewall facets that are uniform in

Regardless of the applicability of the above calculations to &rientation. The facets result from an unintentional crystallographic mis-

MOCVD growth environment, different surface terminations alignment of the stripe and are indexed 442), according tab) mea-
surements of a plan-view SEM microgragh) Hexagonal hillocks, charac-

are manifested in vastly different surface morphOIOgleS'teristic features of N-face surfaces, interrupt the uniform (T)OQJrface.

characteristically rough (0001 surfaces are inferior to Although not apparent in these images, the (0001) surface grows faster than
smooth (0001) surfaces in terms of GaN crystal growth.  the (0003 surface by approximately an order of magnitidee Fig. 2a)].
An investigation of the sidewall surface morphology

provides further evidence of the sidewall polarity and subse- ) ) . )
o crystallographic stripe misorientation and have been ob-

c-GaN growth on a variety of substrates, high temperatur§€/ved in misaligned polar GaN LEO strip?é_sThe sidewall
(e.9., Teurface~ 1050-1100°C) MOCVD growth conditions facets are indexed as1@2) surfaces according to the inter-

consistently produce smooth Ga-face (0001) GaN surfacddlanar angle measured between the sidewall facet and the
that grow via a step-flow modé:-161922athough the cur- (0001) sidewall in Fig. ), a plan view SEM micrograph of

rent morphological analysis cannot confirm the presence ot [1100gay LEO stripe. Note that the sidewall facet is
atomic steps, the SEM image shown in Figa)5of the  closely related td1101, a common nonbasal facet encoun-
(0001) surface reveals a smooth morphology that is intertered in MOCVD growth of GaN™* Conversely, instead of
rupted by a sidewall facet. These facets regularly appear dugidewall facets, areas of smooth (0Q0didewall morphol-
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Plan-view
& TEM foil

surface

[0001]

overgrowth overgrowth _
i [1100]

FIG. 6. Plan-view TEM micrographs of [aTlOO]GaN LEO stripe revealing
the planar defect reduction achieved with lateral overgrowth. The stacking
fault density is reduced to zero afterl um of lateral overgrowth along

[000] whereas no stacking fault reduction is observed[f@®01] over-
growth. The location of the TEM foil with respect to the LEO stripe is
shown schematically on the left. Since the plan-view foil was taken from the (¢ 1um
lower portion of the LEO stripe close to the Si@ask, voids that exist at

the interface between the GaN wing and the Siask are visible in the
micrographs.

[0001]
[1120]

v-d

(e
ogy are interrupted by hexagonal hillocks, features which

have been reported for N-face GaN MOCVD gl’O\lﬁﬁ.7 FIG. 7. Schematic representatita of the pits encountered ia-GaN films
The hillocks nucleate at specific locations along the mask®@rown under nonoptimized conditiongh) Cross-sectional TEM andc)

. . . . plan-view SEM images illustrating the deviations in pit geometry from the
wing interface, as shown in Flg.((f), and appear to be the basic form shown schematically. Despite the minor variations in pit shape,

step source for the (00_()1sidewall growth. We speculate the orientation of the pits is consistent across the sample; two inclined
that the terraces associated with the hexagonal hillocks ando11} facets terminate at a vertical (000facet. (d) The polarity of the

the smal amount of lateral overgrowih i (F001] direc-  P#1e BLIscel = el veble o e P S5 mage o L0
tion account for the absence of periodic sidewall faceting ofydopt the form of a characteristitdefect, shown schematicalig), which
the (0001 surface. is commonly observed io-plane growth.

In addition to the relative lateral growth rates and side-
wall morphology, the crystal polarity dictates the planar de-
fect reduction which is observed in the lateral overgrowth oftallographic pits decorate the film. The general form of the
[1100|gan LEO stripes. As previously mentioned, the micro- triangular pits is shown schematically in Figia¥ inclined
structure of the heteroepitaxiad-GaN contains stacking facets terminate at vertical-plane facets which possess a
faults on the (0001) plane. Plan-view TEM foils of an indi- common polarity across the sample. Although the vertical
vidual LEO stripe were prepared according to the schematic-plane surfaces of the pits are clearly apparent in the TEM
included with the images shown in Fig. 6. The planar faultcross sectiorimaged perpendicular to theplane shown in
density in the Ga-face LEO wing is dramatically reducedFig. 7(b), the pit surfaces themselves are faceted and the
with increasing distance from the window region; afterintersection of the pit surfaces with each other and the
~1 um of [000]] lateral overgrowth, no stacking faults are a-plane surface are not sharply defined. An additional per-
present in the wing. The observation that we can “grow out”spective of the pits is provided by the SEM plan-view mi-
stacking faults via lateral overgrowth alopn@001] indicates  crograph shown in Fig.(€). Despite the range of pit shapes
that our stripe sidewalls have sufficient atomic step sourcesbserved, the overall orientation and geometry of the pits are
which allow fault-free growth. This is supported by the SEM uniform. According to the CBED analysis and measurements
observation of misorientation facets shown in Figa)s of the TEM and SEM images, the vertical pit surface is
which implies the existence of nonsingular (0001) sidewallaligned with (00Q) and the two inclined facets af@011}.
surfaces. In contrast to the Ga-face wing, planar defect reNote that the N-face polarity of the verticadplane pit sur-
duction is not observed for the N-face wing shown in Fig. 6.face can be identified using the polarity-dependent character-
We speculate that the absence of fault density reduction iistics of the GaN LEO stripe in Fig.(d).
the[0001] overgrowth is a consequence of both a short wing ~ The crystallographic pits observed throughout the ongo-
and the surface morphology of the polar facet. ing development o&-GaN growth assume the general form
of V defects, which are characteristically observed under
conditions of kinetically limited growth o€-plane GaN and
its alloys® For ac-plane film, theV defect is an open, in-

The a-plane GaN films used as template layers for LEOverted pyramid which is bound by the pyramidaD11} fac-
were grown heteroepitaxially on-plane sapphire using a ets commonly encountered in GaN MOCVD growth. Due to
two-step growth technique similar to that used &eplane  the nonpolar orientation, theé defect appears in aa-GaN
GaN growth onc-plane sapphire. If the growth conditions film on its side(a < defec}, as shown schematically in Fig.
for either the low temperature nucleation layer or the high7(e). Unlike theV defects observed io-plane growth, the<
temperature epitaxial growth are not optimized, large crysdefect is not created by an individual threading dislocation

D. Polarity effects: Heteroepitaxial growth
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