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Determination of wurtzite GaN lattice polarity based on surface
reconstruction
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We identify two categories of reconstructions occurring on wurtzite GaN surfaces, the first
associated with the N fac€)001), and the second associated with the Ga fg€@@01). Not only do

these two categories of reconstructions have completely different symmetries, but they also have
different temperature dependence. It is thus demonstrated that surface reconstructions can be used
to identify lattice polarity. Confirmation of the polarity assignment is provided by polarity-selective
wet chemical etching of these surfaces. 1998 American Institute of Physics.
[S0003-695(98/00517-9

The potential applications for blue light emitting devices performing a polarity-selective chemical etching experiment;
continue to drive research efforts to understand the growth ahe results are in good agreement with those of Seelmann-
GaN. In the fabrication of most nitride-based devices, epiEggebertet all?
taxial growth occurs on the plane of wurtzite GaN. A key We grow both film polarities in the same molecular
characteristic of wurtzite GaN is its polarity. No symmetry beam epitaxf{MBE) chamber using different growth proce-
operation of the crystal relates tf@001] to the[000]] di-  dures. The reconstructions are determined using RHEED,
rection, and so th€0001) and (0001 surfaces are inequiva- low energy electron diffractiodLEED), and scanning tun-
lent. The former surface is known as the Ga face, and thaeling microscopySTM). All of the surface analysis is done
latter as the N face. While the atomistic details of surfacdn situ on clean MBE-grown surfaces. The etching experi-
structure are known to govern growth kinetics, little has beemments are performedx situby dipping the samples into a
understood, until recently, about the surface structures of.8 M NaOH solution for 3 min and then rinsing them in
wurtzite GaN. Remarkably, a few groups have reported thdlistilled water. o
inability to observe any surface reconstructions at all on  The N face[(000])) surfacd is prepared by nucleating
wurtzite GaN other than ax11.1? At the same time, a num- and growing GaN directly on sapphire using MBE with a rf
ber of other groups have reported a variety of reflection highplasma source. The sapphire substrate is first solvent-cleaned
energy electron diffraction(RHEED) patterns, including ex situand then loaded into the growth chamber where it is
1x1, 2X1, 2X2, 2X3, 3x2, 3x3, 4x4, and 5<537°  exposed to nitrogen plasma at 1000 °C for 30 min. Growth
However, the polarities of the surfaces which gave these difef GaN begins at 685 °C, after which the substrate tempera-
fraction patterns were unknown. ture is gradually raised to 775 °C for the main part of the film

Recently, we have identified the surface reconstructiongrowth. The RHEED pattern becomes a streaky11 after
which belong to the N face of wurtzite GaN, which includesthe first few hundred angstroms of growth. The resulting film
1x1, 3x3, 6X6, andc(6x 12).1%In this letter, we summa- surface has a plateau-valley morphology with large, atomi-
rize those findings and identify, in addition, the surface re-cally flat terraces. We also occasionally observe growth spi-
constructions which belong to the Ga face, showing thatals on this surfac&
these include most of those which had been observed using A schematic phase diagram for the four main surface
RHEED and a few additional ones which had not previouslyreconstructions observed for GaN films grown directly on
been observed. In particular, we finck2, 5xX5, 6x4, and  sapphire is shown in Fig.(&). Also shown are the corre-
“1 X 1" reconstructions, with the latter not being a true sponding RHEED patterns, as viewed along th&20] azi-
1x1, as discussed in more detail bel&Wrhus, there is no muth. The 2X1 has the lowest Ga concentration; it is pro-
overlap in the symmetries of these two categories of reconduced by heating the as-grown film surface to high
structions. The assignment of the lattice polarity in our studtemperature £ 800 °C) in order to remove excess Ga ada-
ies is based primarily on the results of theoretical total entoms(heating to higher temperatures causes a spotty RHEED
ergy calculationd® Additional confirmation is provided by pattern to develop, indicating surface roughenifrst prin-
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The resulting film surface is characterized by large, atomi-

(a) N~Face (000T)} cally flat terraces and growth spirafs.
1x1 N"m A schematic phase diagram for the four main surface
reconstructions observed for GaN films grown on MOCVD/

"':';Ff,’;??’]?iﬁj, sapphire substrates is shown in Figh)1 Also shown are the
[/’I_“ 200 °C =<4 corresponding RHEED patterns, as viewed along[ fig0]
v o(6x12) azimuth. After terminating the growth of the film under Ga-

rich conditions and cooling, theX1 which is observed dur-
ing growth converts to a “X1” at ~350 °C. We refer to
this structure as “X 1" (with quotation marksbecause of
the appearance of satellite lines just outside the integral order
lines when viewed along tHa.120] azimuth. As determined

100 °C (0001)T by our ownin situ Auger spectroscopy measurements, this
__ ——— > ; . . .
i D x Go m “1 x 1" surface has the highest Ga/N Auger intensity ratio
F—— 600 °C ———+ ] .
! o out of all of the reconstructions we have observed on both
T Vo b4 the Ga face and the N face. Structural models for the “1
2x2 % 55 % 7~ 350°C -~ X 1" are currently being explored; the temperature depen-
v VT 20°C -7 dence of the satellite features is suggestive of a fluid layer of
Ve 4 . .
"r,/:: [V,/,A: 6x4 g Y Ga adatoms on top of the Ga-terminated bilayer.
1l 124 V4 Several higher order structures can be formed on the Ga

bad } ‘ ’ face. First, the “1x1"” is annealed to 750 °C to remove
+ excess Ga atoms; the RHEED pattern then changes to a 1
X 2 (not shown in Fig. 1, with a weak 1/2 order streak. If Ga

N—Rich Ga—Rich is deposited onto this32 2 surface at room temperature, the

] ) ) ) weak 1/2 order streak will disappear, and no fractional order
FIG. 1. Schematic phase diagrams illustrating the coverage and temperatugi:reakS will appeafthis behavior is very different from the N
dependence of the reconstructions existing on(feN face, and(b) Ga Pp y

face. Ga coverage increases from left to right in both diagrams. Temperdace, where Ga deposition at low temperatures results in the

tures given correspond to either order—disorder phase transitions or anne@-x 3 and other higher order reconstructibnlgowever, by

ing transitions(see text Cross-hatched regions indicate either mixed or i ; o

intermediate phases. RHEED patterns for both the Ga and N face, as vieweddem_)Sltlng 12 ML Ga, annea_llng the surface t0_700 C, and

along the[1120] azimuth, are also shown. coolmg,_ the 5<5 reconstruction will be formgd, and after
depositing an additional 1/2 ML Ga, annealing to 700 °C,

. . _ and cooling, the &4 reconstruction will be formed. Con-
ciples total energy calculations demonstrate that thisl1 tinyation of this deposition and annealing process ultimately
consists of a Ga monolayéor adlayey bonded to the upper- results in the Ga-fich “X1.” The 5X5 structure is ob-
most N-terminated bilayef. This adlayer is under tensile served up to 700 °C, at which temperature it disappears. The
stress due to a smaller preferred Ga—Ga bond length congx 4, on the other hand, undergoes a reversible phase tran-
pared to the GaN lattice constant. Th& 3, 6X 6, andc(6 sition at~ 250 °C.

x12) reconstructions are produced by depositing sub- A number of groups have reported<2 RHEED pat-
monolayer quantities of Ga onto this<Il. These additional terns during growti-® While we have not observed a 2
Ga adatoms reduce the stress in the adlayer, thus forming2 during growth, we have obtained ax2 by annealing
energetically favorable adatom-on-adlayer structiffes. the 5x5 at~600 °C. We also obtained ax22 by nitriding
These higher order reconstructions, however, only exist bethe surface at-600 °C. It is interesting to note that the best
low ~300 °C, as illustrated in Fig. 1. As the temperature is2x 2 patterns have been observed for growth with electron
increased, the structures undergo reversible order—disordeyclotron resonancéECR) plasma sources as opposed to rf
phase transitions, and the nonintegral RHEED featureplasma source’;? although Hughe®t al. observed a weak
disappear? 2% 2 during growth using an rf plasma sourt@hey also
We prepare the Ga fad€0001) surfacg by performing  occasionally observed»23, 3x 2, 5X 5, and 2x 1, in agree-
MBE homoepitaxy of GaN on a metalorganic chemical va-ment with our own observations. We conclude that we have
por deposition(MOCVD)-grown GaN/sapphire substrate. the same polarity in our homoepitaxial growth as Hughes
This substrate is used as an atomic-scale template for growet al. and that they have the same polarity as the other groups
ing the Ga face based on the fact that high-quality MOCVD-who also observe 22 patterns during growth. First prin-
grown GaN films have been shown to have Ga poldfify.  ciples total energy calculations indicate that botk 2 Ga-
The MOCVD substrate is first solvent-cleanex sity then  adatom 4) and 2<x2 N-adatom H3) structures could be
loaded into the growth chamber and heated to 775 °C undastable within the allowed ranges of the Ga and N chemical
a nitrogen plasma. Growth commences once thell potentialst® While it is not known which of these two struc-
RHEED pattern becomes bright. If the growth is allowed totures corresponds to the experimentally observed RHEED
become too N rich, a spotty RHEED pattern will develop, patterns, it is clear that the Ga face exhibits &2 surface
indicating three-dimensional growth; on the other hand, ifreconstruction.
Ga-rich conditions are maintained, a smootk I RHEED While the theoretical calculations provide a convincing

pattern will be observed, as also reported by Tasall’  means of assigning the polarity of the two different faces of
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clear that the structure which is present on the surface during
MBE growth is quite similar to the X1 Ga adlayer. On the
other hand, for the Ga face the qualitative nature of the struc-
ture which is present during growth remains unclear. The
existence of a number of higher order reconstructions which
are apparently stable at or near the growth temperature
makes it important to obtain further clarification of their
atomic structure.

In summary, we have investigated the reconstructions
which occur on wurtzite GaN surfaces. We find that the two
structurally inequivalent faces, the Ga face and the N face,
have completely different surface reconstructions. Moreover,
the temperature dependence of the intensity of the noninte-
gral RHEED features is very different for the two faces.
These reconstructions can thus be used as a means of deter-
mining the lattice polarity of wurtzite GaN. Our polarity as-
signment for the two faces has been confirmed by polarity-
selective wet chemical etching.

The authors acknowledge V. Ramachandran and H.
Chen for help with film characterization and M. Brady for
FIG. 2. AFM images of GaN grown directly on sapphig before etching,  technical support. This work was supported by the Office of

and (b) after etching for 3 min in a 1.8 M NaOH solution. Similarly dis- Naval Research under Grant Nos. N00014-95-1-1142 and
played are AFM images of GaN grown on an MOCVD GaN/sapphire SUb_N00014-96-1-0214

strate(c) before etching, an@) after etching. All images are &mx5 um,
and gray-scale ranges are 450, 530, 260, and 260 A, respectively. M. M. Sung, J. Ahn, V. Bykov, J. W. Rabalais, D. D. Koleske, and A. E.
Wickenden, Phys. Rev. B4, 14 652(1996); J. Ahn, M. M. Sung, J. W.

wurtzite GaN'° an independent confirmation of this assign- Ragg"’_‘/;a's' D. D. Koleske, and A. E. Wickenden, J. Chem. P19%.9577

men_t is desirablg. Chemical etching of nitrides has beerey a khan, J. N. Kuznia, D. T. Olson, and R. Kaplan, J. Appl. PHga.
studied for a variety of etchant$.Recently, a method of  3108(1993.
distinguishing the polarity of wurtzite GaN films based on 3\(’:V- (f( S'”g'}ei' ‘éV-hH- R_OW'?“C;{' Jr, Mdé]' 'KJEQ”SOYS SJh'\Z/UO FSUJ'_taTyJ-r\]’V- |
their chemical etching behavior in hydroxide solutions has B°f3‘15r;1('19é5° etzina, J. Ren, and J. A. Edmond, J. Vac. Sci. Technol.
12 ' '
been reported by Seelmann-Eggeltral. "~ They found that 4y E. Lin, S. Strite, A. Agarwal, A. Salvador, G. L. Zhou, N. Teraguchi,
films having N polarity were etched in a solution of KOH A. Rockett, and H. MorkpcAppl. Phys. Lett62, 702(1993.
while films having Ga polarity were resistant to etching in <K3 'V‘éataj H. ?S;‘h"lsl;_) rj YUF’) KégAsfg;'é E(igggma' M. Fushida, and S.
. . . . onda, Jpn. J. Appl. Phys., ParB3g, .

thg same s.olut|orl1. They established the polarity of thelr. filmses Hacke, G. Feuillet, H. Okumura, and S. Yoshida, Appl. Phys. B6it.
using hemispherically scanned x-ray photoelectron diffrac- 2507 (1996.
tion (HSXPD). To check these results against our own po- "W. S. Wong, N. Y. Li, H. K. Dong, F. Deng, S. S. Lau, C. W. Tu, J. Hays,
larity identification, we have performed a similar study of the ,S- Bidnyk, and J. J. Song, J. Cryst. GrovitB4, 159 (1996.
etching behavior of the GaN films which were grown by R. J. Molnar, R. Singh, and T. D. Moustakas, J. Electron. M&4r275

4 . . ) ) (1995.
MBE directly on sapphire, which we believe have N polarity, °E. s. Hellman, C. D. Brandle, L. F. Schneemeyer, D. Wiesmann, I. Br-
and those which were grown by MBE on the MOCVD GaN/ ener, T. Siegrist, G. W. _Bgrkstress_er, D. N. E. Buchanan, and E. H. Hart-
sapphire substrates, which we believe have Ga polarity. Figl-of:rdé""'g;it'ﬁtegetwf: Eggﬂzt;em;oc\?' gfgé(lj"g%eugebauer and 3.
ure 2a) is an atomic force microscopfAFM) image of a Northrup, Phys. Rev. LetZ9, 3934(1997. ' '
film grown directly on sapphire prior to etching, illustrating **we are referring to the $4 reconstruction as%4 because the RHEED
the characteristic plateau-valley morphology commonly ob- pattern shows & periodicity along(1120) azimuths and % periodicity
served for these films. Figure{m shows the Change in mor-  along(1100) azimuths. Recent STM images reveal a mixture sf6and
phology which occurs upon etching in a 1.8 M NaOH solu-, 124 stuctures.

. . . . - M. Seel -E t, J. L. Weyher, H. Obloh, H. Zi AR
tion for 3 min. While a hint of the original morphology andsge;";zcvsk?gzgg 'F”;'hys L?élerz’%;()fg%?)’ immermann, an

remains, the surface is primarily composed of smallerisa r. smith, V. Ramachandran, R. M. Feenstra, D. W. Greve, M.-S. Shin,
rounded features; apparently this film is highly reactive with M. Skowronski, J. Neugebauer, and J. E. Northrup, J. Vac. Sci. Technol.
the NaOH solution. Figure® and Zd) are a similar pair of A (to be publishefi
AFM images for a homoebitaxial GaN film arown on an . R. Smith, R. M. Feenstra, D. W. Greve, J. Neugebauer, and J.
g _ p g9 Northrup, Appl. Phys. A, Suppl. to Vol. 66, 941998.
MOCVD GaN/sapphire substrate. As can clearly be seertse. A. Ponce, D. P. Bour, W. T. Young, M. Saunders, and J. W. Steeds,
there is no change in the surface morphology after etchinquppl- Phys. Lett69, 337 (1996.
in i At ; ; ; ; ; B. Daudin, J. L. Rouvie, and M. Arlery, Appl. Phys. Lett69, 2480
Indlcatmg that this Surfafce IS resistant to etchmg m. the (1996; J. L. Rouviee, M. Arlery, R. Niebuhr, K. H. Bachem, and Olivier
NgOH solution. Our etching results are th_erefore CONsistent grigt MRS Internet J. Nitride Semicond. Refs.33 (1996.
with those of Seelmann-Eggebeet al. This consistency 17E.J. Tarsa, B. Heying, X. H. Wu, P. Fini, S. P. DenBaars, and J. S. Speck,
confirms our previous polarity assignméfit. - Appl. Phys82, 5472(1997. _ _
In addition to being useful for determining polarity, A. R. Smith, R. M. Feenstra, D. W. _Greve| M.-S. Shin, M. Skowronski, J.
. . . Neugebauer, and J. Northrigpnpublishegl
knowledge of surface reconstructions is also important fote; R vilcham, S. J. Pearton, C. R. Abernathy, J. D. MacKenzie, R. J.

understanding kinetics of growth. For the N face, it seems shul, and S. P. Kilcoyne, J. Vac. Sci. Technol14, 836 (1996.
Downloaded 01 Sep 2010 to 132.235.25.204. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions




