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Structure and composition of GaN (0001) A and B surfaces
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Homoepitaxial, GaN films on both-plane surfaces of bulk GaN crystals were examined using
reflection high-energy electron diffractiofRHEED). Differences in the RHEED pattern, time
development of the RHEED intensity, and surface reconstructions were observed. The substrate
surfaces were prepared either by mechanical polishB&NO000D)A] or by chemo-mechanically

polishing[ GaN(0001)B]. Then films were grown by molecular beam epitaxy; Ga was provide by

a Knudsen cell and nitrogen from NHOnN the B surface, the Ga rich reconstructions reported by
Smith and co-worker§Phys. Rev. Lett79, 3934(1997] were observed. On the A surface, a (2

X 2) reconstruction was observed. Both reconstructions were much sharper than those seen on GaN
films grown on sapphire. RHEED measurements of the specular intensity vs time showed that two
different surface terminations could be maintained on the B surface, one of which is a stable,
gallided surface, while the other is a nitrided surface, which is unstable in vacuum. If the nitrided
surface is heated in vacuum it changes to the gallided surface in several minutes at 800 °C. Only one
termination was detected on the A surface. The results are complemented by desorption mass
spectroscopy measurements, and the resulting surfaces were then investigated using atomic force
microscopy and scanning tunneling microscopy. We were able to distinguish the two surface
terminations on the B surface, and a unique annealing process undewiNHbe documented.
Preliminary investigation of the A surface revealed decorated step edges. The results were compared
to films grown on sapphire with different nucleation layers, which can be grown to yield either
polarity. © 1999 American Institute of Physid$$0021-897€09)04411-4

I. INTRODUCTION tion is a vector from a Ga atonota N atom in the bulk
Since wurtzite GaN is not centrosymmetric there are ton\;';'l:Z['éz llaalljltll(cgur:ahceen|slr;e?mm2?:(; \I/C|tr\1N:1r:thetvr3/25'{Ig§$g;)lrr1-g
distinct {000 lanes. These planes, G@W01) and

ISt {000z p P 3 bonds, the Gal0001) surface(or GaN0001)A) would have

GaN(OOO_]) will have different structure, composition, and
chemistry. These differences could impact growth kinetics a Ga face and the GaN(OOI)Burface(or Gal\[OOOZDB)
ould have a nitrogen face. Of course these surfaces recon-

and possibly the doping characteristics of GaN. Studyin ruct t likel ding to th i ted
these differences on GaN films grown on sapphire prese mgudce,lszmos Ikely according fo the currently accepte

two main difficulties: first, dislocations could dominate ob- . _ . .
In this article we report reflection high energy electron

servations of growth, and second, it is often difficult to ob- . . ) : i

tain single domain material of either polarity. To avoid high diffraction (RHEED) observations of unipolar films grown

dislocation densities and inversion domains we examined" bulk C_;aNOOO]}_and compare the results to G_aN grown

growth on the two[000%} surfaces of bulk GaN single crys- on sapphire. Atomic force microscoiFM), scanning tun-
neling microscopySTM), and desorption mass spectroscopy

tals. We distinguish the two polarities using their reconstruc-
tions and examine their response to adsorption of Ga anQDMS) were used to refate the RHEED data to the structure
and composition of the surface.

nitrogen. Initial investigations of the resulting structures are
presented.
Different polarity assignments were reviewed by ExpERIMENT

Hellman! We follow the convention that the0001] direc-

Single-crystal bulk GaN platelets were used for our mea-
dAlso at: Department of Chemical Engineering and Materials Science, UmSurements with the opposirgplane faces corresponding to
versity of Minnesota, Minneapolis, Minnesota 55455. the two possible polarities. These substrates, approximately
Electronic mail: cohen@ece.umn.edu 5X5 mm in size, were grown in Ga solution at high nitrogen
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pressureS. One of the polar faces can be chemo-
mechanically polishétutilizing KOH, resulting in an atomi-
cally smooth surface with a root mean squéms) rough-
ness on the order of half a lattice constant, where
=5.2 A. No suitable chemical method has been found yet to
polish the opposite face to comparable quality, so instead
only a fine mechanical polish was appli&&olishing could
produce a slight misorientation from tleeplane. These bulk
samples were cleaned by boiling them first in acetone and
then in methanol at 65 °C before mounting them on a Mo
sample holder. Two mounting methods were used: The
samples were either coated on their back side with 2000 A of
Ti and then mounted without stress by mechanical méans,
or by bonding to an AlO; wafer using a GaSn eutectic.

Prior to the experiments the samples were outgassed for
several hours at 300 °C drl h at 500 °C in &/arian Gen |l
molecular beam epitax§MBE) chamber. The base pressure
of the growth chamber, with cryoshrouds cold, was3
x 10" ° Torr. The samples were then ramped to a tempera-
ture of 800°C under an NHbeam equivalent pressure
(BEP) of 1.0x 10~ ° Torr, with the NH; background pressure
being 1.6<10 ' Torr. For the RHEED experiments, an ap-
proximately 3000 A buffer layer was grown under slightly .
excess Ga conditioﬁé)y using a Ga flux of 1.0 monolayer FIG. 1. RHEED pattern observed on bulk GaN along ¢h&20) direction
(ML)/s (equivalent to a flux of 1.% 10150m72571)_ All of for both polarities, under Nilafter growth is stopped at about 800 °C.

the chemo-mechanically polished samples used for AFM

measurements were grown at a lower substrate temperatujgich time the RHEED pattern completely disappeared. The
of around 700°C and a Ga flux of 0.1 ML/s. Those condi-g4 shytter was then closed and the sample ramped to 800 °C
tions resulted in the lowest hillock density, therefore improv-\ynere it was kept for about 2 min until a RHEED pattern
ing our ability to resolve features between hillocks by AFM. reappeared. This procedure was repeated ten times. Streaks
GaN films were also grown on AD; for comparison,  ere observed in the diffraction pattern after completion of
both with GaN and AIN nucleation layers. The detailed pro-ihis nucleation procedure.
cedures for etching, cleaning, and sample mounting are pub- pggth types of nucleation layer were followed by a 2500
lished elsewher® Prior to growth the substrates were out- A GaN buffer layer, deposited at 800 °C with a Ga flux of
gassed for several hours at 300°C in the preparatio o ML/s and a NH BEP of 1.0<10 5 Torr. After comple-
chamber of the MBE system, followed/ld h at 500°C in  {jon of the buffer layer, RHEED showed streaks without a
the growth chamber. The NHeak valve was set to produce ransmission component. A §1) pattern was observed in
a BEP of 1.0<107° Torr. Then the substrate temperature the case of using GaN nucleation, while a weak<(® re-

vv_a;dra_mped at 100°/min from 500 to 1000° C for surfaceconstruction was typically observed using AIN nucleation.
nitridation.

Experiments were performed by using two types of, mesuLTs
nucleation layer, AIN and GaN. In the case of the GaN
nucleation layer, the sapphire was nitrided for 15 min  After growth of the buffer layer on the bulk crystals, as
whereas 3 or 15 min was used for the AIN nucleation layerdescribed earlier, the Ga flux was turned off and the RHEED
as discussed later. The 250 A AIN nucleation layer wagpatterns shown in Fig. 1 were observed. For these measure-
grown at 1000 °C using an Al flux of 0.10 ML{gquivalent ments the electron beam was along ¢f&&20) direction and
to 1.2x10"cm 2s™Y). RHEED showed transmission fea- the NH; flux was held constant. The chemo-mechanically
tures in the pattern during and after AIN growth. The Gapolished face exhibited a ¢41) pattern while the mechani-
shutter was then opened to provide a flux of 1.0 ML/s anccally polished face was (22) reconstructed.The streaks
the sample temperature was ramped down to 800°C are elongated, even on these very smooth bulk samples, in-
100°/min. The Al shutter was closed during the ramp belowdicating the presence of atomic steps. The patterns are gen-
900 °C. erally sharper than from the smoothest films of GaN that we
The GaN nucleation layer was grown by repeating a sehave grown on sapphire.
guence consisting of condensing Ga on the substrate surface To determine the crystalline polarity, we followed a pro-
at 700 °C and subsequent annealing at 800 °C undeytbiH  cedure similar to that described by Smitt al® Their
times. This was achieved by ramping the substrate temperanethod examines surface reconstructions with varying
ture to 700°C, in the presence of a BHBEP of 1.0 amounts of Ga on the surface. In our case, a chemo-
X 10 °Torr. The Ga shutter was then opened at 1.0 ML/smechanically polished surface was prepared as described
and the substrate kept at 700°C for about 1 min, duringearlier and then annealed in an NHux. Ga was then de-

GaN(00017)

GaN(0001)
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HEED Intensity (arb. units)

FIG. 2. Low temperature surface reconstructions observed or{@GaN)B,

first reported by Smittet al. (Ref. 9 (a) (3X3) on bulk; (b) (6X6) on

bulk; (c) (3% 3) on ALO;; and(d) (6X6) on AlL,O3;; Thec(6X12) recon-
structions are not shown; We found that these reconstructions are only ob-

served on a Ga terminatédallided GaN(OOOT,)B surface.

(b)

deposition :

............. I enbennernenansl

RHEED Intensity (arb. units)

(2x2) (1x1) Po(x2)
posited in the absence of Nt a rate of 0.1 ML/s at about NN T P R R I R
700°C for 1 min. The substrate temperature was then low- 0 20 40 60 80 (3
ered to aqu 400°C an.d an additional fractional ML of G“”‘FIG. 3. RHEED intensity behavior of both polarities at around 750 (L.
was dgposﬂed. Dependlr)g on the amount of ad'd't'onal G&wo surface terminations were observed on @@9DB. (b) Only one
deposited, and upon cooling to below 300 °C, various reconsurface termination was detected on GaD0DA, but a reconstruction tran-
structions could be observed. Figuréa)2and 2b) show the  sition between (X 2) and (1xX1) is observed.

reconstructions observed on the chemo-mechanically pol-

ished fac@ along the(1120) direction. These are compared fracted intensity to drop to a new steady state value that
to those observed on sapphire, grown with a GaN nucleatiofepends on the magnitude of the Ga flux and the substrate
layer, shown in Figs. @) and 2d). __temperature. When the Ga flux is interrupted, a fractional
The same procedure was followed on the mechanicallyy of ga desorbs, as measured by DMISnd the intensity
polished face, but did not result in the observation of anyises to a slightly higher value. This last value of the dif-
reconstructions. In fact, the (22) reconstruction seen at facted intensity will remain indefinitely and is independent
typical growth temperatures disappears upon cooling thes emperature. In this sense this gallided surface is stable
sample to 400°C, resulting in a K1) RHEED pattern. The g peijther a flux of N nor Ga need be supplied in order to
only effect of adding Ga was a weakening of thex(1)  aintain it. If a NH, flux is then reintroduced and the surface
pattern. Based on these observations we aSsigre nitrided, the diffracted intensity returns to its initial value.
GaN0001B polarity to the chemo-mechanically polished, This nitrided surface can be maintained at this relatively low
bulk face, which is in agreement with convergent beam diftemperature without incident fluxes for some time; however,
fraction studies performed by Liliental-Webet al’® and  as shown later, it ultimately goes to the previous, stable,
hemispherically scanned x-ray photoelectron diffractiongallided surface.
studies by Seelmann-Eggebettal.™* In order to better understand the adsorption of Ga on
In order to extract more information on the adsorptionboth a nitrided and a gallided G@DDO_])B surface, we re-
behavior of Ga, we monitored the specular RHEED intensity;orqed the transient Ga adsorption behavior with DMS from
on both polarities along thel 120) beam direction, shown in - poth surfaces, which are shown in Figagas superimposed
Fig. 3. Note that these measurements were taken at a typical,yes. The first curve was obtained from a @©a001)B
growth temperature around 750 °C, significantly above theface which was prepared by exposure to;NFhen Nk
temperature required 1 to observe the low temperature recofy,y was removed, and the film exposed to Ga for approxi-
structions on GakD00DB. The behavior of the specular in- mately 1 min. The transient DMS signal upon opening the
tensity, upon opening and closing the Ga shutter, is vera shutter is recorded in Fig(a} as one curve. The Ga
different on the two surfaces. shutter was then closed for approximately 1 min. Then re-
On GaNO0001B, shown in Fig. 8a), we start with a opened again, plotted as a superimposed curve in k&. 4
surface that had been annealed ind\NHhen all fluxes were Comparing both curves we see that the nitrided surface ad-
removed. Exposing the surface to a Ga flux causes the disorbs more Ga than the gallided surface, apparent from the
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1.0 on: FIG. 5. RHEED and DMS signal during annealing of a nitrided
' : GaN0001)B surface, showing the change from a nitrided to the gallided
surface(Ga flux=0.61 ML/s, T=823 °C). The inset is an Arrhenius plot of
o ] the time required to go from a nitrided to a gallided surface over the tem-
(b) perature range from 790 to 870 °C. It shows an activation energy of 4.4 eV.
Ga or NH; exposure, very different from the G#&001)B
surface.
We investigated the annealing behavior of the nitrided
SRMME SN T GaN0001)B surface in more detail. Both the RHEED inten-

0.0 1.0 2.0 (8 sity, as well as the Ga DMS signal were monitored during
annealing, which is plotted versus time in Fig. 5. Initially the

FIG. 4. Transient DMS measurements of GaN grown on sapphire upon . .
opening the Ga shutter at 0.61 ML/s at a substrate temperature of 813 °(§ample 1S kept under ammonia, and a Steady state RHEED

(a) superposition of three Ga adsorption measurements on §06aNB intensity is recorded during that time along with no detect-
surface which was nitrided, then gallided, and finally nitrided followed by able Ga signal by DMS. Afl; the ammonia flux is turned off,
annealing in vacuum; an) GaN(0O0DA surface which resulted in similar - and an approximately linear decrease of the RHEED signal is
curves regardless of sample history. recorded betweem, andt,, accompanied by an approxi-
mately linear increase in the DMS signal. tAta steady state
is reached, with perhaps a slight decrease in the RHEED
_ . ) _signal due to surface roughening. Betwegnand t, the
reduced Ga desorption on the nitrided surface in comparisogample was exposed to a Ga flux, but there is no detectable
to the gallided surface. We also note that the Ga adsorbed Yhange before and after exposure, both for RHEED and
a previously gallided surface is identical to the amount deDMS. At ts the ammonia is turned back on, after which the
sorbed after the shutter is closed, which is not shown in theEED intensity recovers to its original value and the DMS
figure. We therefore conclude that the nitrided surface adgjgna) reduces again below the detection limit. The annealing
sorbs Ga strongly, and once gallided it adsorbs Ga only ocess between andt, was found to be temperature acti-
weakly. IhIS says that the nature of the adsorption sites 0()ted. The activation energy was found to be 4.4 eV as plot-
GaN0001)B depends on how the surface has been prepareged in the insert of Fig. 5. If our interpretation is correct that
We stated before that the nitride surface is unstable inhe nitrided surface anneals to the gallided surface during
vacuum, and that it will ultimately convert to the gallided decomposition in vacuum, we would expect the decomposi-
surface. Evidence for such process is shown in Fig) s  tjon rate after annealing to equal the decomposition rate ob-
another superimposed curve, where the same Ga adsorptigiined after galliding a nitrided surface before annealing.
experiment was performed after annealing a previously niThis results, not shown, was in fact obtained. Therefore, we
trided film for a long time in vacuum. As seen from the conclude that a nitrided surface is unstable in vacuum, an-
transient response, this annealed surface behaves like the gakaling to a stable gallided surface via a temperature acti-
lided surface, and does not adsorb any additional Ga like th@ated process witlE,=4.4eV. This process was found to
nitrided surface. In comparison, the GA@RODA surface take on the order of minutes even at temperatures as high as
gave similar adsorption results regardless of sample histongoo °C.
i.e., after exposure to Ga or Nhbnly, and after vacuum By comparison, on the GABO0DA polarity shown in
annealing. A sample curve is shown in Figoy which looks  Fig. 3(b), the diffracted intensity also decreases when Ga is
very similar to the curve from the gallided GEM0D)B sur-  adsorbed. But here, once the Ga flux is removed, the dif-
face. We note that all of the adsorbed Ga was desorbed agairacted intensity returns to its original value. The change in
after closing the Ga shutter. This result suggests that thatensity with time is not monotonic, which we correlated to
GaN000DA surface structure is the same in vacuum aftera reconstruction change between<2) and (1x1). At this
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temperature, we cannot add any amount of Ga that will re-
main in the absence of a Ga flux, as discussed earlier in Fig.
4(b). At sufficiently high Ga fluxes the (2 2) reconstruction
changes to a (X1) RHEED pattern. This (k1) pattern
returns back to (X 2) once the Ga shutter is closed, even in
the absence of NH The initial and final RHEED intensities
were found to be independent of ylux. Thus, in contrast

to the GaNO001)B surface, we can not change the steady
state surface coverage of Ga on the @0DA surface.
Excess Ga cannot be maintained at typical growth tempera-
tures without an incident Ga flux.

At these high growth temperatures surface processes
such as desorption and diffusion are quite rapid, suggesting
that the growth front and the annealed surface could be quite
different. To examine this possibility, to some extent guided
by the variation in the RHEED intensity data shown in Fig.

3(a), we examined the morphology of the G&@R01)B sur-
face vs the rate at which growth was interrupted. GaN films
were grown fo 3 h under the conditions described earlier,
followed by different cooling procedures. The BHux was
held fixed since it could not be interrupted easily. The results
of those experiments are shown in the series of AFM images
in Fig. 6, which all show macrosteps, but with different
structures on the step terracés.

Specifically, Fig. 6a) shows a sample that was annealed
after growth for several minutes under BlHefore cooling,
which resulted in terraces covered with irregularly shaped
islands on the order of 500 A across and 2—5 A in height.
Figure 6b) shows a sample that was cooled down slowly, at
a rate of roughly 100° per min. Areas with similar islands are
observed, but only in regions starting at a descending step
edge. Apart from this island region, the rest of the surface
appears to be featureless. The width of these regions was
approximately equal, each roughly 350 A. Finally, the
sample shown in Fig. (6), was quenched rapidly after the
Ga shutter was closed. These last data were obtained in a
different MBE apparatus, with a base pressure of 1
X 10~ 1%Torr, but using otherwise similar growth conditions.

In this last case, all terraces appear to be featureless,_exceF%_ 6. Three X1 um AFM scans of the Gat000DB surface with mac-
for a few small steps between the macrosteps. The height @fsteps cooled at different rates under Nadter growth was interrupted at
these steps was approximately half a lattice constéhtThe  725°C. (a) annealed, then cooledb) slowly cooled; and(c) quenched.

width of the island regions originating from descending stepNOte that 'the same featureless surface a&)ris obtained after Ga only
edges depends on annealing tifoe quenching rafeunder ~ €XPosure in the absence of NH
NHs, while the remainder of the surface is unchanged.

We note that the featureless terraces are also obtaineshows a 508500 nm STM scan, and/2 steps on the order
when an annealed or partially quenched surface is exposed &6 200 A. A zoom is shown in Fig. (B). This film was
Ga in the absence of NjHwhich shows that NKlis required  annealed in ammonia and then cooled to room temperature
in order for the surface transformation illustrated in Fig. 6 tobefore STM. At the higher magnification in Fig(bJ one can
occur. Further, gallided films were annealed in {\\While  see line defects perpendicular to the step edges.
monitoring the RHEED intensity recovery like in Fig. 3, with Comparing GaN films grown on sapphire to bulk GaN,
the difference that the samples were quenched in the earlye found that films grown with our GaN initiation layer on
stages of this recovery. Subsequent AFM scans resulted wapphire exhibit a (X 1) RHEED pattern and low tempera-
films similar to Fig. &b), which showed partial nitridation ture reconstructions. On the other hand, GaN films grown
originating from the descending step edges. These resultgith our AIN initiation layer on sapphire behaved differ-
clearly show that the change in RHEED intensity during an-ently. Films which were nitrided for 15 min typically fea-
nealing in NH originates from the development of the island tured a very weak (X2) reconstruction, as well as very
zones on the sample surface. weak low temperature reconstructions. Films nitrided for 3

Monatomic steps, instead of the macrosteps of Fig. 6min showed a much stronger ¥X2) reconstruction, and the
could sometimes be observed as shown in Fig. 7. Fig@e 7 low temperature reconstructions were absent.
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] _ FIG. 8. RHEED intensity behavior of GaN grown on sapphire at around
FIG. 7. Monatomic steps on a G&001)B surface (a) 500500 nm STM 750 °C, with:(a) GaN nucleation layeGa flux at 0.6 ML/3; and(b) 3 min
scan; andb) 50X 50 nm STM scan. nitridation and AIN nucleation laye(Ga flux at 0.1 ML/3.

The time dependence of the RHEED intensity for these ) ) — ) ) ]
films is shown in Fig. 8. The film with the GaN nucleation defects, including Gat0001)B inversion domains. We find

layer behaved like the chemo-mechanically polishedhat there was significant etching for films with a GaN nucle-
GaN(00ODB bulk face. The film with the AIN nucleation ation layer, while no detectable etching took place for the
layer which was nitrided 3 min was similar to the mechani-f'lr.n with the AN nuclea’qqn layer Wh'Ch. was nitrided fo_r'3
cally polished GaKDOODA bulk face. The data shown in min. The film tha_it was nitrided for 15 min before depositing
Fig. 8b) shows a behavior similar to that of Figid3, but is the A"\_l n_ucle_atlon layer showeql etch_ed and u_netched re-
superimposed on top of a linearly decreasing backgrouncﬂlons’ |nd|ca_t|ve of defegts an_d Inversion doma'”s- For the
suggesting surface roughening, as indicated by the dash etchable film the den3|_ty of inversion dpmams was found
lines. At these temperatures there is an increase in the del® he less than 5.%’ Wh'Ch p'ac‘?s a limit on the RHEED
orbed Ga DMS signal, suggesting that the increased rougﬁpemod to detect inversion domains.

ness is due to decomposition of the highly defected GaN on D:Je to th;dsurfage roughness of th? bqukA(gal\;DO])A
Al,0Os. Finally, in Fig. 8b) one can also clearly see an inter- samples, we did not do an extensive series o measure-

mediate maximum when there is a transition between (inents. I_:igures @-9c) are AFM imaggg Of, the mechani-
X2) and (Ix1) reconstructions. This transition occurs cally polished sur_face, at various magnifications, radté of
when about 1/2 ML of Ga is added or desorbed, as detelgrﬁlm’th;ésparix&q{i‘ge_lg 8_?2 c, ?Ga _flux qf 1.3 Mh/s, and
mined from the known incident flux and DMS calibration. In & _H3 orl. - he surface 1S quite rough, con-
short, these RHEED measurements from GaN/sapphire film sting of flat topped posts, typically arounc_j 2500 A across.
give nearly identical results to those of much smoother bul teps Zasr(]) b}f sggn an tor? of tEese pOStZ with te:jraces thgt are
surfaces. This means that in both cases the step edges a ut wide. Further, the step edges and post edges

non40001} faces do not play a significant role in the RHEED appear to _be decorated, as evident from elevated I|ne§ at
those locations. We were unable to measure the exact height

data. Further, since the two polarities give very similar re- f the st ; both the st d the d i
sults to the single domain bulk crystals, and since the low?' N€ StepS since bo € steps and Ih€ decoralions are on

incident angle RHEED beam samples a large stripe on thEhe order of only a few A. The grooves in Figi@d must be

surface, these data suggest that in both cases, using tFl nants of the polishing procedure, and to some extent the

nucleation procedures noted, we have essentially single d(g_at-topped posts follow these lines.

main films.

The earlier films were etched in KGH2 in order to ¥~ D'oCUSSION .
distinguish between polarities and check whether there are We have shown that GARBO0)A and GaN0001)B dif-
indeed no inversion domains. Etching is expect to occur fofer significantly in their adsorption behavior of Ga and \H
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reconstruction change was found to depend on the Ga tp NH
flux ratio. Hackeet al!® investigated this transition as a
function of growth parameters. Since they observed the same
reconstruction change we saw, we conclude their films were
GaN(000DA films. They found that the transition is tem-
perature activated with an activation energy of about 2.76
eV. This activation energy is close to the activation energy of
Ga over liquid Ga, consistent with our results that
GaN(000DA has only one weak adsorbing site.

Since the GakDO0DA surface structure is the same in
vacuum, during NH exposure, and after NHor Ga expo-
sure, the question arises how the weakly adsorbed Ga par-
ticipates in the growth process. We note that we did not
observe RHEED intensity oscillatiohen GaNO00DA. Fur-

ther, in Fig. 4 we saw that unlike for G&dD01)B, we could

not measure any significant amount of Ga adsorption on
GaN0O0ODA after NH; exposure. Ga adsorbs only if there is

a coincident NH flux. Therefore, we conclude that growth
does not occur by island nucleation on terraces, but rather by
step flow.

GaNO0O0O0DA films which were grown under the condi-
tions indicated in Fig. 9 resulted in the RHEED pattern of
Fig. 1. Since there are no transmission features seen in this
RHEED pattern, the diffraction must be due to the flat sur-
faces on top of the posts in Fig. 9. These posts are typically
2500 A in diameter and so the incident beam cannot be trans-
mitted through them. Further, we note that there are steps on
top of the posts that are seen to intersect with angles of 120°
between them. The steps on top of the posts, as well as the
post edges, feature raised lines, suggesting decoration by Ga
atoms due to a step-edge barrier on @O0DA.

In conjunction with the STM measurements conducted
by Smith et al,> we can draw a clear picture of the two

GaN(0001B surfaces which provide the two different types
of adsorption sites. Exposure to Niesults in the nitrided
i R surface structure. Although this structure is unstable in
" - vacuum, it can be maintained for a long time depending on
sample temperature, as shown earlier in Fig. 5. This nitrided
about 800°C with a Ga flux of 1.3 ML/s and a NHBEP of 1 .Surface' which was prep_ared in Figaf is characterized by
X 1075 Torr. (a) Grooves left from the mechanical polishing process (50 islands on top of otherwise ﬂ_at terraces between steps. Note
x50 um, z=150 nmy); (b) Posts of different height with raised perimeters that there seem to be fewer islands very close to step edges.
(5%X5 um, z=90 nm); and(c) Atomic steps on top of posts with raised step \\/hen exposing this nitrided G4B0D01)B surface to a Ga
edges (508 500 nm,z=30 nm). flux in the absence of NH the surface becomes essentially
featureless between steps, as presented in K@. BMS
measurements showed that Ga strongly bonds onto that sur-
In particular, we presented data that showed thatace until the surface is covered by 1 ML of &hAny
GaN0001B has at least two types of adsorption sites. Oneadditional Ga weakly bonds on top of the strongly adsorbed
type exists on a nitrided surface and permits Ga to bonda and desorbs quickly after the Ga shutter is closed. If the
strongly. If a surface is exposed to a sufficient amount of Gaubstrate temperature is lowered below 300°C, the recon-
these strongly bonding sites are replaced by weak bondingtructions reported by Smitkt al® are observed, provided
sites. This gallided surface allows the addition of weaklyadditional weak adsorbing Géess than 1 Ml).is added at a
bound Ga that desorbs quickly once the Ga flux is removedemperature low enough to prevent desorption. Note that it is
In contrast to the Gaf0001)B surface, the Gal000DA sur-  essential to first gallide the surface in order to observe these
face adsorbs Ga only weakly, independent of sample historygconstructions. Above 300 °C these reconstructions disap-
i.e., previous exposure to Ga, ammonia, or annealing ipear, but reappear once the temperature is lowered again
vacuum. below 300 °C. Smittet al. argued that this reversible transi-
During growth on the Gal00O0DA surface both a (1 tion represents an order/disorder transition; hence, at these
X 1) and (2<2) RHEED pattern could be observed. This low temperatures no significant amount of this fractional

FIG. 9. AFM images from a Gaf@00D)A surface afte 3 h of growth at
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weak bound Ga layer is desorbed, in agreement with ouGaN{0001} polarities. RHEED was used to distinguish both
result that this weakly adsorbed Ga is well described by th@olarities and to investigate different surface structures on
adsorption of Ga on liquid G&° which at this temperature is those polarities, which we related to the transient Ga adsorp-
below the detection limit of our DMS. tion as measured by DMS. These surface structures were
The gallided surface is nitrided by exposure toNM/e  then imaged by AFM and STM. From the observed surface
showed in the AFM scans of Fig. 6 that this nitridation pro-reconstructions, the face that could be chemo-mechanically

cess proceeds from descending step edges. The nitrided s@olished was assigned to the GAR01B surface, and the
face has been shown to contain both N ant?Bn relatively  face that can only be mechanically polished to the

flat areas between macrosteps, we observed the small islané%,\mooj) A surface. After growth on the Ga(NOO_:I)B sur-

of Fig. 6@ on an otherwise smooth surface. These iSIa”dsﬁace,clz steps, as well as macrosteps 15-20 A high were
which are big enough to be resolved laterally by AFM, ap-

pear to be irregularly shaped, different from those reporteé) bszrvs d. Two dgfebrent Ga(l(}‘lOO])f surffa ce term_w;}ahogs
by Xie et all® Those islands were triangular pointing in two could be prepared by exposing the surface to either Ga or

, o . . NH; only. The gallided surface was found to be the stable
?Agi;:rgfiﬁfgr?nls ' ;gg;%elcéoé'g?sgn;hssb;gd;r&gij;agg(:surface termination after annealing in vacuum. The gallided
gy &urface is essentially featureless between steps, while the ni-

GaN(0001B surface, we notice that GaN islands have tWoyigeq syrface exhibits an island structure. This island struc-

possible sides with different bonding arrangements, g‘,"’h"%re is initiated at the upper terrace of a step edge during
strong adsorbing Ga according to the model of Sreithl”  gnnealing in NH. The GaNOOODA surface showed residual
does not. As;umlng that one of the GaN Island bonding arholishing damage and a post-like surface morphology with
rangements is more stable than the other, we could expegkcorated step edges. Only one stable surface termination
such islands to be triangular in shape. Since the islands W& 45 found after growth above 700 °C. Since we are now able
observe are of irregular shape we believe that they are strong getermine the polarity of GaN films by RHEED, we ap-

binding Ga islands. This conclusion :fésupported by DMSjied these techniques to GaN films grown on sapphire. We
measurements to be published elsewhiemehich show that  geyeloped two different nucleation procedures yielding uni-
somewhat less than a ML of Ga is needed to complete thSoIar films of either polarity.

ML of strong binding Ga.
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