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A rate equation model for the growth of GaN on GaN (0001)
by molecular beam epitaxy
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GaN000)) films were grown by molecular beam epitaxy using ammonia and elemental Ga. The
surface reactivity and growth kinetics of G@01 were investigated as a function of growth
parameters using desorption mass spectroscopy. Growth proceeds either by island nucleation or by
step flow, depending on the steady state surface coverage of Ga. Three Ga adsorption states were
found on the surface, one chemisorption and two weak states. One of the weak states corresponds
to Ga adsorbed on a gallided surface, while the other corresponded to an intrinsic physisorption state
on a hydrogen-passivated, nitrided surface. An abrupt growth mode transition between excess Ga
and excess nitrogen was found as a function of growth parameters. The transition was modeled by
rate equations based on growth at step edges and the three types of adsorption st@@80 ©
American Institute of Physic§S0021-897@0)03802-0

I. INTRODUCTION a very well-defined growth regime, expanding the study of

GaN is a direct, wide band gap semiconductor making ItCrawford etal, to model the MBE growth of GaN on

attractive for blue light-emitting diode& EDs) and lasers, as ©2N0003), with more specific mechanisms given. We have
well as high temperature and power devié&ince the mid chosen a temperature regime where decomposition can be

80’s major efforts have been underway to produce high quaif€9lected and where, as much as possible, the morphology
ity material using a variety of growth metho#8The growth ~ remains cpnstant. Rates in the model are directly compared
has proven difficult. Among the multiple challenges in grow- {© desorption data. _ -
ing high quality material by molecular beam epita®yBE) Previously we examined the structure and composition
is the control of growth kinetics, which requires a good un-°f the polar GaNDOO surfaces. We showed that for the
derstanding of the processes taking place on the GaN su$aN0003) polarity, the surface can be prepared with either
face. of two terminations, by exposure to a flux of Ga or to a flux
A picture of GaN growth is beginning to emerge but Of NH,.%~* These two surfaces have different structures and
there have been relatively few models proposed. Newmafgactivities. Which of these surfaces dominates during
et al* and Averyanovaet al® examined growth from ther- growth depends on the incident fluxes. We showed that un-
modynamic points of view. These were concerned with theder excess Ga conditions growth can be inhibited by weakly
regimes where GaN could be grown and in particular the rat@dsorbed Ga, and a very general kinetic model was devel-
of decomposition of GaN. Both relied on an activation bar-0ped. In this article we examine the detailed kinetics of
rier to nitrogen desorption; Averyanoe al. showed that if ~ growth under both excess Ga and Neonditions.
an activation barrier were included then mass action could In this work the adsorption of Ga on G&M00) was
quantitatively be applied to control the decomposition ratestudied by exposing the surface to an incident Ga flux while
of GaN. In the case of MBE, Crawforet al® showed that measuring the desorbing Ga flux versus time. First we will
weakly bound Ga on a Ga terminated GaN surface wouldéxamine the difference in adsorption of Ga on surfaces that
inhibit growth and developed a simple rate equation to dehave been exposed to Ga, termed gallided, and on surfaces
scribe this. Tarsaetal” examined MBE growth on that have been annealed in jHermed nitrided. We will
GaN0001) and showed that under excess N conditions theshow that a gallided surface adsorbs additional Ga only
surface morphology evolved according to kinetic roughenweakly, while a surface that has been nitrided has strong and
ing. More recently, Kolesket al® proposed a rate equation weak adsorption states. On a nitrided surface, using a single
model, coupling the surface coverages of Ga and N, seekinghemisorption state and two different weak states, we will
to describe growth under a very wide range of conditions andlevelop a rate equation model of the adsorption. Then we
techniques. However the rate equation model was only indiwill examine GaN growth, during exposure to both Né&hd
rectly compared to the data in the sense that only variou§a fluxes, expanding the model to show the observed cross-
measures of material quality were examined, as opposed tver in growth regimes and measured growth rates.
coverages or rates. The work to be presented here examines

II. EXPERIMENT

dAlso at: Department of Chemical Engineering and Materials Science, Uni- . .
versity of Minnesota, Minneapolis, Minnesota 55455. In order to investigate surface processes we used desorp-

Electronic mail: cohen@ece.umn.edu tion mass spectroscogpMS) to measure the flux of mol-
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ecules leaving the sample surface either on heating or in [Ty T T T T T

response to an incident fld2~*Our DMS employs a quad- 08 L iGaiGa i
rupole mass spectrometer aimed at the sample, which is col- i on ! off 1
limated so as to restrict the sampled region to an area that is [ F
about 6 mm in diameter. Over this region, temperature varia- & 0.6 &
tions were estimated to be less than about 1°C, as deter- g - r .
mined from changes in the adsorption behavior measured by T [ 08
reflection high-energy electron diffractidRHEED) over a % 04 | 0.6L—%2 4
similar area®!* However, collimation reduced the signal 5 04l

. . . . . 0 -
relative to background and shot noise. Installation of a liquid 2 [
nitrogen shroud around the ionizer reduced the;Nieck- ® 02 | 0.2y 4
ground, increasing the signal to noise ratio by more than one G 0.0 -‘,-“‘"v"

order of magnitude. Nonetheless, because the bulk GaN sub- [ 2 4 6 80
strates available to us were less than 6 mm in diameter, all of
the DMS measurements reported here were performed on

o
o

GaN films grown on sapphire. All films were prepared with a (a) CI) 2'0 ' 4'0 6I0 8I0 )
GaN buffer which was found to give a Gé&00)
polantyg " T —r 1 T T T

All measurements were performed by monitoring the Ga 08 [ iGa Ga .
flux that desorbed from the sample surface. This flux was "1l ion off

calibrated by comparing a known incident flux to the Ga
signal measured by the quadrupole analyzer. First, the
sample temperature was set to a point slightly above which
liquid Ga condensed on the surface. At this temperature, and
in the absence of an NHlux, a steady state is reached in
which the incident Ga flux equals the desorbed flux. The
incident Ga flux was calibrated with GaAs RHEED intensity
oscillations. Hence the measured analyzer signal could be set
to correspond to the incident flux, without having to know
either the solid angle subtended by the detector or the trans- : it IR 1
mission function of the analyzer. With this method the mea- [ 2 4 6 80 va\
sured DMS current was calibrated to better than 1694.

o
o

Ga Desorption (MUs)
o
'S
1

02
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The main types of data to be analyzed are shown in FigFIG. 1. Measured Ga desorption vs time fofaa gallided surface angb)
1 for two different initial surface conditions. No |\§H|UX nitrided surface_(c) Enlarge.d.\{iew of the _initia] de;orption rise in palﬁa).

d) Enlarged view of the initial desorption rise in par@), showing the
was incident on the surface in this case, and the Ga shutt ee in the data that we interpret as being due to desorption from a very
sequence is indicated by two vertical dashed lines. At thisveakly adsorbed state. For the data in each panel, the incident G& gy,
sample temperature, the desorbing Ga flux matches the incivas 0.6 ML/s, and the substrate temperature was 765 °C.
dent Ga flux at steady state, as indicated by a horizontal
dashed line labele& ¢,; its absolute value was determined
from GaAs RHEED intensity oscillations. When adding an
NH; flux, a reduction in the desorbing Ga flux is observedwas prepared by annealing in &t a BEP of X 10~ * Torr
and similar curves were obtained for different substrate temfor approximately 1 min. Then the NHlux was switched
peratures and Nifluxes. We will try to understand the ad- off and the background NHemoved. Upon opening the Ga
sorption behavior of Ga by analyzing these data and by fitshutter there is an initial signal rise to about 1/3 of the inci-
ting them to a rate equation model of the adsorption kineticsdent Ga flux, where it levels out. After a few seconds,
We will first consider the data shown in Fig. 1 where there isthough, the desorbing Ga flux rises again, eventually reach-
no growth and then later extend the model to include an NHing steady state at a value equal to the incident Ga flux. If
flux. only one state on the surface were being filled by Ga, we

The adsorption of Ga in Fig. 1 depends strongly on thewould expect the desorbing flux to rise gradually without
initial preparation of the surface, as evident from very differ-delay. Instead, the rapid increase to an intermediate value
ent transient responses to an incident Ga flux. To observe thgiggests that a fraction of the incident flux is desorbed very
behavior shown in Fig. (&), the surface was initially gallided quickly, while the remainder gradually fills a site that has a
by exposure to a Ga flux of 0.6 ML/s for 1 min in the ab- slow desorption rate. This will be discussed further in Sec.
sence of NH. Upon initiation of the Ga flux, the Ga desorp- IV. These measurements on both a gallided and an initially
tion signal rapidly rises until the desorbed flux equals thenitrided surfac& ! should represent the limits of growth un-
incident flux. By contrast, for Fig. (b), a nitrided surface der high Ga/NH and NH;/Ga flux ratios, respectively.



J. Appl. Phys., Vol. 87, No. 3, 1 February 2000 Held et al. 1221

When exposing an initially nitrided surfa¢gig. 1(b)] to
a sufficient amount of Ga, some of the Ga is adsorbed result-
ing in the gallided surfacgFig. 1(a)]. On the gallided sur-
face, however, there is no net adsorption above the conden-
sation temperaturéMore specifically, both surfaces in Fig.
1 were exposed té,At layers of Ga, wherd-g, is the
incident Ga flux and\t the exposure time between opening
and closing the Ga shutter. The net amount of Ga adsorbed is
the area between the line g, and the curve describing the
measured desorbed Ga flux during exposure, less the area
under the curve of the desorbed flux after exposure. For the
gallided surface, the Ga adsorbed during Ga exposure
equaled the amount desorbed after closing the shutter, i.e.,
the difference between the two areas was within the DMS
measurement error of about 0.1 ML. By contrast, the nitrided
surface retained a net amount, usually on the order of 0.5—
1.0 ML. This net amount will be termed the uptake, and its
value depended on sample history and the substrate tempera-
ture. The total amount of Ga uptake was always less than 1
ML, and after reaching steady-state Ga desorption, no addi-
tional Ga could be added. This suggests that the maximum
coverage of strongly adsorbed Ga is unity and that if we
define 6, , as the initial coverage of strongly adsorbed Ga,
then the Ga uptake is-165,. In other words, the nitrided
surface is reactive to Ga, with an initial Ga coverage, con-
verting to an unreactive gallided surface once the chemisorp-
tion process is completed.

The morphology of both gallided and nitrided

GaN0001) surfaces was examined by atomic force micros-
copy on bulk samples. Growth on these surfaces was de-
scribed previousfyand showed a range of features, depend-
ing on the growth parameters. Some samples exhibited
macrosteps with large terraces. On these, two distinct mor-
phologies were obtained, shown in Fig. 2. Figufe) 3hows
a sample that was annealed after growth for several minutes
under NH; and then cooled, which resulted in terraces cov-FIG. 2. Three umx1 um AFM scans of the Gal0001) surface showing
ered with irregularly shaped islands on the order of 500 Amacrosteps and large, smooth terraces. These epitaxial films were grown on
and 2.5 A in heigh. Figure ®) shows a sample that was Y0¥ S theer condios 1 scees Ga ot s tanpeiaur of
cooled down &a a moderate rate of roughly 100° per min. NHj; (nitrided and then cooled, showing an island structui®. Cooled
Areas with similar islands are observed, but only in regiongapidly, showing some nitridation at the edges of macrostepQuenched,
starting at a descending step edge. Apart from this islan@howing a gallided surface with macrosteps separated by featureless ter-
region, the rest of the surface is featureless. Finally, théaces. Alternatively this could be prepared by adding G@jtavithout NH;
sample shown in Fig.(2), was quenched after the Ga shutterpresem(Ref' 9
was closed. This last sample was grown in a different MBE
apparatus using similar growth conditions. As can be seen in
this case, all terraces appeared featureless, except for a famass spectrometer signal and the final rise to steady state.
atomic steps between the macrosteps. The width of the islandowever, the decrease was comparable to the noise in the
regions originating from descending step edges depended atata. In order to increase the signal to noise ratio, we re-
annealing time(or quenching rajeunder NH;, while the peated the experiment of Fig(l ten times under similar
remainder of the surface was unchanged. This last surfageonditions, and averaged those curves. Figure 3 shows this
could equivalently be obtained by adding less than a monoaverage in the absence of lHAfter each measurement, the
layer of Ga to the surface shown in FigaR Note that the surface was annealed in NKbr 1 min at 110 * Torr. As
initial surface of Fig. 1a) corresponded to Fig.(2) and the before, a nearly instantaneous increase in the desorbing Ga
initial surface of Fig. 1b) corresponded to Fig.(d). Guided flux is observed upon opening the Ga shutter. After this ini-
by these results, as well as the measurements presented in tied rise, a small dip in the desorbing Ga signal is clearly
preceding paragraph, we interpret the islands in the nitridedeen. This is followed by the increase to steady state, where
regions as an initial coverage of strongly bound @, . the desorbed flux equals the incident flux. As for the results
For some of the curves similar to Fig(kl, the initial  in Fig. 1(a), a data average on the gallided surface does not
knee showed a slight decrease between the first rise in thehow the knee in the DMS signal after opening the Ga shut-
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FIG. 3. Average of 10 uptake curves from a nitrided surface in the absencEIG. 4. Measured Ga desorption vs time during growth. The incident Ga
of NH; and a calculation from the model of Eq4)—(3). flux was 0.6 ML/s, the incident NAHBEP was(a) 0.5, (b) 2.5, (c) 3.0, and

(d) 4.0x 10" ® Torr. The substrate temperature was 750 °C.

ter. Though averaging significantly increased the signal ta@urve shows that there is a maximum in the growth rate, with
noise ratio, we did not employ this technique for the rest ofsome Ga desorbing even under excess Réhditions.
the uptake curves due to the long time required to acquire When increasing the N}{Ga flux ratio, the duration of
each data set. the knee versus N§flux increases slowly until at a specific
The initial rise in the transient signal of Fig(k) is fast,  flux, the duration of the knee shows an abrupt increase. Past
within the resolution of our DMS, which was limited by the this point, as in Fig. &), the desorbed Ga flux remains at the
100 ms time constant of the signal preamplifier. This rise idirst, intermediate value. In this latter case, Ga is apparently
fast enough to ask whether the incident Ga is reflected or firstontinually adsorbing into the strongly bound site. The
adsorbed and then quickly desorbed. Atoms trapped in astrong sites are never completely filled. This surface should
adsorption state, even briefly, are expected to lose all inforbe similar to the starting surface for Fighl where a knee in
mation associated with their angle of incidence. To resolvehe DMS signal is observed, i.e., it is an excess;grbwth
this issue we varied the angle between the sample and thregime. In the former case, the strongly bound sites are com-
incident beam by 30°, leaving the detector fixed. No angulapletely filled, forcing additional Ga to go into weakly ad-
dependence was found in the shape of the transient uptalserbed sites. Hence the DMS signal goes through the knee
data, indicating that this initial rise in the data of Fig. 1 is notand reaches a steady state. In steady state the surface should
due to a reflected signal, instead suggesting desorption frotme similar to Fig. 1a) where only the weak adsorption is
a weakly bound state. The nature of this state is suggested sgen in the DMS signal, i.e., an excess Ga growth regime.
noting that H was desorbed from the surface during theThis abrupt crossover suggests that two distinctly different
duration of the kne&.Consequently, we associate the kneegrowth modes are observed by DMS and that this feature can
with Ga adsorption onto a hydrogen passivated, nitrided sube used to determine whether the growth is excess Ga or
face. excess NH. The measured crossover for a fixed Ga flux as a
When there were both Ga and Nhhcident on the function of ammonia flux and substrate temperature is indi-
sample surface, growth occurred. Depending on thg//d  cated as the solid points in Fig. 5, which shows that either
flux ratio, different uptake curves were obtained. A sequencéncreasing the Nkiflux or the substrate temperature leads to
of these desorption curves for increasing M8a flux ratios a change in growth mode. This transition is very sharp; in
is shown in Fig. 4. Figure @ shows a measurement of the Fig. 4, for example, it was difficult to find a curve interme-
Ga desorption flux at a low NdIGa flux ratio. The desorp- diate between those shown in paitsand(d). Any model of
tion behavior is similar to that in Fig.(f), but in this case the growth must include this sharp transition.
the desorbing, steady state Ga flux is reduced, corresponding The abrupt change between growth regimes is also seen
to the growth rate. In Figs.(8) and 4c), the NH; flux is  in measurements of the steady state growth rate. Note that
successively increased. The curves showed the same genesaice there is no Ga accumulation at these temperatures and
features. In these two, the steady state flux was also reducé&gha flux, the instantaneous growth rate is given by the inci-
due to growth and the knee in the DMS signal remaineddent Ga flux minus the desorbing Ga fi%! Figure a)
approximately at the same level. The main difference is theshows the steady state growth rates measured as a function of
duration of the knee, which increases with the \#fux.  temperature for several NHluxes at a fixed Ga flux. For
Finally, in Fig. 4d), at an NH, BEP of 4x10 © Torr, the these data, the NfHlux was fixed; the temperature was var-
second rise in Ga desorption is completely absent. This lased and the difference between the incident Ga flux and the
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FIG. 5. Regime crossover. The solid points correspond to the temperature E F
and flux at which the uptake curves of Fig. 4 ceased to exhibit a knee in the 0.6 k Ga
data. The curves are fits with different power law growth models of(&q. b T F (MUs)
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measured, steady-state Ga DMS signal determined. The S 04¢ = — e
dashed lines are to guide the eye between the data points, i& 0.3} ' H 0.70
which are the filled symbols. The most noteworthy feature £ | i
was that the growth rate abruptly increased at about the same 5 02¢p 053
temperature as the crossover between growth regimes in Fig. o o1l
) . . . o dF 0.35
5. In Fig. Ga) the points on either side of the transition are : 018
separated by the line breaks, which are in turn connected by 00F 0
dotted lines. For low Nhl/Ga flux ratios, as in Figs.(4) and b) Ebi v
4(b), the steady state growth rate is only a small fraction of 720 7;0 |7$0 780 C?COO 820
the incident Ga flux. This is a relatively unreactive steady ample Temperature (°C)

state surface. On the other hand, for highMBa flux ratios, FIG. 6. (a) Steady state growth rate as a function of temperature for several
as in Fig. 4d), a second rise in Ga desorption is never ob-NHs fluxes. The dashed lines are to guide the eye. The breaks correspond to
served. This last curve is characteristic of the saturate@;3 gr,a"SVt:imOde transition, as determined from the shape of the measured
A . gnal(b) Calculation of the growth rate from the model in Egs.
growth rate in the upper curves of Figiah The absence of (1)_(4). In both panelsT, is the measured temperature at which Ga con-
the second rise in Ga adsorption and the abrupt increase {anses on Ga9003 in the absence of an NHlux (Ref. 10.
growth rate suggest that the surface is being continuously
nitrided, never reaching the gallided state.
isorption could occur if the measured hydrogen coverage
V. DISCUSSION passivate_s the pitrided surface, inhibiting chemisorption. For
the chemisorption process to occur, the adsorbed hydrogen

In order to develop a kinetic growth model, we first ex- must be released. On gallided portions of the surface we
amine the dramatically different desorption curves shown irassume only weak Ga adsorption. This Ga can either desorb
Fig. 1. Ga adsorbed onto the gallided surface is seen to ber diffuse to chemisorption sites on the nitrided parts of the
only weakly adsorbed, rapidly leaving the surface after thesurface'® These relatively simple assumptions are sufficient
Ga shutter is closed. We showed previously that this process describe the data.
is well described by the equilibrium between liquid Ga and  These two different reaction paths explained above are
its vapor; hence the desorption rate can be described adustrated in Fig. 7. The left side of the illustration represents
0.,/ 7, wherer is obtained from tabulated equilibrium vapor a GaN film, with a gallided top half and a nitrided bottom
pressure dat& Note that for the Ga fluxes used in these half. The gallided half shows a layer of chemisorbed Ga,
experiments, the substrate temperatures were always highehile the bottom half is the hydrogen-passivated, nitrided
than the temperature at which liquid Ga would condense osurface. On the right side, potential wells representing the
the sample surface. Hence the adsorption of Ga on the gatieneral reaction path are plotted for these two surfaces. On
lided surface will be described by a rate equation with firstthe gallided surface in Fig.(8), Ga can adsorb into a single,
order desorption kinetics. weak well, and then can either desorb or diffuse to a nitrided

To account for the initial knee in the data of Figgb)l  region, as indicated by the arrows. On the nitrided surface in
and 3 on the nitrided surface and the lack of one on thd-ig. 7(a), two potential wells are shown. The outer shallow
gallided surface, we need to assume that the adsorption pravell permits physisorption of Ga, which is either desorbed or
cess depends upon the Ga coverage. We assume that on tfemisorbed into the deeper well. Once chemisorption oc-
nitrided portions of the surface, Ga first adsorbs into a phy<urs, the potential picture changes to the top half of the il-
sisorbed, precursor state. Part of this physisorbed Ga quicklystration. With the nature of the adsorption depending on
desorbs and part becomes chemisorbed. This initial physhe presence or absence of chemisorbed Ga, the differences
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0s weak No physisorbed intermediary is required for this process, and
adsorption we do not consider multilayer adsorption, i.e., no accumula-
- tion of liquid Ga. The second term states that weakly ad-
(b) sorbed Ga desorbs at a rate proportional to its coverage. The
K v last term describes the depletion of weakly adsorbed Ga due
to diffusion to empty chemisorption sites, which balances the
o ph)i(gti:grspi:t:ion last term in Eq(1), and is indicated bk in Fig. 7. There is
cO— q no transfer from chemisorbed G4, to weakly adsorbed
(a) Ga, 6,,. This second equation, with;=1, fits the data in
© chemisorption Fig. 1(a. For the residence time,r, we use 7

= 1, eXpEy/kT) where 7,=4.88<10 * s and E;=2.70
FIG. 7. Sketch of the reaction paths, depending on whether Ga is incident\;-(l)lvwl?l_(ﬁ.) R L 7o inl h Oh K
on (a) a nitrided surface ofb) a gallided surface(c) The upper part shows ev. IS equation 'S_ mainly a Statem?m that the weakly

a coverage of chemisorbed G, in strong sites and the lower part shows a adsorbed state obeys first order desorption and zeroth order
nitrided region with no strong sites. The coverage of weakly adsorbed Ga oadsorption kinetics.

chemisorbed Ga if, . Equation(3) is only necessary to compute the desorbing
flux to compare to the measured data. The first term covers
) ) o ... physisorbed Ga desorbed from the fast intrinsic precursor
in the types of adsorption here are similar to the d'St'nCt'orhtate, proportional to the sites available for chemisorption.

made in physisorption between extrinsic and intrinsic sifes. The second term accounts for the physisorbed Ga that des-
This model is described explicitly by the following rate ., trom the weakly adsorbed state.

equations: To test this model we first performed a fit to the aver-
dé, aged uptake curve of Fig. 3. Both the original data and the
gt~ (Xm0 aFeat Ou(1—65)k, (1) computed curve are shown. This particular curve was mea-
sured at a substrate temperature of 756 °C and a Ga flux of
déy 0.61 ML/s. For this curve, following the procedure described
gt OsFeam Owl 7= (1= 05)k, @ in sec. IIl, we measured 0.77 ML of net Ga adsorption;
hence to integrate Eq§l) and (2), we used the initial con-
Foi=(1—a)Fg{1—65)+ 6,/ 3

ditions 6#5,=0.23 ML and 6,(0)=0. The best fit was
where 6; is the coverage of chemisorbed Ga, afydis the  achieved witha=0.45 and a surface diffusion fluk, of 35
coverage of weakly adsorbed Ga on top of chemisorbed Gad/L/s. As can be seen, all of the details of the measured data
with a residence time of. The fraction of incident Ga that are reproduced by the model.

adsorbs into chemisorption sites from the intrinsic physisorp-  The requirements on the fitting parameters are strict. The
tion state is described ky. The first two equations describe total Ga uptake fixes the fraction of initially filled chemisorp-
the relative rates at which the chemisorbing and weakly adtion sites. Givend ,, « is determined by the initial signal
sorbed states are filled. No equation is given for the popularise just after opening the Ga shutter, since from Bj,

tion of the intrinsic physisorption state, which is sufficiently F4(0)=(1—a)(1— 65,)Fga. The only fitting parameter is
described byx due to their short residence time. The third the temperature dependent surface diffusion paramkter,
equation is the desorbed Ga flux as measured by DMS.  which mainly determines the magnitude of the drop in the

Equation(1) contains the strongest assumptions. As il-Ga desorption signal between the first and second rise. The
lustrated in Fig. 7 two states are considered on the nitridetligher this diffusion flux, the deeper the drop. Ga atoms will
surface. Since the surface is passivated with hydrogen, inctend to diffuse to nitrided parts of the surface before a sig-
dent Ga first adsorbs into the fast, intrinsic physisorptionnificant coverage of weakly adsorbed Ga can buildup on gal-
state. Part of the Ga then desorbs, and the remaining fractiohided parts of the surface, which is the cause of the second
a, chemisorbs into the deep well while releasing. Hhe  rise in the desorption signal. By comparing to measurements
number of precursor sites is assumed to equal the number at different substrate temperatures, we obtain an activation
empty chemisorption sites,-16.. The first term in Eq(1) energy for surface diffusion of 1%51 eV with a pre-
covers this chemisorption process, which is proportional texponential of 1.X 10" ML/s.
the incident Ga flux, the number of unfilled chemisorption Note that RHEED intensity oscillations are only ob-
sites, and the fraction of Ga atoms chemisorbing from theserved under excess Ntdonditions on this polarity, and as
fast intrinsic precursor state. The second term describes ttghown in Fig. Zc), on a gallided surface no islands are ob-
filling of empty chemisorption sites from weakly adsorbedserved. These suggest that the diffusion describedk Iy
Ga on gallided parts of the surfa¢ie filled chemisorption dominated by the gallided portions of the surface. Further,
siteg. To fit the data in Figs. (b) and 3, this equation must we expect that under conditions of excessgNgrowth is by
be coupled with the time variation of the weakly adsorbedisland nucleation, while under excess Ga, growth is domi-
Ga. nated by step flow.

The second equation, E@), contains three terms de- Using the parameters determined by fitting to the data
scribing the rate at which the population of weakly adsorbedbtained without NH, we now expand the model to include
Ga on gallided regions changes. The first term simply statea simultaneous Nkiflux. When opening the Ga shutter in the
that incident Ga adsorbs on top of filled chemisorption sitespresence of Nkl we expect that adsorption into chemisorp-
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crossover as a function of both temperature and; Nik.

1 ia G . . ,
0.8 1 0: of? For the calculation of Fig. 8 a step edge related growth effi-
1F Fy ciency of 0.1 was used, affecting the crossover only slightly.
1 ca 0 MU/s . : - ;
0.6 ¢ This illustrates that the crossover is relatively independent of
% ] 0.35 the density of step edges on the gallided surface.
5 0.70 The growth rate was calculated versus substrate tem-
= 0.4 - ' . .
e 0.84 perature for several Nifluxes, as shown in Fig.(B), and
g 1 ' should be compared to the measurement of Fig). 6The
802+ ™ S— : 1.05 calculation shows that under excess Ga, the growth rate in-
] ML/ creases with temperature and then rises abruptly as it crosses
0.0 into the excess NEregime. The abrupt crossover between
' excess Ga and NHegimes is indicated by the dotted lines.
(a) 5 20 20 6o 8o '(s) Note that in the excess Qa regime, the growth .rate goes to
zero near the condensation temperature. And, like the mea-
0sl] iGa Ga surement in Fig. @), in the excess NEregime, the growth
o on off rate decreases slightly with increasing temperature. In the
1 calculation this decrease results from a reductiodrand

o
o

hence an increase in the desorption of Ga from the fast,
physisorption state. Qualitatively the calculation reproduces
the experiment.

For the integration of the rate equations, shown in Figs.
8 and Fig. 6b), we needed to know the initial Ga population
of the chemisorbed sited, ,. As discussed in Sec. I,
was never measured to be zero even after annealing in NH

Ga Desorption (MUs)
=
L

! Further, it decreased slightly as the substrate temperature
i was increased. A measurement of the temperature depen-
(b) o 20 40 60 80 dence was complicated because at the higher temperatures,
Time (s) during the time it would take to remove the NIiffom the
growth chamber, a portion of the nitrided surface

FIG. 8. Simulation of the uptake curves of Fig. 4 vs Nilix and T using ; 18 . )
Egs.(2)—(4). converted to gallided!® The progress of this conversion

process was monitored by RHEED and a correction made.
We estimated thatds o(T) is roughly given by 6 4(T)
=2.62-0.00235 T(ML), with T in K.8

As a measure of how well the model fits the data, Fig. 5
compares the modeled regime crossover to the measured

Brossover. It shows the crossover from step flow to island
edges of gallided parts of the surfatience we only have to P

dify th tion for the time behavior of the chemisorb nucleation as a function of substrate temperature and NH
ir:g (IBZ ase equation for the ime behavior ot the ChemiSorb-q,,x The data was obtained for several NiHixes from data

series as in Fig. 4. The model equations were then used to fit
dé, the experimental data, for several valuexofl/2, 1, and 2.
T (1= 05) aFgat (1~ 0s) buk For all three parameters, the unknown ion gauge proportion-
ality factor for Fy was adjusted to fit the experimental data
— (05— 05,0) (1= 05)"Fny—F Fn(0s— s0) &, for an NH, flux of 2.5 10~® Torr. The best fit was obtained
(4)  for x=2, though a value ok=1/2 is justified in terms of
whereF is the NH; flux, proportional the ion gauge current, fepresenting island perimeter. This may be a limitation of the
f is the efficiency at which NKireacts with chemisorbed Ga rate equation method, though all values give a sharp cross-
at step edges, and=1—6,, is a factor inhibiting growth if ~ OVer.
there is appreciable Ga in weakly adsorbing sit¥<zurther, The form of the growth terms included in the rate equa-
we require thatls ,< 6;<1, as expected by the assumptionstions determined the extent to which the abrupt crossover
of the model. In the third term, we assume that nitridationseen in the data could be modeled. For example, if we re-
occurs at the island step edges, with 1/2 to account for the placed the growth terms in E@4) by only a term that is
available step perimeter. This term contains both step edgggoportional to bottFy andég, as one would have if growth
around islands of strongly adsorbed Ga and the perimeter ¢fn gallided terraces dominated, then an abrupt crossover is
holes, i.e.,J1— 6, as well. The fourth term corresponds to not seen. Neglect of such a term is consistent with our ex-
growth at step edges under excess Ga conditions. Results périmental results, including the absence of RHEED inten-
these calculations are shown in Fig. 8 versus;MHx and  sity oscillations for growth under excess Ga conditions and
versus substrate temperature. The main result is that thikie lack of islands in the AFRmeasurements on gallided
model qualitatively fits the data and that there is a very sharportions of the surface.

tion sites[galliding the surface as in Fig.(@] competes
against renitridation. Our atomic force microsco®FM)
measurements indicate that nitridation only occurs at ste
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V. CONCLUSION crossover between step flow and island nucleation predicted

— by the rate equation model, in which terms first order in
ase-trr;? ?a[t%wgc;l?;tgﬁgv?/ir:hetﬁ??cgI]())v?/?nug;dn?aeinm:sieulfndptti)gnsi'gand perimeter were included, decreased slightly more
. . ickly with increasing temperature than that measured. Sec-

(1) Ga could adsorb into either of two weakly adsorbedqw y Wi | ng peratu "

states,(2) Ga from these weakly adsorbed states could, i ond, the actual growth rate would depend on the defect den-

) . ; ity present, which could change versus time. Nonetheless,
turn, either chemisorb or desor{8) NH; only incorporated y P 9

N at st dgesd) G bil G d the important result is that the rate equation model presented
at step edges; a was more mobile on a a COVered oo ghows what processes need to be emphasized in a more

surface. than on a nitrided surface. With th.ese assumpnon(dsomplete simulation and that the step edges play a key role.
the main features of the measured desorption data could be

described under conditions where there was either an inci-
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