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Ga adsorption and desorption kinetics onM-plane GaN
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We study the adsorption and desorption kinetics of Ga on GaB}L In molecular-beam epitaxy using
in situ reflection high-energy electron diffraction. Two stable surface phases are identified, which manifest
themselves at low temperature by ax(2)/(4X2) reconstruction at bilayer coverage and ax@) recon-
struction at trilayer coverage. At growth temperature, Ga adsorbs layer-by-layer up to bilayer coverage after
which Ga cluster and eventually droplet formation occurs. The bilayer desorption is delayed by “feeding” from
this excess Ga. The optimum growth conditions with regard to surface morphology are those giving rise to
trilayer coverage at low temperature. This finding is in contrast to the case ofdGaW where the optimum
growth conditions are related to the formation of a Ga bilayer at the growth front.
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[. INTRODUCTION tion high-energy electron diffractiotRHEED). GaN layers
grown under Ga-stable conditions exhibit a dimX(1)
Group-lll nitrides are inherently piezoelectric and pyro- RHEED pattern during growth, but when quenched to tem-
electric materials due to their wurtzite structure. Since theperatures below 300 °C, diffuse “sidebands” with a spacing
polar axis in the wurtzite lattice is t§©001] direction(thec slightly larger than the first-order bulk streaks are obsefVed.
axis), large electrostatic fields may arise in heterostructured his spacing corresponds exactly to the theoretically pre-
grown along this orientation. However, structures growndicted Ga-Ga spacing in the laterally contracted top ML of

along any direction perpendicular f0001], such ag 1100] the Ga bilayer structure.

: For GaN(1D0), such a detailed understanding of the sur-
(M plang and[1120] (A plane, are free of both piezoelec- . . . L
trical and pyroelectrical polarization along the growth face structure in MBE is lacking. Empirically, we have found

direction® The resulting absence of electrostatic fields con—that Ga-rich condition$*“ result in GaN(100) layers with

stitutes a distinct advantage for fabricating high—efficiencycomparat've'y smooth surface morphology, whereas N-rich

. o X conditions lead to a severe roughening of the growth front.
GaN-based light-emitting diodes over correspondi®@01]- : .
oriented strugc]:tures ong conventional subgratgs s&ch aRSect:entIy, Lejet ?Ii‘:gbﬂservzd a rEconstrugnoS (i_fmgpproxr
Al,03(000)) and SiG0002). Additionally, since thes axis of mate symmetry *( )" on Ga-rich grown GaN( ) on

GaN lies in the growth plane for the nonpolar directions, theznO by scanning tunneling microscopy. The surface was

. . : found to be metallic in nature, and the authors proposed that
optical properties of these structures are inherently strongl}i consists of=2 ML [1 ML=1.21x 10 Ga adatoms cfi?
anisotropic2 making them promising candidates for — :

polarization-sensitive photodetectdrsConsequently, the on G_aN(lDO)] of_Ga. Th|s_ p_roposal is based on density-
growth of group-lll nitrides along nonpolar orientations, functional calculations predicting that Ga-adlayer structures

i X
such as[1100] (Refs. 4-9 and[1120],°-2 has recently with (1X1) symmetry and coverages between 2 and 3_ML
attracted considerable attention on GaN(1D0) are energetically favorable under Ga-rich

However, the optimum growth conditions for any of theseconquns?(’ .
nonpolar orientations have yet to be explored. This fact is in In th',s paper, we pr.esen'F a .comprehenswe Study on the
contrast to the case of G&D0D0Y), for which several studies 2dsorption and desorption kinetics of Ga on GaN{)ius-
have established these conditions in molecular-beam epitad in situ RHEED. Two stable surface phases are identified,
(MBE) and related them to the existence of a Ga bilayer ofVhich manifest themselves at low temperatures by a (1
the growth front®~" This Ga bilayer is predicted by X2)/(4X2) reconstruction at bilayer coverage and a (4
density-functional calculations to consist of a bottom GaX4) reconstruction at trilayer coverage. At high temperature,
monolayer (ML) commensurate to the Ga-terminated G2 adsorb_s layer-by-layer up to bilayer coverage after wh|ch
GaN000) surface, and a laterally contracted, incommensu£ondensation of excess Ga occurs. For very Ga-rich condi-
rate top Ga ML This structure was found to be stable un-tions, this excess Ga ripens into Ga droplets. The bilayer
der Ga-rich conditions due to the reduced Ga-Ga spacing iff€sorption is counteracted by “feeding” from excess Ga.
the top layer which is predicted to be close to that of bulkThe optimum growth conditions with regard to surface mor-
Ga. The total amount of Ga contained within this structure ig?hology are those giving rise to trilayer coverage at low tem-
23 ML (1 ML=1.136x10"® Ga adatoms cia? on Perature.
GaN0001)]. The lateral mobility of the Ga atoms within the
bilayer_is predic_ted to be high, consistent with the high mor- Il EXPERIMENT
phological quality of GaD001) grown under conditions
giving rise to bilayer coverage. A direct experimental evi- All studies were carried out in a custom-designed, solid-
dence for the presence of this bilayer is obtained by reflecsource three-chamber MBE system equipped with a water-
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cooled radio-frequency plasma sour@P! Uni-Bulb™) to
provide atomic nitrogen. The N source, operating at a plasma
power of 400 W with a N flow of 0.3 sccm(standard cubic
centimeters per minute yields an active N flux¢y of
0.275+0.05 ML/s as determined by the thickness of layers
grown under Ga-rich condition@n the following, a ML re-
fers to the areal density of either the Ga or the N surface sites

on GaN(1D0), i.e., 1.2K 10" cm 2). The Ga flux ¢,
was determined by the thickness of layers grown under
(slightly) N-rich conditions at a temperature of 580 °C where
Ga desorption can be neglected. This procedure is possible [1123] - [0001]
only in a limited range of Ga fluxe®.2—0.5 ML/3, outside

of which it was determined by the vapor pressure of Ga fit to ) —
the experimentally obtained values for the absolute flux. The G- 1. (Color onling RHEED patterns of the GaN(DD) film,
substrate temperature was calibrated by the visual observée-@rded d?""?g growth at 740 °C along the major azimuths of GaN
tion of the melting point of Al attached to the SiC substrate.(1100) as indicated.

The growth front was monitoreid situ by RHEED at 20 kV ) ) )
energy and an incidence angle of 1.5°. The diffraction pat_lowmg, we establish a relation between the adsorbed Ga cov-

erage and reconstructions of the surface.

terns along all major azimuths of GaN(QQ), i.e.,[1120]
(0°), [2243] (=39°),[1123] (~58°), and0001] (90°) %
were recorded using a charge-coupled de{@€D) camera. A. Relation between Ga coverage and surface reconstructions
The intensity of the specular spot and other regions of inter-  Figure 1 shows the characteristicX1) RHEED pattern
est are recorded using a digital RHEED analysis sy$fem, observed during growth ofl-plane GaN under the condi-
which was set to sample data at a rate of 25 Hz. All recordegions given above. The pattern is entirely streaky, but dim,
RHEED transients are corrected for the background and nogery similar to the RHEED pattern observed during growth
malized to unity. _ . of C-plane GaN. Upon interrupting the growth for about 20 s
On-axis (+0.5°), [100]-oriented y-LIAIO, (LAO)  at constant temperature with the N flux on, the intensity of
grown by a modified Chrochalzki technique was used ashe pattern increases greatly, while thex(1) symmetry
substrate?® The wafers were chemomechanically polls.hed Ogoes not change. This recovery behavior is related to the
a root-mean-square roughness of O-Z.Zﬁﬁﬁhe as-received gesorption of a Ga adlayer, as will be discussed in detail in
wafers were degreased sequentially in trichlorethylel®  gec. |11 B.
min), acetong5 min), and methanol5 min) in an ultrasonic The RHEED pattern of the recovered surface does not
bath. Finally, the substrate was dipp@0D—60 $ in deion-  exhibit any appreciable change when switching the N flux
ized water(DI H,0). The cleaned LAO wafer was fixed off. |t does not change either when subsequently cooling the
with In onto a Si substrate which was then clipped to a Mogample down to 100 °C. Upon deposition of up to 4 ML of
holder. Prior to growth, the substrate was outgassed in thga on this surface at 100 °C, the only noticeable change is
load-lock chamber fiol h at 200-300 °CGrowth was ini-  that the RHEED pattern becomes dim similar to that ob-
tiated by nucleation at 580°C unde_r Ga-rich conditibhs. served during growtlicf. Fig. 1). This finding is in marked
The growth temperature was then raised to 740 °C and keplontrast to the observation of ax4) reconstruction for the
constant during the subsequent adsorption/desorption studiggrface quenched to low temperature immediately after
and growth. All of these studies have been done using a 50growth. Apparently, the thermal energy at 100 °C is insuffi-
nm thick GaN(1D0) film grown under standard conditions, cient for the Ga adatoms to condense into this reconstruction.
i.e., Ga-stable growthi¢g,=0.475 ML/s, ¢y=0.275 ML/9 To study the formation of the (44) reconstruction fur-
and a substrate temperature of 740 °C. ther with this sample, the excess Ga deposited at 100°C is
first flashed off by heating the sample to 740°C, leaving a
Ga terminated surface that is virtually identical to that ob-
served during growth interruptions. The sample is next

In the course of our previous work, we have noted that thecooled down to 580 °C, at which the desorption of Ga is
smoothest layers exhibited a complex RHEED pattern wheegligible. Next, we deposit 1 ML of Ga onto this surface.
the surface was quenched to about 150 °C with a cooling ratdpon cooling to 100°C, clear half-order streaks are ob-
of 40°C/min and the N flux switched offplasma extin- served along all azimuths except {dr120], consistent with
guished immediately at the termination of growth.The a (21X 2) reconstruction of GaN(1d0). Upon heating, the
RHEED pattern observed exhibits a fourfold periodicity half-order streaks abruptly disappear at a temperature of
along all major azimuths, consistent with a>(4) recon- 250 °C, but the pattern stays dim in comparison to that of the
struction with respect to the unit mesh of the GaNQ@O)L recovered surface. An additional ML of Ga is then deposited
surface. Note that this reconstruction is not identical to theat 580 °C, which gives rise to a more intensex(2) recon-
pseudo-(4<5) reported by Leet al.?’ which gave rise to a  struction after cooling to 100 °C as shown in Fig. 2. How-
fourfold pattern along th¢0001] azimuth only. In the fol- ever, we often observe the formation of 1/4-order streaks

Ill. RESULTS
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E -— 0.056 ML/s

2 ! T,=740°C
[ -g—:.— 0.073 ML/s oy = 0 ML/s
3 \'r 0.093 ML/s
— [ 1
[2243] F N 012ML/s
L \r 0.15 ML/s
] -\»\:{f 0.19 ML/s
i U 0.24 ML/s
& f : 0.30 ML/s
[0001] % I u 0.38 ML/s
, — A 0.475 ML/s
FIG. 2. (Color online@ RHEED patterns of the GaN(DD) film, I
recorded at 100°C after a two-step deposition of 2 ML Ga at F I 0.59 ML/s
580 °C along the major azimuths of GaN(@0) as indicated. Note 'W 0.73 ML/s
the intense half-order streaks along all azimuths excejtlfd20]. W 050 MU
]
oy E [}
[i.e., next to th€00) streal along the[ 1120] azimuth at this 3 w 111 ML/s
coverage, which would indicate a X&) reconstruction. o .
Note that we never observe an indication of fractional-order AN
streaks along any azimuths other tHdri20] at this cover- T N N T R

age. A superposition of (12) and (4x 4) reconstructed do- 0 100 200 300 400 500

mains should give rise to 1/4-order streaks along all azi- TIME ()

muths, and we thus believe that this observation rather g, 4. variation of the specular RHEED intensity in vacuum

res_ults from a chainlike ordering of ¢42)-reconstructed do- (j e, #n=0) upon adsorption of Ga for 60 s and subsequent de-

mains. sorption for a substrate temperatdre and Ga fluxes as indicated.
The sample is then heated to 580 °C again. Finally, therhe individual transients are vertically shifted for clarity. The dot-

procedure is repeated for the deposition of an additional Mlted line att=10 s indicates the opening, the dashed linet at

of Ga, resulting in a total of 3 ML of Ga on the surface. =70 s the closing of the Ga shuitter.

Figure 3 shows the resulting RHEED pattern, which exhibits

an intense (% 4) reconstruction identical to that observed ML reduces the overall intensity of the pattern, but does not

when quenching the sample after growth under standard cohange its symmetry. In all cases, the quarter-order streaks

ditions. get diffuse and eventually disappear at temperatures above
We have checked that the deposition of 2 and 3 ML of Gag50 °C.

in one step at 580 °C results in RHEED patterns which are |t is clear from these experiments that Ga adlayers at two

indistinguishable from those displayed in Figs. 2 and 3, redistinct coverages exist, which condense at low temperatures

spectively. Deposition of intermediate amounts, such as 2.;to a (1x2)/(4x 2) reconstruction at bilayer coverage and

ML, results in a fourfold periodicity alon§1120], but a a (4X4) reconstruction at trilayer coverage. On surfaces

twofold along all other azimuths, i.e., the X2) reconstruc-  with intermediate amounts of adsorbed Ga, both reconstruc-

tion mentioned above. Deposition of larger amounts than 3ions may coexis{presumably in the form of domainsil-

though we have no experimental evidence for such a coex-

istence.

B. Ga adsorptior/desorption kinetics

The recovery behavior of the surface at elevated tempera-
[1120] 2 tures provides the opportunity to study the adsorption/
desorption kinetics of Ga in real time. For the following
experiments, the sample was held at a constant temperature
of 740 °C either in vacuum or exposed to an active N flux of
0.275 ML/s. Ga adsorption/desorption isotherms were re-
corded by monitoring the intensity of the specularly reflected

[1123] [0001] beam along thg2243] azimuth, starting with 60 s of adsorp-
- tion and allowing the surface to recover completely prior to
FIG. 3. (Color online RHEED patterns of the GaN(DD) film, the next experiment.
recorded at 100°C after a three-step deposition of 3 ML Ga at Figure 4 shows the variation of the specular RHEED in-
580 °C along the major azimuths of GaN(@Q) as indicated. Note tensity | for Ga fluxes between 0.056 and 1.11 ML/s. For
the intense quarter-order streaks along all azimuths. the two lowest fluxes, no appreciable change in the RHEED
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intensity is observed, reflecting that Ga desorption at this F— : 0.19ML/s T = 740°C
temperature inhibits the adsorption of significant amounts of . I q)s - 0.275 ML/s
Ga on the surface. At higher fluxé.12 ML/9), the RHEED T 024 ML/s PN
intensity exhibits a clear drop once Ga deposition is initiated, u_, 0.30 ML/s

and an immediate recovery once the Ga supply is stopped. : i 0.38 ML/s

For ¢g,=0.15 and 0.19 ML/s, the RHEED intensity stabi- -w '

lizes after the initial drop, and recovers witha0t15 ML/9 = , 0.475 ML/s

or with a very shor{0.19 ML/g delay. Apparently, this situ- U 0.59 ML/s

ation corresponds to a balance between impinging and des- [ ! '

orbing Ga flux, thus establishing a steady-state Ga coverage
at the surface independent of deposition time. For a Ga flux
higher than this value, the recovery is progressively delayed.
Furthermore, the RHEED intensity continues to decrease af-
ter the initial, rapid drop, albeit at a much slower rate.

Guided by the well understood Ga adsorption/desorption
kinetics on the Gal0001) surface’®> 1’ we interpret these
observations according to the following four-stage scenario.
Initially (stage ), Ga adsorbs in a layer-by-layer fashion,
resulting in the initial, rapid drop of the RHEED intensity
until full coverage is established. If the impinging Ga flux
exceeds the desorbing flux, Ga accumulation takes place, :
eventually leading to the formation of droplets which mani- TREN o R T T
fests itself in a further but slower decrease of the RHEED 0 50 100 150 200 250
intensity (stage 1). Once the Ga supply is stopped, the Ga TIME (s)
adlayer(the exact coverage of which we will attempt to de-
termine below starts to desorb. Excess Ga, however, acts as FIG. 5. Variation of the specular RHEED intensity under an
reservoir, thus stabilizing the Ga adlayer and delaying recovactive N flux (¢y=0.275 ML/s) upon adsorption of Ga for 60 s
ey (tage ), Oncethe sxcess Ga s deplted, he Ga aof S0 Jesmion o 8 e b oM O
lle}/fr desorbs, accounting for the rapid final recouetage for clarity. The dotted line at_=10 s indicates the opening, the

Figure 5 shows the variation of the specular RHEED jn-dashed line at=70 s the closing of the Ga shutter.
tensityl for Ga fluxes between 0.19 and 1.66 ML/s with an
additional active N flux of 0.275 ML/s. The behavior ob- The same applies tb;, which is found to be identical tb,
served is analogous to that in Fig. 4, and we thus interpret ivithin experimental uncertainty. Stage IV thus indeed corre-
in the same way. Particularly, the intensity right after stage sponds to the desorption of a fixed amount of Ga, and this
and just prior to stage IV are independent on Ga flux onc@&mount seems to be identical to that adsorbed during stage I.
$cais larger than 0.48 ML/s, essentially identical to the case Figure 7 depicts the adsorption time intertaks function
of Ga adsorption in vacuum. We take this as a confirmatio®f ¢c.. We see that this quantity exhibits the intuitively
that a stable Ga adlayer coverage is formed also under a&xpected inverse proportionality #¥g,. The fits shown by
active N flux, i.e., during growth. the solid lines are based on the simple assumption that the

To analyze these Ga isothermal transients quantitatively,
we next define parameters associated with the four stages of
Ga adsorption/desorption introduced above. Figure 6 visual-
izes the relation between these parameters to the RHEED
transients for the example @fg,=0.73 ML/s. The time in-
terval required for the completion of stages denoted by; ,
while [; refers to the intensity at the end of this stage. While
the time intervalst; —t; are well definednote thatt,=60
—14), no such interval can be defined unambiguously for
stage IV. In fact, plotting In(*1y) reveals the desorption pro-
cess in this stage to be exponential, thus being characterized
by a time constant, rather than by a time interval. We will
analyze stage IV in context with a quantitative description of
these transients in Sec. IV.

Apart from the lowest Ga fluxes used here, where full
coverage cannot be reacheédjs found to be independent of  FiG. 6. Definition of the parameters used for analyzing the
the Ga flux for both Ga adsorption/desorption in vacuum anRHEED transients for the example @f,=0.73 ML/s. The roman
under an active N flux. This finding confirms the view that numerals denote the respective stage of the Ga adsorption/
stage | is related to the adsorption of a fixed amount of Gadesorption process.

U‘ 0.73 ML/s

- |

U 0.90 ML/s
[}

1.11 ML/s

INTENSITY

1.36 ML/s

1.66 ML/4

—

_‘j bgq =073 ML/s

NORMALIZED INTENSITY

Ga on {Ga off

PO I W T S T S T T S T S W A |
0 50 100 150 200 250 300 350
TIME (s)
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FIG. 7. t; vs Ga flux for adsorption in vacuuni{) and under FIG. 8. Amount of impinging Ga during stage | as obtained

an active N flux ©). The solid lines are fits as discussed in the fromt, vs Ga flux in vacuum({l) and under an active N flux¥).
text. The solid lines are fits of the data with a constant.

Ga coveragd is given by the product df; and the Ga flux L e
bea, minus the product of, and the sum of a mean desorp- plistic, since an infinite diffusion rate of the excess Ga ada-
Gar == — toms would be required for this strict separation. The same

tion ($ged and_ cglsum_pnon flux "é’_“)‘ Le., ;= 0/(dca statement applies to the entire depletion of excess Ga at the
- Pdes— ¢n), With ¢y being nonzero in the presence of ac- gnget of stage IV.
tive N. Note that these quantities are rjot to be confused with g, adsorption under an active N flux, we find that this
the actual desorption rate and tﬂéhmned) growth rate at g mount is as large as 3.4%.07 ML for Ga fluxes higher
full adlayer coverage. Both desorption rate and growth rat¢an 0.4 ML/s. The active N flux cannot reduce this amount
depend on the adlayer coverage and tend to zero for zerg 5 pijayer as found for vacuum conditions. We thus believe
coverage. For first-order kineticgh(= y6, wherey denotes  that these results are significant in that they indicate a stabi-
the actual rate and the coveragg the mean quantities in- |ization of a larger Ga adlayer coverage by the active N flux
troduced above correspond to half the actual rates. compared to vacuum adsorption. It is possible that the two
The good agreement between this expression and the eyifferent surface reconstructions, one occurring at bilayer,
perimentally measured values farconfirms that the amount  the other at trilayer coverage, are related to this finding.
of Ga adsorbed in stage | is indeed constant for a Ga flux A further indication for the formation of a dynamically
resulting in a complete Ga adlayer coverage. Quantitativelystable Ga adlayer is provided by the dependence of the in-
the fit returns value$=1.62 ML and ¢p4e<=0.09 ML/s in  tensityl, on Ga flux. For adsorption in vacuum and a Ga
vacuum, andd=2.78 ML and ¢ g+ ¢n=0.17 ML/s under flux between 0.15 and 0.24 ML/k; is found to be constant,
an active N flux. The coverage obtained for adsorption undeimplying there is only little, if any, accumulation of excess
an active N flux is significantly higher than that obtained for Ga occurring in this range. Note that one should not expect
the vacuum adsorption, and the difference is far beyond angn entirely constant intensity here, which is often postulated
possible error margin. Let us stress, however, that this ago be a signature of a dynamic equilibrium. For kinetically
proach is at best a rough approximation, as it is based on thgontrolled conditions, an increase of the Ga flux will slightly
implicit assumption that both the adsorption and the desorpbut inevitably shift the stoichiometry to the more Ga-rich
tion processes are independent of coverage. We will analyzgide. However, for higher fluxes, abruptly drops signifying
this situation in Sec. IV in more detail. the formation of significant amounts of excess Ga under
A quantity that can be determined at the present stagthese conditions. The precarious balance between adsorption
without ambiguity is the amount of Ga impinging onto the and desorption is thus eventually broken.
surface, which is given simply hiy ¢g,. Figure 8 shows the The last quantity which is related to full Ga adlayer cov-
impinging amount of Ga during; as a function of the Ga erage is the recovery time intervil. According to our in-
flux for both adsorption in vacuum and under an active Nterpretation, this time interval is determined primarily by the
flux. For the lowest fluxes, this amount is vastly overesti-desorption of the adlayer coverage, provided that the diffu-
mated since this analysis neglects desorption altogether. Fsion rate of excess Ga replenishing the Ga adlayer is suffi-
higher fluxes, the amount is constant as indicated by the solidiently high. Figure 9 shows; as a function of the Ga flux
lines. for both vacuum conditions and under an active N flux. For
For adsorption in vacuum, this amount corresponds tdhe former case, the linear fits shown by the dashed and solid
2.04+0.02 ML. As we will show in Sec. IV, this value lines are based on the assumption that the excess Ga cover-
closely corresponds to the actually adsorbed amount sincggen built up during stage 1l is effectively reduced by sub-
Ga desorbing from the adlayer is replaced by excess Ga atitution of the desorbing Ga adlayer coverage in stage Ill. In
these high Ga fluxes. In fact, the above view that excess Gather wordsts;=n/¢ee, Whereggee is the desorption flux
forms only after completion of the Ga adlayer is overly sim-for full Ga adlayer coverage. Sinae accumulates during
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O ¢y=O0M/s / sequent accumulation of excess Ga is too simplistic. The
300F o ¢,=0275M/s most important questions we must ask are thus, if the four-
stage scenario developed in Sec. Il B is essentially correct,
and how accurate the approximate analyses presented above
actually are.

200 -

%9 To answer this question, we next develop a quantitative
model of our interpretation. The model is required to account
100 for adsorption and desorption of Ga as well as for the forma-
tion of excess Ga interacting with the Ga adlayer, and for
ol GaN growth in the case of the simultaneous presence of Ga
L - R - T and N. Our model, in units normalized to the maximum Ga
00 02 04 06 08 10 12 14 16 18 . ! ;
adlayer coverage, is described by the equations
dog ML/S)
. _ do . .
FIG. 9. t3 vs Ga flux in vacuumI[{) and under an active N flux —=jed1=0)+dg{l—0)n—7y,0—jn.0, (8]
(O). The dashed and solid lines show linear fits to the data as dt 2
discussed in the text. q
n .
time t, where full coverage is already established for Ga ar~Jead—ded 1= 0)n—yun, @

fluxes higher than 0.15 ML/s, we may write=t,(dga
maX “This simple approximation, which implicitly as- where 0 depotes the Ga adlayer coverqgethe amount of
sumes that all excess Ga is available for substituting the GEXC€SS Gajca andjy the Ga and N delivery ratalc, the

adlayer, is shown by the dashed line and returns a maximufiffusion rate of excess Ga adatoms impinging odifcand
desorption flux of 0.16 ML/s. If we take into account that the Yo (¥n) the rates of Ga adlayeexcess Grdesorption. The

diffusion rate of excess Ga is not infinite, and thus only all'St term of each equation accounts for adsorption of Ga,
certain fractiona of the excess Ga coverage is available forPuilding up the Ga adlaye# and subsequently excess Ga
substituting the Ga adlayer, we may expresshenomeno- In much the same way, the second terms account for diffu-

logically ash= at — #M3 The result of this consider- Sion of excess Ga impinging onto the Ga adlayer. The. third
at?on isythe solidZ(qurS\(: a¢fdr;§tioa=0.84 and a desorption €MS describe the desorption 8fand n. The last term in

Egs. (1), finally, stands for the incorporation of Ga and N

flux of 0.143 ML/S. adatoms into the crystal, i.e., actual growth. Note that the

odel described by Eggl) and (2) is a linearized, and

ighly simplified version of microscopic theories of surface
kinetics such as developed in Ref. 24. This simplification is
necessary to reduce the number of free parameters and thus
to guarantee stable fits, but also means that, while our model
is perhaps the simplest one accounting for the phenomena we

ceptable fit(dashed line in Fig. B Considering. as above, wish to describe, there certainly are a variety of more refined

that only a fractiora of the excess Ga is able to replenish themOdeIS which could equally well describe the data.
y P max Finally, we have to relate the surface coverage calculated

Ga ggxlayer, we obtain the solid line=0.59, and¢ges  py means of Eqs(l) and (2) to the quantity experimentally

*+ ¢con—0.365 ML/s. Given that the N flux has been deter-5jysaryed, namely, the RHEED intensity. Since the Ga ad-
mmed to be 0.275 ML/s, the latter result indicates a desorprayer at growth temperature does not condense into a recon-
tion flux at full adlayer coverage of 0.09 ML/s, considerably styction, but rather represents a liquid, it manifests itself in
less than in vacuum. This result is in good agreement withyy attenuation of the RHEED intensity. We thus follow the
that obtained from the analysis tf (cf. Fig. 7). well-established relation between surface coverage and in-

To summarize this section, our analysis indicates a Stab“t‘ensity in Auger attenuation experimeRtayhich reads
Ga coverage slightly below 2 ML in vacuum. Larger cover-

ages result in the formation of excess Ga. Under an active N 1(6,n)=e 97PN (3

flux, the stable coverage obtained is close to 3 ML. This

analysis, however, neglects the interaction between the GBOth the adlayer coverage and the excess coverageare
adlayer and excess Ga. We will show in Sec. IV that theAssumed to attenuate the intensity exponentially. The ripen-
actual coverage is close to the amount of Ga delivered to thi'd Of excess Ga to clusters and droplets leads tgem-
surface during the adsorption intervigl which is one bi- metrically determineddifferent rate of decrease with respect

layer for adsorption in vacuum, and a trilayer under an activd® the Ga adlayer coverage, as expressed by the pretactor
N flux. Sinceb is assumed to be constant, the model does not de-

scribe the ripening dynamics.

Figure 10 shows three experimental Ga adsorption/
desorption isotherms in vacuum together with simulations
We have seen in the preceding sections that the strict divdased on Eqs(1)—(3). Except for the Ga flux, which was
tinction between the formation of a Ga adlayer and the subtaken to be equal to the experimentally determined flux as

For the case of recovery under an active N flux, we pro
ceed exactly in the same way as described above, except f
the fact that we also consider the consumption flequal to
the growth ratg due to the presence of active Nz
=n/(dges— Pcon)s Where n=aty(dea— Pdes— Peon)-
When explicitly assuming that the diffusion rate of the ex-
cess Ga coverage is infinitea€ 1), we do not get any ac-

IV. KINETIC MODEL
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TIME () FIG. 11. Experimentalsymbolg and simulated(solid lineg

RHEED transient for the indicated Ga flux during the initial adsorp-
FIG. 10. Experimentalsymbol3 and simulated(solid lineg  tion stage.

o o™ " "hlted (<1 i does not form a coninuous fim but wo-
' : ' dimensional islands. This inevitable fact has several
important consequences. First of all, our model tréass a
indicated in the figure, we used the same parameters farontinuous variable, and neglects its inherently discrete na-
these simulations, namely: a diffusion coefficient of 2ture at low coverages. Second, the desorption kinetics of
X 1015 cP/s, a Ga adlayer desorption flux of 0.137 ML/s, two-dimensional islands is known to be dominated by de-
an excess Ga desorption flux of 0.003 ML/s, and a prefactosorption from the islands’ edges, which changes the first-
b of 0.060.003. Evidently, the agreement between the ex-order (monomolecular desorption kinetics assumed here
perimental transients and the simulations is very good. Mostx ¢) to half-order ¢</6). Third, the desorption rate, will
importantly, this agreement can only be obtained with thebe enhanced in this case, essentially resulting in a coverage-
above set of parameters, since the slope of the transient tependent desorption rate which is no longer a constant but a
stage Il is mainly determined by, , while y, determines function of 4. In fact, for Ga fluxes lower than 0.19 ML/s,
the slope of the transient in stage IV. Furthermore, the onsate had to increase, significantly to account for the early
of stage IV depends essentially on the sumygfand vy,, and comparatively rapid recovery observed. In view of that
resulting in unique fits to the experimental data. This resulsaid above, it is clear that this simple measure is purely phe-
confirms that our general understanding of the adsorptiordomenological and only approximates the actual desorption
desorption processes is essentially correct. Of particular inprocess.
terest at this point are thus the Ga adlayer and excess Ga We next turn to a comparison between experimental Ga
coverages predicted by the simulation at the intensities adsorption/desorption isotherms under active N flux and
andl. At 14, these coverages are found to be independent addimulations based on Eqgél)—(3). As above, we take the
Ga flux for ¢c=0.15 ML/s, and amount t&#=1.64 ML  experimentally determined Ga flux for the simulations, and,
and n=0.42 ML, respectively. Atl;, we obtain ¢  of course, the additional N flux. For a Ga flux larger than
=1.86 ML andn=0.34 ML, again independent of Ga flux 0.475 ML/s, the parameters required to get a good agreement
for ¢5=0.15 ML/s. The coexistence @f andn is a direct between simulated and experimental transient are identical to
result of the finite diffusion rate of the excess Ga, as alreadyhose given above, except for,, which turns out to be
concluded above. slightly larger (0.155 ML/9. For lower Ga fluxes, the Ga
An interesting detail is the inability of our model to accu- adlayer is not completed ang, increases drastically as dis-
rately fit stage | and the transition towards stage Il, as showeussed above for the case of desorption in vacuum. Figure 12
for a Ga flux of 0.9 ML/s in Fig. 11. The experimental tran- shows the three RHEED transients at the transition between
sients exhibit two clearly distinct slopes during stage |, anN-stable and Ga-stable conditions. The desorption fluxes re-
abrupt change of slope at the transition to stage Il, and guired to fit them are 0.155, 0.21, and 0.28 ML/s from low to
gradual change of slope thereafter. It is likely that this com-high Ga flux. The good agreement between experimental and
plex behavior reflects the formation of the bilayer by thesimulated transients shows that the adsorption/desorption ki-
subsequent adsorption of a lower and upper ML, accompanetics is not fundamentally different in the presence of a N
nied by the simultaneous nucleation and diffusion of excesflux compared to that under vacuum. Rather, the N flux
Ga on both of these levels. Our model as formulated above iseems merely to consume Ga and thus to shift the
obviously unable to reproduce this process, since it does natdsorption/desorption balance toward higher Ga fluxes.
distinguish the two distinct layers of the Ga bilayer but treats For sake of completeness, we determine again the Ga ad-
them as being one entity. layer and excess Ga coverages predicted by the simulation at
However, there are other factors which must be considt; andl . At I, these coverages are found to be independent
ered as well in this context. If the Ga adlayer is not com-of Ga flux for ¢g=0.475 ML/s, and amount tod
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FIG. 12. Experimentalsymbols and simulated(solid lines FIG. 14. AFM micrograph of a 500 nm-thick GaNT(I)O_) layer

RHEED transients for three different Ga fluxes as indicated in thegrown under standard conditions. The vertical stripes are oriented
figure and an active N flux of 0.275 ML/s. The transients are Ver-along[1120]. The peak-to-valley and root-mean-square roughness

tically offset for clarity. The Ga opening and closing are indicatedof this layer are 6.6 and 0.6 nm over the mapped area of 5
by dotted and dashed lines, respectively. x5 um?, respectively.

—1.94 ML andn=0.88 ML, respectively. At 5, we obtain for the simulations in Fig. 12. Figure (8 shows the Ga

#=1.88 ML andn=0.26 ML, again independent of Ga flux bilayer coverage vs growth time for the three different Ga
for ¢p.=0.475 ML/s. The high coverage b is consistent  fluxes at the transition between N-stable and Ga-stable con-

with that deduced from Fig. 7. ditions. As expected, full bilayer coverage is not reached for
At this point, it is instructive to examine the predictions of € lowest Ga flux. In contrast, the Ga adlayer coverage

our model for prolonged growth using the parameters useglowly converges towards a full bilayer for the intermediate
Ga flux, and is obtained rapidly for the highest Ga flux.

y However, as shown in Fig. 18), the price one pays for this
| oy =0275ML/s |eaoff rapid bilayer completion is a diverging Ga excess coverage,
0.59 ML/s which increases without bound for prolonged growth. In fact,
0.475 ML/s layers grown under these conditions exhibit a high density of
Ga droplets and, after HCI etching, of corresponding surface
defects. In contrast, the Ga excess coverage saturates at 2
ML for the intermediate Ga flux, reflecting that a dynamic
equilibrium is established under these conditions. Note that
0.38 ML/s the desorption flux for this case is 0.21 ML/s, which in fact is
almost exactly equal to the difference of Ga and N flux. The
@ total Ga coverage during growth is here thus 4 ML, which is
1 - L/ ! 1 consistent with the observation of the Ga-trilayer related (4
0 50 100 7600 700 800 i X "
TIVE () ><4)-re<_:onstruct|on observed for thls_ growth conditions after
quenching the sample to 100 °€f. Fig. 3). For the lowest
4y, = 0275 ML/s [Ga off Ga ﬂux, the. excess coverage('ms_expecte)dnegligible.
L : Finally, Fig. 14 shows an atomic force microscdgyM)
image of a GaN(1@0) layer grown under our standard con-
ditions, which has been deemed previously to be most suit-
able on empirical grounds. In particular, these conditions
result in droplet-free and microscopically smooth surfaces.
The surface of the layer exhibits the characteristic highly
anisotropic, stripelike  morphology of GaN(0Q)
layers!®+2°With a root-mean-square roughness of 0.6 nm,
0.38 ML/s ©) the smoothness of this layer approacliest does not yet
T : reach that of state-of-the-art GaR00J1) layers grown by
0O 100 200 300 400 500 600 700 800

TIME (5) MBE.
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FIG. 13. Simulated Ga adlayer and excess Ga coverage during V. CONCLUSIONS

growth. The parameters used are those deduced from the simula- ) ) ) o
tions shown in Fig. 12, but the Ga supply is now terminateti at e have studied the adsorption and desorption kinetics of

=700 s. Ga on GaN(100) usingin situ reflection high-energy elec-
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ron diffraction. Two stable surface phases were identifieddesorption is counteracted by “feeding” from excess Ga.
which manifest themselves at low temperatures by a (IThis process is efficient thanks to a relatively large diffusion
X 2)/(4X2) reconstruction at bilayer coverage and a (4rate of the excess Ga, and growth interruptions thus largely
X 4) reconstruction at trilayer coverage. This behavior isdeplete the excess Ga while keeping the bilayer intact. Fi-
quite different from that observed on G&M0J), for which  nally, the optimum growth conditions with regard to surface
the Ga bilayer does not give rise to any observable surfaceorphology are those giving rise to trilayer coverage at low
reconstruction even at room temperature. We furthermore dtemperature. Under these conditions, the Ga adlayer cover-
not observe the bilayer-related sidebands frequently seen @ge converges towards 2 ML, and the excess coverage satu-
GaN(0001), which are attributed to the lateral contraction of rates at a comparable amount. Compared to @@6L),

the topmost adlayer. Apparently, the Ga adlayer on GaNhese optimum growth conditions correspond to slightly
(1100) is more strongly bonded compared to that onmore Ga-rich conditions. In our case, we establish these con-
GaN0001), since it gives rise to a reconstruction with sharpditions by a growth temperature which+4s20 °C lower than

and distinct fractional-order reflections and stays commensuthat for GaN0002).

rate to GaN.

At high temperature, Ga adsorbs layer-by-layer up to a
certain coverage after which condensation of excess Ga oc-
curs which eventually ripens into Ga droplets. The total cov- The authors gratefully acknowledge technical assistance
erages determined for adsorption in vacuum and under Krom Hans-Peter Scimbierr and Doris Spaniol. We are in-
flux are distinctly different, and correspond to bilayer cover-debted to Randall Feenstf@arnegie Mellon Universityfor
age in vacuum and trilayer coverage under an active N fluxyaluable discussions, and to Vladimir Kaganer, Patrick Wal-
respectively. This finding is a consequence of the fact thatereit (University of California at Santa Barbarand Glenn
the additional N flux shifts the adsorption/desorption balancesolomon (Stanford University for critical reading of the
towards more Ga-rich conditions. In both cases, the bilayemanuscript.
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