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Indium nitride(InN) exists in two different structural phases, the equilibrium wurt@iteand the metastable
zinc-blendezb) phases. It is of scientific interest and practical relevance to examine the crystal structure of the
epifilms during growth. In this paper, we use Patterson function inversion of low-energy electron diffraction
I-V curves to reveal the preferential formation of zinc-blende InN wetting layer during the Stranski-Krastanov
growth on GaN0003J). For three-dimensional islands nucleated afterwards on top of the wetting layer and for
thick InN films, the equilibrium wurtzite structure is observed instead. Fhtu revelation of the InN lattice
structure is confirmed bgx situtransmission electron microscopy studies. Finally, the formation of zb-InN
layer on w-GaN is explained in terms of the strain in the system.
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I. INTRODUCTION (MBE). Interestingly, it is found that for the SK growth of
. . . . ~InN on GaN0002), the initial two-dimensional2D) wetting
Research in 1ll-V nitrides continues to attract IntenSIV8|ayer is zinc-blende. For three-dimension@D) islands
attention due to their promises in optoelectronic and micronucleated afterwards and for thick InN films, the equilibrium
electronic applications. Recent revelations of the small enwurtzite structure is followed. We explain such a growth
ergy band gap of InN have stimulated further interest in theghenomenon in terms of the strain in the system, where the

material systent;® as it becomes possible that the nitride- saving in strain energy by forming the zb-InN overcompen-
based optical devices may cover the entire visible spectrunyates the cost in its formation heat.

Fabrication of InN quantum dot§QDs) by the Stranski-
Krastanov(SK) growth mode has been pursued intensively,
as these QDs may be used as efficient green to near-infrared Il. EXPERIMENTS
emitters. For such purposes, it is important to identify the
microstructure of INN/GaN heterointerfaces, as the latter de- The MBE growth and film characterizations were con-
termines the electronic/optical properties of the QDs. Foducted in a multichamber ultrahigh vacuudHV) system,
nitrides, an issue of particular relevance is the structurawhere the MBE reactor and some surface facilities were con-
phase of the film. It is known that III-V nitrides exist in two nected via UHV interlock§. The MBE chamber was
different polymorphs—the equilibrium wurtzitev) and the  equipped with Knudsen cells for galliuiGa) and indium
metastable zinc-blend@b) structures. The two differ only (In) and a radio-frequency plasma unit for nitrogé¥. The
slightly in their formation heat~21 meV per atom pdif,  chamber contained also a reflection high-energy electron
so the zb-film can be relatively easily obtained by applyingdiffraction (RHEED) facility. Prior to InN growth, a thick
constraints during epitaxy, e.g., by using a cubic substrate.(=1 um) GaN buffer was grown on 6H-S(000) at
Until recently, the structural characterization of an epil-650 °C. Following an annealing procedure aimed at desorb-
ayer is mainly conducted usingx situ methods, such as ing the excess Ga atoms from the surface, InN deposition
x-ray diffraction (XRD) and transmission electron micros- was initiated using an indium to N flux ratio of about 0.6 and
copy (TEM). These techniques, though powerful and indis-a substrate temperature of 370 °C. These conditions resulted
pensable, suffer from certain limitatiofs.g., XRD demands in the SK growth mode of InN.1° After some specified
thick films while TEM requires sample thinning, which may thickness, InN deposition was stopped and the surface was
lead to structural change or damagk will thus be conve- quenched for characterizations in adjacent UHV chambers
nient and desirable to have an situ method capable of by scanning tunneling microscop$TM) and the LEED. For
revealing the microstructure of a thin film during or imme- the STM experiments, the tunneling current was 0.1 nA and
diately after its growth. In this paper, we present such @he sample bias was —2.0 V. In taking the LEEL spectra,
method, which is based on the Patterson function inversionine different incident angles ranging from 0° to 39° were
(PF) of low-energy electron diffraction(LEED) 1-V  chosen for Patterson function inversioh.
curves®’ Using the method, we follow the lattice structure  For separate TEM studies of the sample, a JEOL2010FEG
of epitaxial InN layer during molecular-beam epitaxy TEM microscope was employed operating at 200 KV. The
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FIG. 1. STM images of InN surfaces follow-
ing deposition of nominallya) 2.5 BLs and(b)
4.5 BLs (image size 500 nma 500 nm). The in-
set in (b) shows the reflection high-energy elec-
tron diffraction pattern taken along tHé1-20]
azimuth.

sample was thinned mechanically and milled by argon iongorresponds to the vertical configuration at similar distances.
according to standard procedures. Hence, one expects no spot in the PFI map at locaidor
a pure cubic film. The very existence of the sjtn Fig.
2(a) then suggests eithér) the film is not of pure cubic but
. RESULTS composed of a mixture of zb- and w-InN; @) contribu-

. . . tions from w-GaN buffer is non-negligible due to the thin-
Figures 1‘?‘) and 1b) S.hOW typical STM Images Of SUr hess of the top InN wetting Iayer;gc(?ii) that there exist
faces following, respectively, 2.5 and 4.5 bilayeBLs,  iher structures different from cubic or wurtzite crystal that
1 BL=c/2~2.9 A) deposition of InN on Gar0002. In Fig. give rise to the spot. From the first sight, it is appealing to

1(a), no 3D island is observed, so the growth is 2D nucle-gyrip e the weak spd in Fig. 2(a) to the mixture of wurtz-
ation at this stage. On the other hand, by the time when 4.5o anq cubic phases of InN in the wetting layer, as after all,
BLs material is deposited, the surface becomes populated By, rizite InN represents the equilibrium structure, which can
3D islands as revealed in Fig(tih. This 2D to 3D transition  parqiy he elimnated during growth. However, a close inspec-
is characteristic of the SK growth mode. The 3D islands argjo of the figure shows that the spot locates at a distance
hexagonal pyramids. Closeup images of the islands revea 5 A pejow the origirD, which corresponds precisely to the
further that they compose double-bilayer steps at the sideSice constant of GaN. This observation brings doubt that it
and crisscross steps at the corners, which are fingerprints ¢ iginates from the wurtzite phase InN, or at least the pro-

wurtzite phase nitridét The wurtzite phase InN islands is ortion of w-InN in the wetting layer is very low so as not to
also evidenced by the symmetry of the transmission RHEE[S)

diffraction spots shown in the inset of Fig(kl.'? o[z +o0 0 +0

To reveal the lattice structure of the 2D wetting layer, -1 ” -1 o
LEED I-V curves were taken from the surface of Figa)l -2| 17 rm ol 29 2/
Based on these curves, PFI was conducted using the proce- 3| @ | ¢ '
dures as described in Ref. 6. Figur@?2shows the resulted -4 -2
PFI map from the InN wetting layer viewed in the hexagonal -5 15./3; -5 217
(1120) or cubic (101) plane. For comparison, Fig.(I2 -6 -6 .A
shows another map but derived from a thick InN film ob- -7 ® -7 ®)
tained by continuous deposition until all the 3D islands have -6l 2 -2-1 01 2
coalesced and a continuum, smooth InN layer resulted. In n@ @O Ne@ ©

these PFI maps, each dark spot represents an atomic pair in .
crystal®” Comparing the atomic structures of a cubic and a . ?/
wurtzite layer[Fig. 2(c)], one notes that for a wurtzite film, epifilm |

@ (8
there exist atomic pairs within @120) plane[e.g., the ones
marked by the numbers 2 and 17 in Figc)2, for which one

15, If'; 17, 18 —r
locates vertically above the other. Such atomic pairs will ‘f’/ \f/ \f’zﬂ

give rise, in the PFI map, to a spot directly below the origin a2 S 26 2
O. This is precisely the case in Fig(l®, where a strong spot \T?z \Tf \‘rz \‘F/
A is found at a distance=5.8 A below the originO, signi- 3 ¥ & %
fying the wurtzite phase InN for the thick film. In Fig(&,

a similar spotB is noticeable, but its intensity is much
weaker than e?(pec'ged for a WurtZl_te layer. So the InN Wettlnglo the spots correspond to atomic pairs showfcjn The two pairs
Iayer,_from which Fig. £a) was d_erlved, does not seem to t?e labeled by 1/7" and 2/9' are, respectively, equivalent to atomic
wurtzite. Rather, we sps_pect it take§ the metastable Z,'n(iiairs 1/7 and 2/9 but in the second domain due to surface steps
blende structure. Examining the atomic structure ofazb-ﬁln«tRet 7. (¢) Stick-and-ball model depicting wurtzite and zinc-

[Fig. 2(c)], one finds no atomic pair in thel01) plane that blende InN epilayers ow-GaN “substrate.”

_L epifilm

B
29A (w-InN

FIG. 2. LEED PFI maps ofa) InN wetting layer grown on
GaN0001) and(b) a thick(~300 nn) InN film. The numbers next
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FIG. 3. High resolution TEM
micrograph showing a cubic layer
sandwiched between hexagonal
GaN buffer and cap. The lower
two panels show the EDX spectra
taken at different spots of the
middle cubic layer. The diffrac-
tion patterns shown on the right-
hand side are from the hexa-
gonal capping layeftop) and the
middle cubic region (bottom),
respectively.
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produce appreciable signal in the LEED-PFI. Indeed, if spoRef. 7, these layers of excess metals would produce addi-
B were due to w-InN inclusions in the wetting layer, it would tional spots in the PFI map, which is unseen in Fi¢r)2

be 5.8 A belowO even if the layer is incommensurate to the Further, if the metal layers are on the surface of a cubic
underlying GaN, as in Fig.(®). On the other hand, if the nitride film with the same atomic arrangement as that on a
layer is (partially) strained as indicated by the RHEED wurtzite layer, no atomic pair can yet be identified corre-
measurementsthe spot would be even lower beneath ~ sponding to the spdB in Fig. 2@). Therefore, we may rule
(i.e.,OB>5.8 A), as in such cases the lattice of the epitaxialOUut the relevance of these surface metal layers to the result of
InN is compressed in the plane parallel to surface bufig- 2@). In fact, since we have used a N-rich flux condition
stretched in the vertical direction. This latter expectation obfor INN deposition in this experiment, it is also questionable
viously contradicts to the experimental result. So, we conWhether the excess metal layers exist.

clude that the spoB in Fig. 2a) is not caused by w-InN In both Figs. 2a) and 2b), the other spots, such as those
inclusions in the 2D wetting layer but originates from the Marked by(1/7) and (2/9), correspond to atomic pairs la-
wurtzite GaN buffer layer underneaf.g., the atomic pairs beled by the same numbers in FigcR From these spots,
(15/33 and (16/34 in Fig. 2(c)]. Obviously, this assign- 0One may calculate the strain or the extend of alloying of the
ment presumes that electrons scattered from the undernedtfn. For example, in Fig. @), one finds that the sp¢g/9)
layers can escape from the surface and contribute to th@cates at(-1.92 A,-2.68 A, which is between the ex-
LEED. This assumption is validated by previous studiespected coordinates for pure, strain-free GaN1.84 A,
which showed that atoms 10 A beneath the surface could —2.60 A and InN(-2.05 A,-2.90 A. This implies that ei-
clearly be resolved in the LEED-PFI mad¥ In this experi-  ther the epitaxial layer is an InGaN alloy or the epifilm is
ment, the nominal thickness of the wetting layer is 2.5 BLs,partially strained. Since the surface layer contribution to the
so contribution from the GaN buffer should indeed be ob-LEED spectra is significant, the location of the spots may
servable. As for the possibility of other structures differentalso reflect the relaxation of surface atoms. Alloying is a
from wurtzite and zinc-blende crystals, the one that is rel-common phenomenon during heteroepit&idowever, the
evant must be related to the possible existance of surfacexistence of strain in the epifiim is also evident from the
excess metalGa or In layers, which is known to exist if the RHEED?

MBE growth is carried out under the metal-rich flux  Finally, to verify the above finding of the PFI experi-
conditions!**® The atomic arrangements of such excessments, we prepared a sample for TEM examinations. The
metal layers have already been establisetfAccordingto  sample consisted of a thimominally 4.5 BL3 InN layer
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sandwiched between the GaN buffer and cap layer. The corihe lower case letters refer to epitaxial Inid taken compar-
dition for depositing InN was the same as that used for growing to that of the hcp--ABaba stacking. Thus, a cubic InN
ing sample Fig. @), while the GaN cap layer was deposited layer is energetically preferred when pseudomorphically
initially at 370 °C but at 600 °C after some thickness. Thegrown on GaN. Since the wurtzite phase InN is more stable
purpose of using the two-temperature steps for growing théor a relaxed film, strain must have played an important role
GaN cap layer was to preserve the structure of the undein selecting the zinc-blende phase when grown on
neath InN layer, and in the mean time, to maintain the crysGaN000J). In fact, the lattice mismatch between zb-InN and
tallinity of GaN. Figure 3 shows one of the high resolution w-GaN is smaller than that between w-InN and w-G@i\ .,
TEM images of the sample. The corresponding diffraction9.39-10.42% versus 10.94-12.8p%6%2* Therefore, by
patterns from different areas of the sample are given on théorming a cubic InN wetting layer, strain energy is reduced,
right-hand side, and the focus mode energy dispersive x-ragompared to that by growing a wurtzite layer. If this energy
(EDX) spectra are shown at the bottom. One striking featurgain overcompensates the cost in the formation enthalpy as-
seen in Fig. 3 is the presence of a cubic layer sandwichedociated with the zinc-blende structure, which is of the order
between two hexagonal GaN films. The lower left hexagonabf ~21 meV# then zb-InN will preferentially form.
layer is the GaN buffer, while the upper right one reflects the In the following, we provide a rough estimate of the elas-
cap layer. EDX measurements indicate, however, that th&c energy for films coherently grown on GaN. In doing so,
middle cubic layer contained indium only near the GaNthe elastic constants calculated from first principles are
buffer, whereas no indium was detected in the upper regiorused?* Linear elasticity theory predicts that the energy due
Therefore, this cubic layer composes two materials, one i$o misfit strainf=(a,,y—agan/agan IS Ef ~ f2,2°> wherea,,y
In-containing nitride(InN or InGaN alloy while the other is  andag,y are lattice parameters @finstrained InN and GaN
binary GaN. This latter result will obviously explain why the films, respectively. For the given range of lattice mismatch
middle cubic layer is much thicker than the expected 4.5 BLsited above, the calculated gain in strain energy is
of deposited InN. While the cubic phas&,GaN is consis- 15-100 meV per atomic pair, if the cubic layer is grown
tent with the PFI results presented above, the presence ofiastead of a wurtzite layer. This is in reasonable agreement
cubic GaN layer is, on the other hand, a bit surprising. Nevwith the total energy calculations presented earlier, where the
ertheless, separate studies have already suggested that leamge of 35-49 meV is suggested.e., the gain of
deposition temperature may induce zinc-blende GaN film94—28 meV in total energy plus an extra 21 meV in forma-
on hexagonal symmetrical surfacés?® Indeed, the total tion hea}.
thickness of the cubic layer in Fig. 3 corresponds rightly to  In real situations, the InN layer is incoherent to GaN but
that calculated from the time of the first-step, low- dislocated as revealed previoudf? The residual strain in
temperature cap-layer deposition plus that of InN. In anyfilm is then thickness dependent. For a given thickrié¢ss
case, the existence of zinc-blende,GaN at the INN/GaN  a given residual straim, the energie€g .~ (f—€)ln H/H as-
heterointerface seems to be apparent from both PFI and TENobciated with the strain-relieving defects are different for the
experiments. two polymorphs’® Using the same elastic constants and as-
suming further that the strain-relieving defects are perfect
dislocations, one estimates that the energy gain is about
5-30 meV for the cubic film. Note that in such cases, the
In order to understand the preferential formation of theenergy gain will diminish gradually as the film grows thicker
metastable, zinc-blende InN during growth on Gaddl), (~InH/H). So, one may expect that the equilibrium w-InN
we conducted total energy calculations examining the relabecomes favorable for thick layers. For 3D islands, much of
tive stability of zinc-blende and wurtzite InN layers pseudo-the strain is already relieved by both defects and elastic dis-
morphically grown on GalD001) substrate. The calculations tortion of lattices, so the effect of strain is less significant and
were based on the Viennb initio Simulation Packag#,?*  the wurtzite phase InN is obtained.
in which G4In) 3d(4d) orbital were included in the valance
band and their interactions with atomic cores were treated by
Vanderbilt pseudopotentiaf$.Supercells containing 8 BLs We have used the Patterson function inversion of the
GaN plus 3 BLs InN were considered. The N dangling bond4.EED |-V curves to revealin situ, the structure of epitaxial
at the backside of the supercell were saturated by pseudohjaN layer grown on GakD001) by MBE. Interestingly, it is
drogen atoms with charge 0&5he structural parameters of found that during its SK growth, the wetting layer is cubic,
the GaN substrate were obtained from optimizing bulkwhereas for 3D islands and thick films, they are equilibrium
w-GaN. Atoms in the InN layer as well as in the top bilayer wurtzite. This finding is supported also ky situTEM stud-
GaN substrate were allowed to relax in the normal directiories. At this stage, it is not clear whether this growth phenom-
(i.e., thec axis). The lateral positions of the atoms, on the enon is specific to the growth conditions used in this experi-
other hand, were fixed at thé3 or T4 sites of the substrate ment or a more general effect. However, for the various
surface, representing pseudomorphic growth of zb- or w-InNexperiments at substrate temperatures below 400 °C, where
layers, respectively. Based on these calculations, it is showthe SK growth mode is known to be followédnd under a
that the formation energy is lowered by 14—28 meV if therange of flux conditions, the cubic wetting layer has been
fcc stacking (i.e., the ---ABcab, ---ABacb, or ---ABabc  consistently observed. The strain analysis also favors the
stacking, where the capital letters refer to GaN substrate angeneral effect of the system.

IV. DISCUSSION

V. CONCLUSION
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