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We study the adsorption behavior of Ga@®01) GaN surfaces combining experimental specular reflection
high-energy electron diffraction with theoretical investigations in the framework of a kinetic model for adsorp-
tion and ab initio calculations of energy parameters. Based on the experimental results we find that for
substrate temperatures and Ga fluxes typically used in molecular-beam epitaxy dfir@aNgquilibrium Ga
surface coverages can be obtained. The measurement of a Ga/GaN adsorption isotherm allows the quantifica-
tion of the equilibrium Ga surface coverage as a function of the impinging Ga flux. In particular, we show that
a large range of Ga fluxes exists, whereZ2(62 monolayersin terms of the GaN surface site densiof Ga
are adsorbed on the GaN surface. We further demonstrate that the structure of this adsorbed Ga film is in good
agreement with the laterally contracted Ga bilayer model predicted to be most stable for strongly Ga-rich
surfacegNorthrupet al, Phys. Rev. B51, 9932(2000]. For lower Ga fluxes, a discontinuous transition to Ga
monolayer equilibrium coverage is found, followed by a continuous decrease towards zero coverage; for higher
Ga fluxes, Ga droplet formation is found, similar to what has been observed during Ga-rich GaN growth. The
boundary fluxes limiting the region of 2.5 monolayers equilibrium Ga adsorption have been measured as a
function of the GaN substrate temperature giving rise to a Ga/GaN adsorption phase diagram. The temperature
dependence is discussed within ah initio based growth model for adsorption taking into account the
nucleation of Ga clusters. This model consistently explains recent contradictory results of the activation energy
describing the critical Ga flux for the onset of Ga droplet formation during Ga-rich GaN gféletfinget al,

J. Appl. Phys88, 1855(2000; Adelmannet al, J. Appl. Phys91, 9638(2002.].
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I. INTRODUCTION are independent of fluctuations of Ga flux and growth
temperaturé®t’

Due to its importance as a base material for the fabrica- However, the quantitative description of a GaN “growth
tion of optoelectronic devices in the blue and ultravioletdiagram,” which describes the Ga surface coverage during
spectral region, GaN has been extensively studied in rece@owth as a function of Ga flux and growth temperature, has
years. The comprehensive study of material and devic80t yet been achieved: the results on the temperature depen-
propertie$ has recently been complemented by an increasin?Ience of the critical excess Ga flux at the onset of Ga droplet
number of studies concerning surface strucfifdsand as- formation are contradictory, yielding activation energies of
sociated growth mechanisms, in particular for growth by2-8 €V (Ref. 14 and 4.8 eV(Ref. 17, respectively. This
plasma-assisted molecular-beam epitfRAMBE) on the  Suggests that the underlying mechanisms of Ga accumulation
Ga-polar(0001) surface'!~7 are not yet understood.

One of the fundamental results of these studies is that 10 address this discrepancy, we have performed Ga ad-
GaN growth by PAMBE ought to be carried out under Ga-SOrption measurements QOO]_) GaN. We discuss the re-
fich conditions in order to obtain a smooth surface morpholSults in the framework of a lattice-gas growth model for ad-
ogy and optimized material properties. At low growth tem- SOrption, which is based oab initio calculated parameters.
peratures, however, this leads to Ga accumulation andnis model explains the origin of the apparently contradict-
droplet formation, which is detrimental to the GaN epilayer'nd pargmetersf derived from previous experimental
quality’®1° As a consequence, it was thought that optimumstudies®*”and gives a consistent description.

GaN growth conditions must be as close as possible to Ga/N

stoichiome_try. It has been recently observgd that such _Ga Il. EXPERIMENTAL PROCEDURE
accumulation can be prevented when growing GaN at high
temperatures and small Ga excess flu¢édin particular, it The adsorption experiments were performed in a

has been shown that, at high growth temperatures, a widelECA2000 molecular-beam epitaxy chamber equipped with
range of Ga fluxes exists, for which a finite amount of excess: standard effusion cell for Ga evaporation. The chamber
Ga is present on the GaN surface whose quantity is indepemso contains a rf plasma cell to provide active nitrogen for
dent of the value of the Ga fluX.Such conditions may pro- GaN growth. The pseudosubstrates used wepen® thick
vide a “growth window” for GaN PAMBE, i.e., a region, (0001 (Ga polarity GaN layers grown by MOCVD on sap-
where the growth mechanisms and the surface morphologghire. The substrate temperatdrg was measured by a ther-
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mocouple in mechanical contact to the backside of the mo- LA L B B DL |
lybdenum sample holder and shielded from direct heating.

@ =1.00 ML/s
Prior to all experiments, a 100 nm thick GaN layer was - -
grown under Ga-rich conditions on the pseudosubstrates to © = 0.90 MLs
remove the influence of a possible surface contamination V/\/\ =0. _
layer.
Ga fluxes® have been calibrated to Ga effusion cell tem- _‘—/\/—‘ ®=0.74ML/s |
@ = 0.68 ML/s

peratures by reflection high-energy electron diffraction
M ® = 0.60 MLis

(RHEED) intensity oscillations during N-rich GaN growth at
a substrate temperature 9£=620°C. In these conditions,

W @ = 0.40 ML/s
®=020MUs |

the growth rate is actually proportional to the impinging Ga
flux. It is sound to assume that the Ga adatom sticking coef-
ficient is unity at such a low substrate temperature, which
permits an absolute calibration of the Ga finxerms of the
GaN surface site density
The Ga surface coverage was assessed by analyzing the
specularly reflected RHEED intensity by a method described
in Refs. 16 and 20. This method uses the oscillatory tran-
sients in specular RHEED intensity, which are observed dur- =018 MLss |
ing Ga adsorption and desorption on/frg6001) GaN sur-

faces. It has been shown that the duration of these transients B ©=0.12MLis
can be qualitatively related to the amount of adsorbing or
desorbing G&%?° In general, the relation between intensity - :

and Ga coverage is unknown. Although tempting, the inter- "\/ ¢ =0.095 ML/s
pretation of these electron reflectivity transients in terms of L _
RHEED oscillations is not obvious. Furthermore, it must cl
been noted that the shape of the transiéatlseit not their 0 20 40 60 80
duration depends on the diffraction conditions, notably the Time (s)
incidence angle. Of course, the modeling of electron reflec-
tion would allow to directly relate the RHEED intensity to FIG. 1. Specular RHEED intensity during Ga desorption from a
the Ga coveragénd the surface structyrbut this is beyond (0001 GaN surface. Beforehand, Ga adsorption has been carried
the scope of this work. out at Ga fluxesb as indicated. Fof <0.68 ML/s, the desorption
However, the total duration of the transients occurringtransients correspond to equilibrium adsorption, i.e., they do not
during Ga desorption can be used to qualitatively estimatéhange as a function of the previous adsorption time. &or
the amount of Ga adsorbed on the surface. In Ref. 16, ari 0.68 ML/s, this does not hold and the desorption transients de-
indirect method has been used to draw limitpehntitative pend on the adsorption timere 1 min. The substrate temperature
information from the desorption transients; below we will ' Ts=740°C.
demonstrate a fully quantitative calibration relating the Ga
desorption transient time to absolute Ga surface coveragegesorption time depends on the amount of Ga present on the
This allows us to circumvent the problem that the RHEEDGaN surface after adsorptidfi.The fundamental finding is
intensity cannot in general be easily related to adatom covihat for Ga fluxes belovb =0.68 monolayergML)/s, the
erage. The experimental procedure is thus as follows: to agtesorption transients — and thus the desorption tigge—
sess the Ga quantity present after Ga adsorption for differerfre independent of the previous adsorption time, i.e., of the
impinging Ga fluxes, the Ga flux has been interrupted after @mount of nominally impinged Ga. This is consistent with
fixed adsorption time. The subsequent variation of the specuhe results in Ref. 16 and is visualized in Fig. 2, which shows
lar RHEED IntenSIty due to Ga eVaporat|0n under Vacuurrtdesas a function of the amount Of nomina”y |mp|nged Ga
has been recorded. (defined as the product of the Ga flux and the adsorption
time). The derivative of this curve gives theoverage and
Ill. RESULTS flux dependentGa sticking coefficient. Data are shown in
Fig. 2 for a substrate temperature ©§=740°C and two
different Ga fluxes: foid =0.30 ML/s, the desorption time
Figure 1 shows the variation of the specular RHEED in-(and hence the amount of adsorbed) @@notonously in-
tensity after 1 min of Ga adsorptiofsubstrate temperature creases until it saturates aftée=4 ML. At larger 6, the
Ts=740°C, Ga fluxesb as indicategland subsequent inter- adsorption has reached equilibrium and the coverage remains
ruption of the Ga fluxatt=0). We observe oscillatory tran- constant.
sients during Ga desorption from tf@001) GaN surface. To For a higher Ga flux ofb=0.90 ML/s, we observe the
guantify the desorption process, we define a desorption timeame behavior fod<4 ML, but thereafter, we find no satu-
tges@s the time interval between the shuttering of the Ga fluxation. Instead, a continuous increase of the desorption time
and the last inflection point in RHEED intensitiyig. 1). The  is observed, corresponding to Ga accumulation on the GaN

Specular RHEED intensity (arb. units)

A. Ga adsorption
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FIG. 2. Ga desorption time as a function of the amount of nomi- |G, 4. Ga adsorption phase diagram indicating the Ga surface
nally impinged Ga,d, for two different Ga fluxes, as indicated. coverage as a function of impinging Ga fldx and substrate tem-
Ts=740°C. peratureT 5. The definition of regions 1-3 follows Fig. 3. The inset

shows an Arrhenius plot of the data.

surface. A more detailed analysis finds that the desorption )
transients foxb<0.72 ML/s correspond to finite equilibrium IPrium coverages have been found between regimes 1 and 2.

Ga surface coverages. For higher Ga fluxes, no finite equi'[herefore, the transition fluxes between the different regimes

librium coverages exist and Ga will infinitely grow and fi- are well defined. : .
nally form macroscopic droplets on the surface. To fully assess the thermodynamics of the adsorption pro-

These results of Fig. 1 are summarized in Fig. 3, Whichiéess’ the v?naut_on O]; th% tadtsortpnon |s?ther||”n t?]asf tlcl) be
shows the Ga desorption time — related to the amount o hown as a function of substrate temperature. n the 1oflow-
ing we will restrict ourselves to the study of the variation of

?gﬁg{:r?td i%;a?j ?el;;lngtrlgtrLIJTOf:tf;iér?glnglg;nga(r?abgufe;i\t %he transition fluxes between the different regimes. The result
p : | tjé plotted in Fig. 4. We see that the transition fluxes vary

garded as a Ga adsorption isotherm. We can discrimina . - )
three different regionst1) an S-shaped increase of the Gaexponentlally with substrate temperature. The inset shows an
Arrhenius plot of the data, yielding activation energies of

coverage ford <0.20 ML/s, (2) a constant Ga coverage u

to ¢=8.72 ML/s, independent of the Ga flux, aii8) %a P E(Alz):S'Zi 0.1 _e_V andESfafS.li0.0S ev for the 1-2
accumulation and no finite equilibrium Ga coverages forand 2-3 transition, resp_ectwely. These values, the prefag-
higher®. It is worth noting that the transitions between the tOrS: a.nd the corresponding values for the growth phase dia-
three regimes are discontinuous within the experimental pred’@m in Refs. 17 (-2 corresponds td—C and 2-3
cision of 1°C of the Ga effusion cel7x10 3 ML/s for qorresponds t€—D) .and _14(d|scussmg the %3 transi-
fluxes around 0.5 MLJs In particular, no intermediate equi- tion only) are summarized in Table | and will be discussed in

Sec. IV.
[ ! ] B. GaN surface structures
4o OO ] The adsorption isotherm in Fig. 3 is given in terms of the
@ 1 ‘ 2 ‘ 3 ] Ga desorption time, which is onlyualitativelyrelated to the
® 5oL 0 h amount of adsorbed Ga. For a fullpantitativetreatment of
.g i © 1 Ga adsorption, one must know the dependence of the Ga
S I oooO 1 desorption rated 4.5 on the Ga surface coverage This
= 20F gROE00000C0 ] would allow the modeling of the Ga re-evaporation, as the
é i 1 desorption rate is given by
© I 0000 ]
Q 4L o° ] dc
[ ° ] Poed €)=+ @
o O ]
ol S e — with the initial conditionc(t= —tged =Ceq, Which denotes
0.02 0.1 1.0 3.0

® (MLs) the amount of Ga adsorbed in equilibrium conditions, i.e.,
before Ga desorption sets in. After the time interyal, the
FIG. 3. Ga desorption time as a function of impinging Ga flux G& coverage becomes zero. The knowledge ef would
® after equilibrium has been attained for regions 1 and 2, and aftefhus allow us to compute, if ®4.{c) was known(which it
1 min of Ga adsorption in region 3. The substrate temperature i noY. This requirement can be circumvented by considering
Ts=740°C. that in equilibrium, the impinging Ga flu® must exactly
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TABLE |. Experimental activation energieSy® and prefactors/gss for the transition fluxes between
different Ga coverage regimes as obtained from the adsorfitismwork, Fig. 4 and growth phase diagrams
(from Refs. as indicatgdv denotes the GaN growth ratthe N flux), « the linear temperature coefficient of
the adsorption energy, and®. the renormalized prefactésee Sec. IV.

Reference Transiton  EX® (eV) Vs (Hz) v (ML/s) a (meV/K) v Hz)
This work 12 5.2 3x10%° 0 -2.3 4.7x10%°
This work 23 5.1 2x 10%° 0 -2.2 1.5 10%°
Ref. 17 12 3.7 5x 107 0.28 -0.8 1.6x10%
Ref. 17 2.3 4.8 X 1074 0.28 -1.9 4.8<10%°
Ref. 14 2.3 2.8 1< 10" 1.1 >-0.1 5.5< 10t

balance the evaporation rate, hencebge{Ceq model, which has been calculated to be the most stable struc-

= _®(Cec[tde;|)- |ntegrating Eq(l), tak|ng the first deriva- ture of Ga-rlch(OOOZI) GaN Surfaceg.lt consists of two ad-

tive with respect totys, and using the above substitution sorbed Ga adlayers on top of a Ga-terminated GaN surface.
leads to The first layer is found to be pseudomorphic to the GaN

surface but the second one has an in-plane lattice parameter
of 2.75 A, about 13.8% smaller than that of G&N189 A).

Cog ) = fq’q),ﬁtdesdq), ) The second layer thus contains 1.3 ML of Ga in terms of the
¢ 0o Ib’ ' GaN surface site density, in good agreement with the experi-
mental value of 1.5 ML.
This expression allows the computation@yf, from tysas a The formation of a laterally contracted bilayer structure in

function of ® (which is known from the experimental data regime 2 is further corroborated by the observation of
and can be evaluated numerically. Note thatonly depends ~ Supplementary streaks in the RHEED pattern after Ga ad-
on the derivative of4.{®), which means that.s does not sorption in regime 2 and rapid quenching of the sample

necessarily have to denote the very end of Ga adsorption b@@Wn to substrate temperatures below abioyit 650 °C[see
can be taken after any time interval, as long as it is well-F19- 6@]. At higher temperatures, the supplementary streaks

defined in the RHEED signal. Any further Ga desorptionr€ 100 weak to be detected unambiguously. The lattice pa-
after the end of the chosen time interval will lead to a con-"2Meter corres_pongilng to these _streaks Is found to be .2'73
stant offsett 45, Which does not contribute iG,q in Eq. (2). +0.03 A by_aflt using pseudo-\Voigt functions gnd assuming
Using Eq.(2), we can now calibrate the Ga adsorptionthe bulk lattice parameter for the (}aN layer. T.h|_s value com-
isotherm in Fig. 3. Since the relatiohged Ce) = — P (tged pares very fav%rably to that qbtalned by tbnlg inito calcy- .
implies steady-state conditions, only the data in regions iatlons(2.75 A).° Combined with the adsorption results, this

and 2 can be treated. Applying E@) to the data in region 3 strongl_y suggests that adsorption in region 2 leads to the
does not lead to the amount of Ga adsorbed after a finite tim@rmatlon of a Iaterally—cpntr_acted G‘?‘ bllayer. .

but to incorrect values because under these condition% Thg shape of the oscillation transients in Fig. 1 suggests
| g4ed <|P|. Since experimental data are available only fornat, In region 3, Ga dr(_)plets ar(.e.formed on top of this Ga
®>0.032 MLs, the isotherm has been extrapolated by alLinlayer. This Ga dewetting transition may indicate that the
exponential for smaller fluxes. The contribution of the inter- 3.0 ——————]
val 0<®<0.032 ML/s to the overall integral in Eq2) is : 1
0.04 ML. This is only a minor correction, suggesting that the 25l 0000000000 -
specific form of the extrapolation function is not important. |
The result of the calibration is plotted in Fig. 5. We observe 5, .
that in region 1, the Ga coverage increases from almost zeri___
to a value of 0.98 ML, close to 1 ML. The coverage then = , .|
increases abruptly to a value of 2.5 ML in region 2. Typical 3 ’
systematical errors can be estimated to be of the order o

+0.2 ML, 1or 502 il
What is the detailed structure of such adsorbed Ga films* I OO |

It must be kept in mind that the Ga fluxes have been cali- 93 o 7

brated by GaN RHEED oscillations and are hence given in i o

terms of the GaN surface site density. A GaN coverage of 1 0-802 oS ‘0'1 ‘ E— ‘1 0

ML thus indicates the adsorption of a Ga adatom on eact ' (I) (ML/s) '

GaN site. This suggests that Ga adsorbs in region 1 as a

coherent(pseudomorphicadlayer. FIG. 5. Calibrated Ga adsorption isotherniTat= 740 °C using

At the 1—2 transition, the Ga coverage increases byeg. (2). The data are derived from Fig. 3. As the method can only
about 1.5 ML, i.e., by more than a pseudomorphic adlayerbe applied to equilibrium coverages, only regions 1 and 2 are rep-
This compares favorably to the laterally-contracted bilayeresented.
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FIG. 7. Comparison between the experimental growth phase
diagram in Ref. 17open symbolsand the diagram derived from
the the Ga adsorption data in this wgsolid lines. The different
regimes 1, 2, and 3 of the adsorption phase diagram are indicated,
which correspond to regimes B, C, and D in Ref. 17, respectively.

(0.28 ML/s in the experiments of Ref. LT the adsorption
phase transition fluxes should reproduce the growth phase
diagram of Ref. 17. This comparison is shown in Fig. 7. It
demonstrates good overall agreement, suggesting that the as-
sumption is valid. However, it must be noted that the critical
fluxes derived from adsorption measurements fall below
those in the growth phase diagram, although differences are
of the order of the experimental precision.
Yet, a closer look at the activation barriers and prefactors
q” (arb. units) (Table |, as derived from the experimental phase diagrams,
poses a number of questions. First, why are the activation
FIG. 6. (a) RHEED patternazimuth(1120)) of a (000) GaN  €nergies and prefactors in the adsorption and growth phase
surface with a Ga bilayer presentBs=600 °C. The white arrows diagram so different, even though absolute values of transi-
indicate additional streaks due to the Ga filin. RHEED intensity  tion fluxes are close? Second, why are the values for the

profile in the(1010) direction evidencing the additional RHEED S&me transition (23 for growth in Refs. 14 and 17 so
streaks due to the Ga bilayer. different? Finally, while the barrier of 2.8 eV for the23

transition in the growth phase diagram in Ref. 14 is close to

attractive interaction energy of a Ga adatom with the surfacéhe cohesive energy of bulk Ga and has thus been directly
is maximum in the second layer and lower in the thirdinterpreted as a Ga desorption barrier, what is the physical
layer?! This conclusion is consistent with the first principles origin of the 5.1 eV activation energy and the meaning of a
results which will be discussed in the next section. Ga thuprefactor of 13° Hz? The latter value is fundamentally dif-
grows in a Stranski-Krastanow mode @001 GaN. ferent from prefactors typically observed/calculated for dif-

Finally, the different adsorption regimes can be summafusion or desorption processéwahich are of the order of
rized as follows:(1) Ga coverage=<1 ML, i.e. successive ~ 10" Hz).
formation of a coherent Ga monolay€2) a Ga coverage of
c=2.5 ML, forming a laterally contracted Ga bilayer, and
(3) Ga accumulation and droplet formation on top of a Ga

RHEED intensity (arb. units)

A. Growth and adsorption model

bilayer. In the following, we will derive arab initio based To address the above questions, we have analyzed the
growth model which describes the temperature dependencgata in terms of a simple growth model and in combination
of the transition fluxes between the different regimes. with first principles total energy calculations. In order to sim-
plify the discussion of the growth model, we divide the prob-
IV. DISCUSSION lem in two parts: First, we derive how the density of Ga

adatomsp on the surfac® depends on parameters such as
An intuitive connection between adsorption and growthtemperaturel, Ga flux ®, and growth rate. Second, we
phase diagrams can be made by assuming thaaxbessGa  calculate the critical adatom density, at which nucleation oc-
in Ga-rich growth conditions behaves as if it would be ad-curs and the system undergoes a phase transition.
sorbed on a GaN surface. Then, adding the GaN growth rate The adatom coverage is given by
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detr.0) =DV2p(r,t)+<1>—ip(r,t)—ip(r,t)- () h=1r>cm=e’AE”“°’kBT- ®
dt Tinc Tdes Nsites
Here, the desorption timey.sis given by Here,N,qis the number of adatoms in the lattice gllgsis
the total number of surface sites which can be occupied by
TJels: Vgl Edes’keT (4)  the adatoms, andE, . is the energy the adatom gains if it is
attached to a subcritical nucleus making the latter stable.
with Egesthe desorption barrier arkh the Boltzmann con- Based on the above model, we can directly obtain the

stant.D is the surface diffusion constant for Ga adatoms anaritical Ga flux @, at which the phase transitions occur.
r gives the lateral position on the surface. For step flowCombining Eqs(7) and(8) gives

growth (as realized in Ga-rich growth conditidfs incorpo-

ration occurs essentially at the step edges. Since these are D =0+ Tgeme” AEnuc/keT, 9)
moving, the incorporation rateigcl(r,t) is in general inho- , , , )

mogeneous and time dependent. For ideal step flow it will bd NS €guation can be rewritten using Ed) as

zero on the terraces and0 only at the step edges. The D= v+ vgee Edes AEnd/keT (10)
incorporation rate and the growth rateare directly related
by and applies both to the adsorption and growth phase dia-
gram. The activation energy is thus expected to represent the
total binding energy of a Ga atom in a critical Ga cluster.

1 1
v(t)—Af 0 p(r,t)dr. (5)
Here the integration is performed over the total surface area B. First principles analysis
A. Since in our experimental setup stationary conditions are A comparison with the experimental resultee Table)l
realized, the explicit time dependence in the growth rate disshows that energy and prefactor a constanfas expected
appearsi.e.,v(t)=v]. Furthermore, in stationary conditions from Eq.(10)] but vary largely with the growth conditions.
Eg. (3) also simplifies: @g/dt=0, i.e., the left hand side be- As a general trend, one finds that the activation energy and
comes zero. A further simplification in E¢B) can be made the prefactor decrease with increasing growth (hitélux). It
by taking into account that the phase transitions we are inis also interesting to note that only in the case of high growth
terested in occur exclusively under Ga-rich conditions. Un+ate @ =1.1 ML/s) the prefactor (X 10" Hz) is close to
der these conditions the surface steps on the surface are G typical attempt frequencies observed/expected for de-
terminated® and the incorporation rate;,> at such a step Sorption, i.e., in the 1 Hz range. For conditions where
will be small. This is in contrast to the conventional step flowgrowth is slow ¢ =0.28 ML/s) or absentadsorption, pref-
picture where the sticking probability of an atom at the stepactors are found which are many orders of magnitude larger.
edge is assumed to be close to one. The difference to the In order to identify the origin of these apparent discrep-
conventional model is due to the fact that we have two speancies, we have explicitly calculated the desorption and the
cies with very different concentrations. For nitrogevhich ~ formation of small Ga clusters on the Ga bilayer surface
is the minority species for very Ga-rich conditiorise stick- ~ e€mploying density functional theory. In the following we
ing coefficient at the Ga-terminated step edges will be closaill focus on the Ga-bilayer structur@vhich corresponds to
to one and steps act as sinks to the nitrogen concentratidghe 2— 3 transition. Based on the almost identical energies
which becomes highly inhomegenous. For Ga atoms, howef the 1—2 and 2-3 transitions in the adsorption phase
ever, the sticking probablity is low. Thus, the effect of stepsdiagram we expect the mechanisms/energetics to be rather
on Ga will be small and the Ga-adatom density is virtuallysimilar.
homogeneous, i.DV2p(r)=0. Specifically, we use soft  Troullier-Martins
Based on the above discussion, E8).can be written as pseudopotentiat$ and the Perdew-Burke-ErmzerhGPBE)
generalized-gradient approximatiofGGA) to describe
exchange/correlatiof’. The Ga 2l semicore states were de-
0=®—v——ps. (6)  scribed in the frozen core approximatignlcc).?® Details
about the method can be found elsewtérghe calculations
Here, p, denotes the equilibrium adatom density. We notehave been performed with a plane wave basis(egergy
that this equation holds for both growth ¥ 0) and adsorp- cutoff 50 Ry. The Brillouin zone has been sampled by a

tion (v=0). The solution is easily found to be 2x2x1 Monkhorst-Pack mesh for the (3x2+3) unit
cell and 4x4x 1 for the (3% /3) unit cell?® The Ga bi-
Po=(P—0) Tges (7)  layer with one up to four adatoms has been modeled by a

slab consisting of two double layers ang3Xx \/3) (to de-
Nucleation occurs if théstable nuclei are in thermody- scribe the adsorption of a single adatom, see Fjgargl
namic equilibrium with the lattice gasvhich is described by larger (2/3% 2/3) (to describe adatom islands, see Fiy. 9
the adatom densiiyon the surface. At low densitiesp§  unit cells. Increasing the slab thickness to four double layers
<1), interactions in the lattice gas itself can be neglecteadthanges the surface energy by less than 0.5 meV per surface
and we obtain unit cell. Adatoms are added only on the upper surface of the

165419-6



GALLIUM ADSORPTION ON (000)GaN SURFACES PHYSICAL REVIEW B57, 165419 (2003

X H 70 [ T T T T T T T T T T T T
Tx Tunit ceIIO o O@ 5 x5 unit cell :
‘ 60 .
= 50 b
£ 40 :_ ® _:
30 — -
@ Ga adatom (layer 0) g
Contracted Ga overlayer (layer 1) ool v T
O Ga (layer 2) 2.0 3.0 4.0 5.0 6.0

. . . Ex’ (eV)
FIG. 8. Schematic top view of an adatom on the Ga bilayer

structure. The white balls mark the positions of the Ga atoms in the FIG. 10. Natural logarithm of the experimental prefactors
second layer. The gray balls mark the positions of the Ga atoms ith(+5) as a function of the activation ener@j*® for various data

the contracted Ga epilayer and the black ball the Ga adatom in thig this work and Refs. 14 and Xiull circles; see Table)l The solid
T4 position. The dashed line shows the 1 surface unit cell of the  |ine represents a linear fit.
ideal bulk truncated GaN0001) surface. The solid line shows the

surface unit cell of the Ga bilayer structure. and surface layer is 2.68 A, i.e. very close to the nearest

neighbor distance im-Ga of 2.71 A®®

slab. The lower surface has been passivated by pseudo- The binding energy of an adatom in an island consisting
hydrogen to remove the electrically active surface states. Thgf n_, adatoms is given by:

adatonts) and the first two surface layers have been fully

relaxed. Detailed convergence checks can be found in Refs. 1 6 —sab eato

29-31. Eis=— n_(Etot_ Ewot — Etot m) — Edeg|- (12
Based on these studies, we have calculated the desorption ad

energy of an adatom and the binding energy of adatoms iffor an island consisting of two adatoms we firt

small islands. The desorption ener@ifie energy needed to =0.15 eV. For larger islands consisting of three adatoms

remove the adatom from the surfage defined by Eis=0.30 eV andEy=0.34 eV for a four atom island. The
numbers are the island formation energies as calculated in a
Eges= — (E2920M_ pelab_ patom) (11)  (2y3%243) cell. Itis interesting to note here that all islands

are unstable against the formation of Ga-droplets: the forma-
whereE3%4°™Mjs the total energy of the surface including the tion energy of a Ga atom in an islandE{gt Eig
adatom,ES2 that of the free surface arB2°" that of the ~ =2.75 eV) is smaller than the cohesive energy of bulk Ga of
(spin-polarized®) Ga atom. Using this expression we find an 2.8 eV3* Therefore the islands act as nucleation centers for
adatom binding energy of 2.52 eV for the3x 3) struc-  Ga droplet formation.

ture and 2.41 eV for the (3% 24/3) unit cell. In the equi-

librium configuration, the adatom sits on a three-fold coordi- C. Interpetation of the results

nated hollow site. The Ga—Ga bond length between adatom We can now compare these energies with those obtained

from the analysis of the experimental d&fable ). As can

be seen, the activation energy is close to our calculated de-
sorption energy only for the high growth cacel ML/s).

For lower growth rates or adsorption, activation energies are
found which are way too large. A closer analysis of the pref-
actors and the activation energies shows a clear reléien

Fig. 10:
In(vieD) =a;Ex*+a,. (13
@® Go adatom (layer 0) The superscript “exp” indicates experimental data. For the
Contracted Ga overlayer (layer 1) values given in Table | we get;=11.45eV ! and a,
O Ga (layer 2) =—0.427.

The observed relation between prefactor and activation
FIG. 9. Schematic top viewf@ 2 atom islanddimen on the Ga  barrier can be explained in terms of a temperature dependent
bilayer structure. The solid line shows the\(®x 2+/3) surface unit ~ activation energy. Since the experimentally accessible tem-
cell which has been used to describe this structure. perature range is rather sma#60 K), we assume a linear

165419-7
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dependenceEp=Eqg+ a(T—Ty) with E, the temperature E =Ey+ a(T—T,) is small: in the case of adsorptiom (

independent contributionl, the temperature offset, and  =0), the activation barrier changes from 2.84 to 2.73 eV

the linear temperature coefficient. EquatitO) then be- within the experimentally measured temperature window
comes (700°C to 750 °C. In the case of GaN growth, the variation

is even smaller. This can be intuitively understood by con-

B! = v+ vgee ¥ee (Eo~aTolkeT (14) sidering that the experimentally measured activation energy

represents a linear projection to zero temperature even when
A comparison between Eq&l3) and (14) gives the follow- its real temperature dependence deviates strongly from linear

ing relations: behavior outside our experimental temperature window.
V. CONCLUSION
o
EXP=Eo—aTy and IMvgd =In(veed - ks’ (15 Based on a combination of experimental RHEED studies
and first-principle growth models we hayie quantitatively
This leads to determined the Ga coverage on the G@R01) surface dur-

ing adsorption as a function of Ga flux and substrate tem-
perature andii) derived a model, which consistently de-
R (16)  scribes the adsorption of Ga on GaN surfaces as well as the
ksTo accumulation of Ga during Ga-rich GaN growth. This model
resolves the discrepancy in previous measurements of the
Using these relations areh,=2.75 eV(as found from our ~ activation energy characterizing the critical Ga flux for the
first principles calculationswe obtainT,=740°C(whichis  onset of Ga droplet fromation during GaN growf.’
close to the experimentally accessed temperature range, so The model also explains the origin of the experimentally-
the linear approximation for the temperature dependence ¢ibserved unphysically high prefactors in terms of a tempera-
E, is well justified and vgee=3x 10" Hz (which is close to  ture dependent desorption barrier. At the moment, we can
typical attempt frequencigs only speculate about possible mechanisms which reduce the
Using the above parameters and Etp), the linear tem-  activation barrier at higher temperatures. A possible scenario
perature Coefﬁcientx: (EO_ EiXp)/TO can be Computed for emergeS from our fiI’St pl’il’!Cip|eS Calculations Whel’e we f|nd
all transitions. The result is shown in Table I. Based on thes&hat the number of atoms in the compressed Ga layer of the
values we can renormalize the prefactors followinj, bilayer structur(_a a_nq thus the lateral I_attlce constant of the
=14 “e. The resulting numbers calculated Withye. top Ga !ayer significantly chang(_as with temperature. Th|s
=3X% 10" Hz are listed in Table I. The good agreement with change in the surface geometry is expected to have an im-
the experimental prefactons£®® shows that the model con- portant effect on the island formation energy and will be

sistently describes all previous experimental studies. Thglscussed in a forthcoming paper.
large variation in frequencies and activation energies can be
explained by assuming that the N flux affects the temperature
dependence: it is largest if no N flux is present and monoto- The authors would like to thank O. BrigUniversity of
nously decreases with increasing N fligrowth rate. Montpellier, Francgfor providing the GaN templates and F.

It is interesting to note that, although the temperature derjeutord (CEA Grenoble, DRFMC/SI3Mfor valuable dis-
pendence has a huge effect on the experimentally measuregdssions. E. Bellet-Amalric(CEA Grenoble, DRFMC/
apparent activation barrié,*=E,— T, (by almost a fac-  SP2M is acknowledged for the analysis of Fig. 6. L.L. and
tor of 2) and prefactorvise (by up to 12 orders of magni- J. N. like to thank the EU TMR program IPAM and J.N. the
tude, the actual change in the effective desorption energypeutsche Forschungsgemeinschaft SFB 296.

Eo
a0= |n( Vdes) - m and al:
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