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Abstract: We review the surface stability and growth kinetics ofVMlland lll-nitride
semiconductors. The theoretical approaded in these studies sased onab initio
calculationsandincludesgasphasefree energy. With this methodje can investigate the
influence of growth conditionsuch aspartial pressure and temperatu@n the surface
stability and growth kinetics. First, we examine the feasibility of this approach by
comparingcalculatedsurface phase diagrams of GaAs(001) with experimental reBults.
addition the Gadiffusion length on GaAs(001) during molecular beam epitaxy is
discussedNext, this approach is systematically applied to the reconstruction, adsorption
and incorporation on various nitride semiconductor surfaces. The calculated results for
nitride semiconductorsurface reconstructions with polar, nonpolar, and semipolar
orientations suggestthat adlayerreconstructions generally appear on the polar and the
semipolar surfacedHowever,the stabladeal surface without adsorption is found on the
nonpolar surfaces becaube ideal surfacsatisfesthe electron counting rul&inally, the
stability of hydrogenandthe incorporation mechanisms of Mg and C during metaluma
vapor phase epitaxy are discussed.
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1. Introduction
1.1. Scope of Review

Current semiconductor devicesuch as optical and electronic devicase fabricatedusing the
vapor phase epitaxy (VPE) techniquwbereby agassolid interface is formed at the growth front. It is
important to control the interface mass transfer wheabricating compositioally controlled
semiconductor thin films. It is well known that reconstructed structures appear on the growth front
(surfaces) of semiconductor materifl$. Therefore, weneedto understand the atomic structures on
the surfaces to ctmol the interface mass transfdio date manytheoretical works have investigdte
the surface structures of semiconduc{@iigt]. Kaxiraset al. [2] studied the lowestnergy geometry
for GaAs(111)usingdifferent stoichiometries. Qiaet al. [3] discused the relationship betweethe
stoichiometry andhe surface reconstruction on GaAs(0Qiging chemical potentials. Northrujg]
classified the stable structures on Si(001)H ushegchemical potentiabf H. However,all of these
approachs discussed thetatic structurakurfacestability at 0 K eventhough th&@ methodologies
weredifferent. Generally, VPEsuch as molecular beam epitaxy (MBE) and metalorganic vapor phase
epitaxy (MOVPE) is performed under finite temperatures gadpressuresThereforejt is necessary
to considetheambient conditioewhenpredicing the reconstructed structures on the growth surfaces.
In 2001, we [5,6] proposedan ab initio-based appiach that incorporates the galsase free energy.
The theoretical approacis useful for analyzing the influence of temperature and pressure on the
stability of the reconstructed surfaces. By applying this method, growth kinetics and processes can be
investigated.The theoretical approach has been modified for studying recotstisicon various
semiconductor surfaces. In 2002, Van de Walle and Neugel@ueeported the surface phase
diagram for hydrogen on GaN surfaces. 8hal.[8] revealed the thermodynamic phase diagram for
hydrogen on InP(111)BIn this review article, wediscus reconstructed structurstabilities and
elementary growth processesm GaAs and IHnitride surfaces duringBE and MBE/MOVPE
processes, respectively

1.2.Prior Worksin theField of GaAs MBE

Electronic devicessuch as GaAs field effect transistors (FETgve beerabricatedusing MBE
since the 1970s[9]. In the 1970s, @searchers reported that relatively smooth surfacedd be
obtainedusingMBE andthatrough surfacesould beformedusingchemical vapor éposition (CVD).
In the 1980s, atomically flat surfaces could be obtained easily by [MBH1], which wasconfirmed
from thespecular beanmtensity oscillation in the reflection high energy electron diffraction (RHEED)
pattern during MBE. RHEED analysesan alsobe used to investigat¢he twcedimensional
periodicities of reconstructed structurg®wn on surface$12]. Later,GaAssurface phase diagram
were reportedas a function of the temperature and the beam equivalent pressure (BEP) ratio,
BEP(As)/BEP(Ga), during MBH1]. In addition manystudieshaveinvestigatedhe growth kinetics
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and processes of GaAs MBH-or example, Shiraishi and Itf13,14] performed theoretical
investigationsconcerningthe adsorption and migration behavior of Ga on Gas.et al. [15]

used Monte Carlo (MC) simulations and scanning tunneling microscopy (STM) analysesdlthat

an island growth proces®ccurs onreconstructed GaAs surfaces. Nishinagaal. [16] used a
microprobeRHEED and scanning electron microscd®EM) installed MBE to examinthe surface
diffusion of Ga on vicinal GaAs surfaces. As described above, research in the field of GaAs MBE has
a long history, and thens extensiveknowledgeof the surface stability and growth kinetics. In the
present reiew article, we confirm the feasibility of ouab initio-based approach by comparing
calculated results with experiments.

1.3.Issues with [HNitride MOVPE

Because ofthe successful fabrication of higjuality epitaxial GaN crystal[17,18] and the
development of GaMvased optoelectronic devicesthre 1990s[19], nitride semiconductorsuch as
AIN, GaN, and InN haveemerged as very important material systefhese semiconductorsave a
unique suitability for light emission ovea wide range of weelengtls that was previously not
accessible with solidtate light emittersTo improvethe device performancef these materials, strict
control over the growth conditions anda thorough understanding of surface reconstructiens
essential. Indeed, theurface structure determineghe morphology the hostatom impurity
incorporation, andultimately, the crystal quality. Thereforeéhe surface reconstruction and growth
kinetics of nitride semiconductor surfaces are importah various stages currenttechnologgcal
processesandanunderstanding ahephysics and chemistry is of great interest.

In the field of bright greetight emitting diode (LED)evelopmentlll-nitride growth on nonpolar
and semipolar surfacas attractng increasing attentionThere are large piezoelectric fields in the
[l -nitrides that have awurtzite structureln addition the active regions of typical InGaN LEDs are
under biaxial compressive stress due to the larger lattice constant of kubghhredwith a GaN
substrate. Consequently, InGaN quantum wells (QWs) grown dlen¢0001] (c-axis) direction
exhibit an internal piezoelectric field, and electrons and holes are separated to opposite interfaces o
the QW. This spatial separation of electrons &oles in the QW affects the quantum efficiency of
LEDs. To overcome this problem, Hitrides should be grown along the crystallographic directions
where the piezoelectric fieddarenegligible. Takeuchet al.[20] theoretically predicted that Hiitride
growth on nonplar and semipolar surfacesessential to reduce the piezoelectric fields in QWSs. In the
present review article, we discuss the surface stability of AIN, GaN and InN with various orientations
such as polar, nonpolar and semipolaraes. The role of H adsorption in surface stability dued
roles ofMg and C incorporation during growth are atiscussed

2. Methodology

Two typesof processesontribute tounderstanithg the stability of surface structures under growth
conditions.First, we investigate the relative stabildaynong various surface structurd@®. determine
the relative stabilitya conventionabpproacH2i 4] is useful, which idased on the surfadermation
energy and chemical potensaln Section 2.1.2, we intratte the approach for Hiitride surfaces
Next, constituent atonadsorptiordesorption behaviors on the stable surfabas arerevealedby the
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conventional approach are studiedcteatesurface phase diagramasa function of temperature and
vapor pressure. I18ectiors 2.1 and 2.1.1we describe how toonstruct asurface phase diagransing
our ab initio-based aproach whichtakes into account thgasphaseree energy.

2.1.Ab Initio-basedApproach IncorporatingsasphaseFree Energy

To control the interface mass transfer, it is necessary to understand the adst@goiquion
behavior of adatoms (molecule®) the surfaceandto understand thstructural stability of the growth
surfaces.Thus we propose an ab initio-based approacthatincorporateghe free energy othe gas
phase[5,6]. The concept of this theoretical approach is presentdegure 1. As you can see, an
impinging atom (molecule) can adsorb on the surface if the free energy of the at@ouajoin the
gas phase is larger than its adsorption energy. In contrast, an impinging atom (molecule) desorbs if its
gasphase free energy is smaller than the adsorption energy. The free energy or chemical potentia
(ega9 Of an atom (molecule) can beroputed using quantum statistical mechanics. The adsorption
energy Esg can be obtained usingp initio calculations.The adsorption energy considered in this
study is the energy difference between the two slab models. One model is a surface with an adatom
and the other is a surface without an adatoen, the adatom is in the vacuum region. The
adsorptiordesorption activation energy is not considered because we consider the statics instead of the
kinetics to construct the surface phase diagrams. However, the activation energy should be considere
if the growth Kkinetics are investigatedy compaing €gas With Eaq, we can discuss the
adsorptiordesorption behavior, as presented Figure 1. The Gibbs free energy of formation
vibrational contribution is very small compared with the energy difference between a given structure
and the ideal surfadg,8]. Thus, when the temperature or pressure is varied, thphgagentropy
difference is also considerably larger than the surface entropy change. Therefore, only the entropic
effects of the gas phase are considered throughout our theoretical approach.

Figure 1. Schematic of theab initio-based pproach. By comparing the values
of the chemical potential £gas with adsorption energyE.q, we can discuss the
adsorptiordesorption behavior of an adatom (a molecule).

/Adsorgtion R

The chemical potentiatyas for the ideal gas igiven by[21]:
: Qv T, 4ot Q)
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wheregrans Grot aNd Gipr are the partition functianfor the translational motion, the rotational motion
and the vibrational motion, respectively. Hekgj s B o | t z ma rlnsdhse teroperatseyia nt
the degree of degeneracy of the electron energy level (see Taples 1he BEP of the particlan is

the mass of one particlej s P | a n c kldsghe symmesrit factot, is the moment of inertiap

is the degree of freedom of the rotatidwjs the number of atoms in the particles the degree of
freedom for the vibratigrands is the fequencyl, is written as

0 @i )

wherem is the reduced masandr is the radius of gyration.

Table 1 Electron energy level degeneracy of some elements.

Group Element g
I H, Li, Na, K, Rb, Cs, Cu, Ag, Au 2

Il Be, Mg, Ca, Sr, Ba, Zn, Cd, Hg 1

1] B, Al, Ga, In, Tl 2
v C, Si, Ge, Sn, Pb 3
Vv N, P, As, Sb, Bi 4
VI O, S, Se, Te, Po 3
VII F, Cl, Br, | 2
0 He, Ne, Ar, Kr, Xe, Rn 1

The adsorption energies of adatoms (molecules) were obtairegal ibitio calculations. Details are
written below.

2.1.1 ComputationaApproachfor GaAsSurfaces

Forthe totalenergy calculations dhe GaAs systems, we used thie initio pseudopotential method
based on the localensity functional formalisni22]. We adoped the KleinmanBylanders separable
pseudopotentialanethod and thelocal potentialcut-off value was carefully chosen to prevent ghost
bands[23]. The conventional repeated slab geometiys employed to simulate the surface. The
unit super lattice consstof fictitious H atoms and a vacuum region equivalent tthickness
of approximately 15 atomic layers The thicknessvalidity in the repeated slab model was
carefullyexamined

To investigate the stability of an Aer As-dimer on the GaAs(0049(4 x 4), we computd €asy in
the gas phase. As cée sea in Equatiors (1) (5), 3 andr are theunknownparametersieededor
computng €as2. In this studyab initio molecular orbital calculations were performed to estimate these
parametersisingthe Gaussian 98 progrd@4]. The parameters afandr for As, and other molecules
that appearedupon MBE of typical semiconductors are listed in Table 2. In the calculations,
B e ¢ khyhbiid HartreeFock density functional method (B3LYH25] was used. fie secondrder
Magller-Plesset perturbation calculations (MR#2¢re also performed for comparison. The basis sets
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used in the calculations were Huzinég®IDI-4** [26] for the element on and after the 3rd period in
the periodic table andvere Poplés 631G** for the element on and before the 3rd peridd
presentedn Table 2, wefound thatthe calculated values affor H, and N at the B3LYP level are
close tothe experimental valug[27], in contrast tathose obtained ahe MP2 level. Thisfinding
suggests that the calculatismt the B3LYP level are more suitable fothe prediction of3 than the
calculatiors at the MP2 levd. Therefore, we ugkthe parameters o8 and r obtained atthe
B3LYP/MIDI-4** level for the calculations of the Ashemical potentiakas,, in the present study.

Table 2 Diatomic molecule (cf) frequencies.The values in parentheses are the
optimized bond lengt(A). BALYP and MP2epresenthe calculations ahe B3LYP/Y
and MP2/Y (Y = MIDH** or 6-31G**) levels, respectively. The experimental values are
thoseobtained by Hubeet al.[27].

B3LYP MP2

Molecule 0 n1 4o 6-31G* MIDI -4** 6-31G* EXp.
Ha i 4467 (0.7427) i 4609 (0.7338) 4401
N, i 2458 (1.1055) i 2180 (1.1300) 2360
P, 792 (1.9217) 796 (1.9044) 696 (1.9648) 717 (1.9323) i
As, 446 (2.1242) i 385 (2.1694) i i

2.1.2.ComputationaApproachfor Il -nitride Surfaces

The Il -nitride totalenergy calculationsvere performedusing theplanewave pseudopotential
approach and the generalized gradient approximatid@8]. We usé the norm-conserving
pseudopotentialf29] for Ga and H atoms artie ultrasoft pseudopotentiB0] for N atoms. Ga 3d
electronsweretreated by partial core correctiof&l]. The conjugategradient techique was utilized
for both the electronic structure calculations and for geometry optimiz§82;83] The geometry
optimization was performed until the remaining forces acting on the atomee less than
50 x 10 °Ry/A. The valence wave functiomgereexpanded by the planeave basis set with a coff
energy of 28 Ry. Details of the calculation models are written else\\B%1&0].

The relative stability among various surfaces (in the case of aBlassessedsingthe surface
formation energyE;. Thiswasestimatedusingthe following equationi7,51,52]

0O 'Qot'QefBé‘ (6)

whereE;,: and Eare the total energy of the surface under considerationhantbtal energyf the
reference surfacegspectively €; is the chemical potential of théh speciesandn; is the number of
excess or deficiith atoms with respect to the reference. Here, the surface is assumed to be in
equilibrium withthebulk GaN asexpressedby

Aa A ARENE (7)
Where/g gA'@the chemical potential of bulk Galheggacan vary in the thermodynamically allowed
rangeof ' AR B30 ‘. 4 ‘AR Where3'O is the heat of formation of bulk Gahhde? ! i the

chemical potential of bulk Ga. The lower and upper limits correspond -tchNand Garich
conditions, respectively. The same formalisan be applied to the study of AIN and InN surfaces
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using the chemical potentials of bulk Al and Al®§ (<'ande’ '} &nd bulk In and InNgP ! 'akdeP U} ¥

n
as a function of Al and In chemical potentjalg ande, , respectively. The calculated values3®

areil 2.78 eV for AIN[48,49] T 1.24 eV for GaN42i 45], andi 0.37 eV for InN[38,39,41]
2.2 Monte Carlo Simulation

To investigatethe adatondiffusion length whileit is on the surface, we performed Monte Carlo
(MC) randomwalk simulationg53]. In the simulation procedure, specific lattice sites for an adatom
on the surface are assumdd., a discrete latticegas model is employed. The sderrelated
adsorption probabilityP.(X) is written, assuming the loctlermal equilibrium approximation, by

0 o A@bs3 w¥QYIp A@D3zALTQY (8)

whereqgz(x) is the differenceén chemical potential betweamhenan atomis on the sitex (€aX)) and
whenit is in the gas phas@gad. That is,ge(X) = €adX) T €gas Here, the chemical potential of an atom
on the surface,(X) corresponds ta negatre desorption energiqs«x). The chemical potential of the
atom in the gas phasgasis given byEquation(1). The diffusion probabilitPqir (XY x)js assumed to
bein the Arrhenius form of

0 O G2 o A@DP30owo » FQy 9

wherethe diffusion prefactor 3jgice is ks T/h [54], andgE(XY xNljis the local activation enerdypr the
adatom hopping from siteto xNjThe desorption probabilitys«X) is written by

0 & 4 AP O w 3AL Q'Y (10

This equationsuggestghat thechemical potentiatlifference qe(x) [=€adX) T €4ad, between the
atom on the surface artde atomin the gas phase influences the desorpsciivation energyf the
atom.Thus the adatom easily desorbseifsis lower thare,x), but the atom prefers to stay on the
surface ifegasis higher thare.d(X). More precisely, the probabiliyf overcominghe activation energy
of EqdX) {=ex{dT EqdX)/ksT]} is redued (or enhanced) by a weighting function of [epg{x)/ksT],
which corresponds to the loedlermal equilibrium desorption probability. On the basis of the
abovementioned stochastic differential equation, peeformedthe MC randorrwalk simulations.

3. Applications to GaAsSurfaces

In this sectionwe discuss the feasibility of thab initio-based approactinatincorporates the free
energy ofthe gas phase. In the conventional GaAs MBE system, Ga atoms andofecules are
supplied on the growth sadeat a certain finite temperature. Depending on the growth conditions,
i.e, BEP and temperature, some stable reconstructed structures appear on the growth surfaces. F
example, GaAs(001(4 x 2)b2 is observedvhenGarich conditionsare usedand GaAs)01)c(4 x 4)
can beobservedwhen As-rich conditionsare usedHere, we analyzkthe stable conditions of these
reconstructed structurese., the surface phase diagrams of GaAs(001), and compared them with
experimental results.
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3.1. Surfacé’haseDiagram
3.1.1.GaAs(001)(4 x 2)b2

The atomic arrangement of GaAs(06®) x 2)b2 is presentedn Figure 2. We investigated the
adsorptiordesorption behavior of Ga on this surface to discuss the boundary betweghxHyb2
stable (desorption prefera)lcanditions and Galroplet formation (adsorption preferable) conditions.
This structural model was used to demonstrate the feasibilihedheoretical approach. Recently, the
GaAs(001)(4 x 2)e surface model was proposgsb,56] The calculated results suggest that the Ga
adatom prefers thBEo surface site, where tw@a Ga bonds (EL and E2) and a GiAs bond (E3)
are formed around the adatom. The adsorption energigscdh be calculated as the difference
between the total engy when the Ga adatom is at thesitEe and when the Ga is in the vacuum region.
The Ga adsorption energy at thesike is estimated tbe < 3.3 eV. Thissuggestdhat the Ga droplet
would be formed whemg, > 1 3.3 €V; however,-(4 x 2)b2 is stable whemrg, < 13.3eV. Figure3
shows thega as a function of temperature. Here, ¢ghagline, which isunder the condition of GBEP
(Pea) at1.0 x 10°° Torr, crosses the line @fza= Eag =1 3.3€V atapproximatelyl000 K. Thissuggests
that the critical temperature for Ga adsorption is ~1008t K pca = 10 x 10" Torr. The critical
temperatures for Ga adsorption under the various BEP conditions are plotted @il thagram
presented in Figure 4. This surface phase diagram showthéh@&adroplet would be appear at low
temperature and in the high B&P region, but(4 x 2)b2 is stable at a high temperature and in the
low GaBEP region, which is a reasonable result. Furthermore, the following phenomena are reported:
(1) Gadropletsare observed under ~900 K during the GaAs MBE undercbaconditiong57]; and
(2) Ga ceksorption proceedabove ~970 K after turning off the Ga fl§%8,59] The experimental
results agree with our calcutat results.Thus the feasibility of ourab initio-based approacthat
incorporates the free energytbegas phase is confirmed.

Figure 2. Schematic of the GaAs(00{3 x 2H2 surface. Adsorption sites are indicated by
the letters AE.

Top view

Side view

AAAS



Materials2013 6 3317

Figure 3. Chemical potentiaky,s as a function of temperature.
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3.1.2.GaAs(001)c(4 x 4)

The stability ofthe As-dimer on the GaAs(0049(4 x 4) As-rich surfacevasstudied. Thec(4 x 4)
stable conditionsvere estimated by comparing the adsorption enenden theAs-dimer forms
-C(4 x 4), Eagas2 (=1 3.6 eV/dimer[60]), with eas2. The desorption athe As-dimer from the topmost
layer proceed, andthe -c(4 x 4) surface would be unstable whegs; < Eagas2, Whereasc(@d x 4
becomes stable whens, > Eagas2. Figure 5 shows thp-T phase diagranor GaAs(001)c(4 x 4).

In Figure5, we find thathe -c(4 x 4) reconstructed structure is stable at higBEP andin thelower
temperature region. This agrees with experimental reswdtsthe -c(4 x 4-like region appears at

T < 773 K under the condition @hs; = 6 x 10’ Torr [61], while the-c(4 x 4-like region is observed

at T = 853 K under the contitn of pasz = 8 x 107 Torr [15]. The result suggests that our
computational method is feasible to predict the adsordiesorption behavior of the Asnolecule.

Other investigations have been conducted to determine the boundaries among transition state:
composed of GaAs and GaGa dimerd62,63]
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Figure 5. Pressurdemperaturghase diagrarfor the GaAs(001r(4 x 4).
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3.2. GrowthKinetics

The Gadiffusion length on the welbrdered GaA®01)(2 x 4) b2 surfacewas studied. Figure 6
presents achematic ofthe -(2 x 4)b2 surface The migration barriers fronx to xNgite andthe Ga
desorption energy fronthe x site on the-(2 x 4p2 surfaceare shown in Table.3In the MC
randomwalk simulation, the twalimensional periodic boundary conditiongre enployed to the
potential surfacei.e., an extremelyflat and defecfree surface was consideredecently, a more
precise Ga migration potential on GaAs(G(2)x 4)b2 was reported64]. If their data matrix is
applied to the MC simulation, more precise properties could be obtained. In the present MC
simulations, we applied the coarse data matrix presented in Figure 6 to confirm the feasibility of the
simple model described in Sectior2 2First, we compad the calculated surface lifetimé&) and
diffusion coefficient,D, with those obtained from experiment$hen, we discuss the diffusion length,

L, of Ga on the(2 x 4)b2 surface becaudeis generally given by  cO t Figure 7a,b shows the
GaUandD, respectivelyas a function of the reciprocal temperature. gteen solid and dashed lines

in Figure 7arepresent the calculated Ga surface lifetime before desorption and before incorporation,
respectively, as estimated by the -lmsam techniqug65]. The experiments wereonducted using
GaAs(001) that was misoriented by 2430.5° toward the (110) surfac#. Uis sufficiently long for Ga
diffusion to reach the step edges, Ga would be incorporated into the crystal at the step edges or kinl
sites.We found that the Ga surface lifetime before desorption above ~860 K was shorter than that
before incorporationThis result suggestbat the Ga adatom would desorb from the terrace because it
could not reach the step edges or kink sites due to the $Hdmus,the Ga incorporatidgrdesorption
transition temperature isstimated to be-860 K, and this result agreewnell with experimental
results[66]. Therefore, the decrease of the GaAs growth rate becomes significant above ~920 K and
suggests that our computational method is feasible for predicting the Ga surface litétifse,

presented in Figureby the calculated Ga diffusion coefficients are representelordyn solid lines
with open squares for theprt direction,O , and with filled squares for the [110] directiddyq;.

TheO is approximatelyfive times larger thal;10) becausehe Ga adatom easily migrates along
the missing Agdimer rows alongthe pptt direction [67]. This result agreesvith experimental
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results[68], and theGa diffusion coefficient alonghe ppmt directionis approximatelyfour times
larger than that alonthe [110] direction In addition the diffusion coefficientines calculatedas a
function of reciprocal temperatuadl lie between the lines obtained the experiment$65,69] These
results confirm the validity of our computational metfiodpredicing UandD.

Figure 6. Plare view of GaAs(001X2 x 4b2. Adsorption sites for Gare indicated by
numbers The migration barriers and desorption energrepresentedn Table 3

Table 3. The migration barriers fronx to xNgite, gE(XY xI)jj and desorption energies,
Eqe(X), from thex site[67].

) Ny 2 3 4 5 6  Eu
1 15 15 12 17 17 32
2 05 ™~ 04 05 075 i 2.2
3 05 04 S~ 05 i 075 22
4 05 05 08 ~_ 10 10 25
5 11 115 i 11 T~ 10 26
6 11 i 115 11 10 2.6

Next, we calculated the Ga diffusion length,on the-(2 x 4%2 surface. Figure 8 showsas a
function of reciprocal temperature under the conditiopea 1.4x 10 ° Torr. In Figure 8, solid lines
with open and filled squares show the calculated @astn length along thepprt and [110]
directions, respectively. The diffusion length decreases exponentially with temperature, even though
the diffusion coefficient increases with temperature, as shown in Figurehis behavior is because
the Ga sudce lifetime decrease influences the diffusion length more effectively than the influence of

the diffusion coefficient increase. As presented in Figure 8, the extrapolated diffusion length value,
0 , along the pprt direction is approximately 700 nm at the incorporati@sorption transition

temperature [ = ~860 K). Figure 8 presents experiments frjf], whered = 250~1200 nm at
873 K. The results suggest that our computational method is appropriate fictipgethe diffusion
length on the surface.
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Figure 7. (a) Ga surface lifetime,§j and (b) diffusion coefficient,D, as a function of
reciprocal temperatur&reen solid andashedines are the calculatedbefore desorption
and Ubefore incorporatior{66], respectively.Brown slid lines with open and filled
squares are thH@ andDy11¢), respectivelyThe experimental results ftre Ga diffusion

coefficient are alspresentedn the diagram byrange dotted- - -) [69] anddashedines

(r v 71)[65].
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4. Applicationsto Il -Nitride Surfaces

The surface energy calculatiobased on thab initio calculationsfor various surface structures
have revealed that the stable surface reconstructions amtritle semiconductor surfaces are
dependent on the chemical potential of constituent atomic sgé@8s51,52,7175]. Although these
ab initio studies successfully eluciddteome aspectsf the surfaceelated issues, their results do not
include growth parameterssuch as BEP and temperatuighus we appliedan ab initio-based
approach to the surface reconstructions and elemental growth processes on nitride semigonductors
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which takes tempeature and BEP into accourh this sectionwe present recent achievemetitat
clarify the reconstruction, adsorption and incorporation on nitride semiconductor suifateding
polar, nonpolar and semipolar orientatigngsing this approacli34i 50]. Surface phase diagram
calculations as function of temperature and BBE#ere performed for AIN, GaN, and InN surfaces
with various orientations. The role of H adsorptiwas also investigated in conjunction with metal
organic vapor phase epitaxy (MOVPgpwthin the surface phase diagram calculatigdditionally,
Mg and C atomncorporationon the polar (0001) and semipolg@pTt p surfacesis systematically
discussedising surface phase diagramgerms of the contribution of hydrogen

4.1. Surfacé’hase Diagram
4.1.1 GaNPolar Surfaces

The reconstructec@tomic structure during and after MBE growth on the GaN(0001) surface under
Garich conditions has been the subject of many experimental and theoretical investigations.
The (2x 2) and pseudgl x 1) surfaces have been observed on GaN(0001) undeciGaonditions
by STM[76,77] Furthermorethe coexistence o# fighosb island with the(2 x 2)-like structure ané
normal island with the pseuda x 1) structurehasbeen found under excess Ga flax@8]. There
have been severab initio theoretical studies for surface structures and adsorption behaviorsen the
surfaces. Northrugt al. have proposed that among various surface strugtthrespseudql x 1)
structureis the most stable state undbe Garich limit [74]. Ishii investigated the stable adsorption
behavior on the (2 2) structureunder N and Garich conditiong75]. Although theseb initio studies
have elucidated some aspecdfsthe GaN surface their results are limitedo 0 K and did not
incorporaé growth parameters such as temperature and BEP.

Figure 9apresentghe calculated surface formation energy of GaN(0001) surfaces as a function of
the Ga chemical potential using Hation (6). Here, the reanstructions considered are constructed on
the basis of the electron counti@igC) rule [79], in which dangling bonds ofhe topmost Ga and N
atoms are empty and filled by electromsspectively.To satisfy the EC rulgthe surface must be
stabilizzd due to its semiconducting natuide. addition the surfaces covered by Ga atoms are also
considered to determine the stability underr@h (highegs) conditions.This energy diagram allows
us todeterminewhich reconstructions the most stableHowever the reconstruction under growth
conditions cannot be directly determined by this energy diagtenthe contrarythe surface diagram
can be directly compared with the experimdrgsausét is describd asafunction of the experimental
parameterssuchas temperature and BEPigure 10a presentshe calculated phase diagram of the
GaN(0001) surfaces aa function of temperature and Ga BHB5,36,47] The boundary lines
separating different regions correspond to temperature andrBEfch two structures have the same
formation energyThe stable reconstructions dnesesurfaces are also schematicgtiyesentedn
Figure10. The pseuddl x 1) surface is stable in the temperature rdmgjew 684K at 10 ®Torr and
below 973K at 10 *Torr. This stability is qualitatively consistent witlthe experimental stable
temperature range for the pset(dox 1) surface[80]. The structure withadditional Ga adatoms
between the (X 1) and (2x 2)-Ga structuresdoes not appedao bea stableGaNQO001) structure
becausehe Ga adsorption energgemainsalmost constant (2i2.8eV) regardless of Ga coverage.
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Figure 10also reveals that the (2 2) with the Ga adatom is stable in the temperature rasige
767 1017K at 10 ®*Torr and 10781420K at 10 *Torr. Thesetemperature ranges atensistent with
the experimental stable temperature range for the Z2surfacewith Ga adators[81]. The Gavacant
(2 x 2) structureis favorable for lower Ga BEP and higher temperatinecauseGa desorption is
erhanced at lower Ga BEP and higher temperatureaddition the ideal(cleawed and unrelaxed)
surface does not appear in the phase diagram betlaeisdeal surfacaloes not satisfy th&C
rule [79]. The (2x 2) surface directly changes its structinmem the (2x 2) with Ga adatom to the
(2 x 2) with Ga vacancy at lower Ga BEP atdhigher temperatuse

Figure 9. Calculated surface formation energies of polar Gaffases with &) (0001) and

(b) (000 ,1) orientatiors asa function of Ga chemical potential. Schematics of the surface
structures under consideration are alpoesented
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Figure 10. Calculatedphase diagrams fopolar GaN surfaces witlfa) (0001) and
(b) (0001) orientations asa function of temperature and Gaeam equivalent pressure
(BEP). The stable reconstructions on these surfaces are also schemptiesdigtedThe

shadedarea denotethe molecular beam epitaxyMBE) growth temperature rangeom
Referencq78].
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From an experimental perspective, the (2 x 2) surface is often observed following an interruption in
the Ga flux[82]. The phase diagram in Figut@a qualitatively agrees with this experimental finding
because a decrease in Ga BEP prefers the (2 x 2) surface with the Ga adatom to th@ ps&pdad
(1 x 1) surfaces at a certain temperature (e800 K). The shaded area in Figutéa denotes the
temperature range for submonolayer GaN deposition. This temperature range includes the stable
regions of the pseudd x 1), (1 x 1), and (2 x Zpa surfaces. Thus, these results suggest that Ga
adsorption or desorption can easily change the ps@udal)or (1 x 1) to the (2 x 2§a surface and
vice versa, depending on Ga BEP. This is also consistent with the STM obserMa]ons

The atomic structure of the reconstructions during and after MBE growth Gati¢0Q) surface
under Garich conditions has been studied by experimental and theoretical investig&®jn3he
STM observations have clarified that the surface exhibits a (1 x 1) structure, and depositing additional
Ga atoms ontdhis surface results in the (3 x 3), (6 x 6) and c(6 x 12) reconstructions. Based on
ab initio calculations, it was determined that the (1 x 1) structure consists of a monolayer of Ga atoms
bonded at theipper mossites above the topmost N atoms of afteNminated bilayer. The (3 x 3)
reconstruction consists of Ga adatoms bonded on top of this adlayer.

The calculate surface formation energy as a function of Ga chemical potdatial GaN(00Q)
surface is presented Figure 9b. The resultssuggest thathe surfaces with Ga adaterand a Ga
monolayer can be stabilized. However, as mentioned previously, the reconstruction under growth
conditions canot be directly determined-igure 10b presentsthe calculated phase diagram of the
GaN(00Q) surfaces aafunction of temperature and Ga BEP. Thex(2) surface with Ga adat@is
stabilizedbelow 850 K at 10 ®Torr andbelow 1190K at 10 2Torr. On thecontrary the (1x 1)
surfacethat has anonolayer of Ga atonis stable beyond 85K at 10 ®Torr and 119K at 10 “Torr.
The surface phase diagrasuggeststhat both surfacesan form at experimental temperatse
(~1070 K) and the { x 1) surface witha monolayer of Ga atoms is favorable under-riga
conditions Becausehe MBE onthe GaN(00) surface habeen performed under @&h conditions,
the calculated result is qualitatively consistent wtitb experimental stable temperature range for the

(1 x 1) surface[82]. In addition the ideal surface does not appear in the phase diagram because the
ideal surface does not satisfy the EC r{ii®].

4.1.2 GaNNonpolar Surfaces
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Epitaxial film growth has traditionally been performed along the goB@1] direction, resulting in
large polarization field§84] along the growth direction. These fields reducer#ugative efficiency of
guanturmwell light emitters because they cause electron and hole separation. For optoelectronic device
fabrication, there has been an increase in interest in the growth along nonpolar orientations, such a
pprt tand p @t planes, as presented in &ig 11ab, respectively[85,86] Previousab initio
calculations have determined that the ideal surface is most stable over a large range of chemica
potentials and that surfaces with Ga adlayers are stabilized focléseondtions[87,88]
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Figure 11. Schematics of crystal planes with nonpola) (pprt tand p) p @t

orientations.

3325

The reconstructions on nonpolgpt mand p @t surfaces are very simple, as presented in
Figures 12 and 13[45,47] The calculated surfacéormation energies presented in Figure 12
demonstrate that the ideal surface is stabilized over a wide Ga chemical potentidhraoggast, the
calculated surface phase diagrams presented in Figure 13 suggestittedltherface appears beyond
the temperature range of 321030 K and 7@i 1080 K on pprt tand p @t surfaces, respectively.
However, the Ga adlayer surfaces are stable only at lower temperatures. For the ideal surfaces, the |
atom relaxes outward whereas the Ga atom relaxes inward, wtachompanied by a charge transfer
from the Ga dangling bond to the N dangling bond. As a result of this charge transfer, the ideal surface
satisfies the EC rulg¢79] and is stabilized without any adsorption or desorption to the surface.
Therefore, the BE growth proceeds on the ideal GgNgmt surface regardless of Ga BEP at the
conventional growth temperatures.

Figure 12. Calculated surface formation energies mbrpolar GaN surfaces with

(a) (1100) and bp) (1120) orientations as a function of Ga chemical potential. Schematics
of the surface structures under consideraare also presented.
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Figure 13. Calculatedphase diagrams famonpolar GaN surfaces witta)( pprt mand
(b) p @mt orientations asa function of temperature and Ga BEP. The stable
reconstructions on these surfaces are also schemapoadignted
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4.1.3 GaNSemipolar Surfaces

In addition to nonpolar orientations, there is an increasing interest in crystal growth and device
fabrication on semipolar orientatignsuch as ppmt p and p @¢ , as presentedin Figure 14ab,
respectivelydueto their reducear negligible electric field89i 95]. A recent report concluded that
one Ga monolayer can be stabilized on a @ajj¢ surfacewhen deposited und&arich conditions

using plasmaassisted molecular beam epitaxy (MBHhe GaNp g¢ surfacewas necessary to
optimize the surface morpholo¢g6].

Figure 14. Crystal plane schematics for semipolar (ppmt pand p) p @¢ orientations.

Figure 15a displays the calculated surface formation energiesehimolar Gh(1101) surface,
demonstrating that mg reconstruction types can be used dependmghe Ga chemical potential.
The surfaces that have Ga atoms at the topmost layer are stabilized over anggdefrGa chemical
potentials.The semipolar GaNprt p surface phase diagram is presented in Fiduse[44]. With
increasing temperature, the Ga bilayer metallic reconstruction that is stabilized at low temperatures
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changes its structure from a Ga monelato Ga dimers. The metallic reconstruction was stabilized
under Garich conditions similarly to the GaN(0001) surface. Therefore, many types of reconstructions
could appear at approximately 1100 K (a typical MBE growth temperature) depending on t&® Ga B
even though the stabilization temperature range for the ideal surface is very narrow. This conclusion
suggests that the Gapprt p surface growth kinetics depend on the growth temperatures.

Figure 15. Calculated surface formation energies f&@mpolar GaN surfaces with

(@) (1101 and p) (1122) orientations as a function of the Ga chemical potential.
Schematics of #surface structures under consideration are also presented.

N-rich Ga-rich N-rich
(a) 0-25 T T ‘ 1 v 1 v T v T v (b) 0-25 T v ] v 1
= Ideal surface = Ideal surface \
x 000 e 1] E—
< < ,Ga adatam
> -025 > -0.25 Hd o]
2 2 .
> > - N
Y —-0.50 gn -0.50 - .} Ga adlayer
© © |
o 075 o 0751
c c O o
2 -1.00 S 100}
o G olayer o
E_125] T E 125}
L2 L2
e -150F e -150F
© . ©
:% _'I 75 1 1 L L L L L 1 L 1 :% _1-75 1 L 1 L L

-1.2 -10 -08 -06 -04 -02 Q0
Ga chemical potential {eV)

Ga-rich

Gg monolayer

-1.2 -1.0 -08 -0.6 04 -0.2 00

Ga chemical potential {eV)

Figure 16. Calculated phase diagrams for nonpolar GaN surfaces w@jttpgm p and
(b) p mg orientations as a function of temperature and Ga BEP. The surface stable

reconstructions are also schematically presented
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The calculated surface formation enefgyGaN(1122) is displayedin Figure15bandsuggestshat
several reconstructiortsin occudepending othe Ga chemicapotential. The metallic reconstructions






