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Quantum chemical calculations at the B3P86/6-311G(d,p) level have been performed on potential intermediate
molecules in the chemical vapor deposition (CVD) of GaN from the GaCl; + NH3 system. The investigated molecules
included the monomer (ClyGaNH,, x = 1-3) and oligomer species (Cl,GaNH,), with n = 1-3 and (CIGaNH), with
n = 1-4 as well as the respective chain dimers and trimers. The calculations revealed the importance of intramolecular
Cl---H hydrogen bonding and dipole—dipole interactions in determining the conformational properties of the larger
species. Except for the CIGaNH monomer, the Ga—N bonding has a single bond character with a strong ionic
contribution. Our thermodynamic study of the composition of the gaseous phase supported the predominance of
the Cl;GaNH; complex under equilibrium conditions. Additionally, the calculated Gibbs free energies of various
GaCl; + NH; reactions imply the favored formation of “saturated” chain and cyclic oligomers below 1000 K.

Introduction and the thermodynamic properties of many gas-phase precur-
sors and possible intermediates are unknown. To the reasons

: . . . belong the difficulties arising at the experimental detection
ternary mixed phases with In, are very important materials

. . . . and characterization of the intermediates formed in this
for advanced microelectronic and optoelectronic devices such . . . )
: S ) . omplex reaction. A good alternative to investigate the large
as light emitting diodes and lasers and high temperature an . . S .
. . . -variety of potential species in the CVD process is offered
high power devices, as well as chemical sensors and acousti . . L
" . . y theoretical computations. The reliability of present
surface-wave conductots? Production of these materials

; o advanced quantum chemical methods to obtain molecular
in the necessary form of thin films or nanocrystals embedded (among them thermodynamic) data has been proved on
into various matrixes is usually done by the chemical vapor '~ . 9 s y P
deposition (CVD) technique. various system&® Recently, the CVD of GaN from orga-

The chemistry of GaN ds has b zed nometallic precursors was studied by Timoshkin et4l.
€ chemistry of >all compounds has e_ep SUMMANZEa: o theoretical analysis covered the species formed in the
recently in a 1996 special issue of Gmelin’'s Handbbok.

. . X . S GaH; + NHj3; Ga(CH)s + NHs, and GaH + N(CHz)s
Despite the extensive experimental investigations, the de- . . .
. . . systems and predicted the importance of larger oligomers
tailed mechanism of the GaN CVD process is still unclear, y predi 'mp g '9

(tetramer, hexamer) as intermediate in the formation of GaN.
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in the CVD process for producing high purity nitride%s: 13 On the basis of these test calculations (detailed results
The importance of the M@H NHj; reaction initiated several  given as Supporting Information), we selected the B3P86/
experimental and theoretical studies, focused mostly on the6-311G(d,p) level for our overall study of the ;GlaNH;
formation of AIN11121415] ess attention has been paid to derivatives. The B3P86 density functional gave a very good
the CVD of GaN from GJGaNH;; thus our knowledge about  performance, being only slightly worse than that of MP2
the nature of the various possible intermediates in the &aCl for the molecular geometry, while the HF and B3LYP
+ NHs; system is incomplete. In addition to limited experi- methods performed poorly. Selection of the 6-311G(d,p)
mental investigation¥2° a single theoretical study was basis was reasoned by its satisfactory approach to saturation
published recently* This latter study, however, was re- when used in conjunction with the B3P86 functional, while
stricted to a couple of species only, lacking any compre- at the MP2 level this is not the case even for the largest
hensive structural and thermodynamic analysis. Moreover, basis sets tested here. Another support for the 6-311G(d,p)
Okamoto used simple Hartre&ock (and MP2 for the basis was that it is also affordable for the larger molecular
smaller species) calculations, while these exotic structuresspecies.
would require advanced computational techniques for obtain- The calculations were carried out with the Gaussian 98
ing reliable structural and thermodynamic data. suite of programé&! Full geometry optimizations were carried

In this paper we present our computational results on the out, the found stationary points being characterized by
HCI elimination from C{GaNH; and the gas-phase polym- frequency analysis. The thermodynamic data and the relative
erization of the intermediates. We analyzed the structure, energies of the isomers were calculated from the absolute
energetics, and bonding of the monomers and cyclic oligomer energies corrected by unscaled zero-point vibrational energies
species (GIGaNH,), with n = 1—3 and (ClIGaNH,) with n (ZPE). The computed bonding properties, viz., natural
= 1-4 as well as those of the respective chain-type dimers charges? Wiberg bond indice$® and topological properties
and trimers. of the electron density distributiéh (obtained by the
AIM2000 prograni®), are given in the Supporting Informa-

tion.
In a series of test calculations we surveyed the performance

of various computational levels for §8aNH;, for which
reliable experimental gas-phase structural data are avail- GaN. There is little information on the GaN molecule,
able?2 The tested theories included the traditional Hartree  although its existence has been predicted and its electronic
Fock (HF) and second-order MgliePlesset perturba-  Structure has been investigated by fourth-order multireference
tion theories (MPZ? as well as two density functional coupled pair approximation (MRCPA-4) calculatiotidn
approaches, those with the Beckd3®e-Yang—Parr agreement with these previous results we fotiid as the
(B3LYP)**25and Becke3-Perdew86 (B3P86)26exchange-  ground state of GaN, but the energy difference between the
correlation functionals. The basis sets were gradually ex- ground and first excitec’[I) states was considerably smaller
tended from valence doube6-31G(d,p) up to the diffuse (7 kJ/mol versus 48 kJ/m®) at our less sophisticated
polarized valence tripl&-6-31H-G(2df, 2pd) basis. Although ~ computational level. At the same time, the bond length from
Cl;GaNH; has been studied previously by different compu- the two studies agree well, 2.003 and 1.990 A from the
tational approache®d;?-3% those approaches did not provide B3P86/6-311G(d,p) and MRCPA-4 calculations, respectively.
consistent information on the electron correlation and basis
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CVD of GaN from GaC} + NH3

Table 1. Geometric Parametérsf NHx and GaCl (x = 1—-3)
Fragments

N—H H—N—H Ga—Cl Cl-Ga—Cl
NHx
NH 1.042
NH 1.029 102.1
NH3 1.014 106.5 C
NHs(exptf 1.012 106.7 i i i
Figure 1. Structures and selected geometric parameters of monomeric
GaCl ClyGaNH; speciesX = 1—3). Bond distances (bold) are given in angstroms,
GaCl 2.234 bond angles (italic) in degrees.
GaCb 2171 119.0
GaCk 2.115 120.0 . .
GaCh(expty 2.101(2) 120.0 between the two atoms. According to the calculations the

aThe calculated data were obtained at the B3P86/6-311(d,p) level. Bond molecule is planar and posses€assymmetry. For ClGaNH

distances are given in angstroms, bond angles in dedr&perimental tV\_/O possible structures were considered: 'Fhe singlet state
equlibrium geometry from ref 4F.Experimental equlibrium geometry from  with a formal Ga=N double bond and the triplet structure
refs 43 and 44. with a Ga—N single bond. From the two structures the singlet

one was identified as the electronic ground state of ClIGaNH.
= It has a bent planarQy) geometry with a near-linear €l
n}oleculesl, NI;Iand G'aC;Jhx _;L’g_?é he;]ve be:en Ithe targets g5 N moiety (cf. Figure 1). The triplet state lies higher in
of severa stucﬁes in the p t The calculated and energy by 83.4 kJ/mol. Its structure is planar (in contrast to
available experimental geometric parameters are compareqhe nonplanar Al analogé® with a considerably bent €1

in Table 1. i o i Ga—N angle (118) and a longer GaN bond (by 0.24 A)
The most important point in the calculations of the as compared to the singlet state geometry.

fragments is to reproduce the lowest electronic state for the The most characteristic geometric parameter of the CI

;gﬁge;\,vgthoﬁgﬁtuféd :(?Li':f;;; efl(l).r%uer E;Zgg:gglcu'a'GaNl-L molecules is the GaN bond reflecting the different
g y 19 type of bonding between the GaGlnd NH, moieties. In

and the _vvell-knowr?Z ground stat¥ for NH. The s_mglet_ agreement with the weaker doraacceptor interaction, it
electronic state'E") of NH was calculated to be higher in is the longest in GGaNH, and shortens considerably (by
Egﬁlr/%)ér?yoi?clglgj(g:gg \;\/n% nt%ts g%gﬁg jict);%;%ﬁaermento_% A)in _CbGaN H. We note that this latter bond d@fstance
geometry of NH (cf. Table 1) (1.786 A) is well below the sum of the covalent radii of the
Calculations on .the Gag:lr.adical resulted in théA, two atoms (1.92 A¥5 A further decrease, though to a much
smaller degree (by 0.07 A), appears in ClGaNH. Both these

ground staté? Similarly to AICI,*2the GaCl molecule has a . !
singlet ground statéX*).*° The triplet electronic stat€X ") parameters and the nonlinearity of the-@a-N bond angle
' (162.6) indicate a partial double bond character of-Ga

was calculated to be higher in energy by 345.0 kJ/mol. We . . .
note that the B3P86/6-311(d,p) level slightly overestimates n CIGaNH: The planar Nkigroup n ClGaNH p0|_nts to
. ) . 2 the delocalization of the N lone pair. The properties of the
the experimentally determined G&I bond distanc& 44 of " . . )
. . Ga—N bond critical points are in agreement with pronounced
GacCl, probably a systematic error of the computational level. . . . L
_ m interactions between the two atoms in@ANH; (ellipticity
ClyGaNHy (x = 1-3) . The molecular geometry and o
. . 0.150) and ClGaNH (ellipticity 0.128).
bonding properties of the gbaNH; complex have been _ i ’ )
Oligomers. Dimers. Experimental studies on related

nvestigated In several experimental and theoretical derivatives indicated that association reactions are important
i 1,22,2730 7 H vatv | | 1at | |

studies? . In the pr'esen't section we intend to perform for GaN svstems® In the CVD LiCl eliminati

a comparative analysis with the other two,GAaNH, or ba—i systems.”1n the process HLI elimination

molecules (cf. Figure 1). The monomeric,GaNH, and ~ 0M CkMNH; and subsequent polymerization may result

CIGaNH species have not been investigated before; thus ouf" Various association products among which cyclic and chain

study provides the first structural and bonding information StUctures can be distinguished. Several analogous cyclic
structures (containing mostly bulky substituents) have been

on these molecules. _ . ) :
While the CiGaNH, molecule is characterized by a synthesized’ * Therefore, we start our discussion with the

classical donoracceptor bonding, in @6aNH, both Ga and (45) Gilospio, R, 1. Hargital, The VSEPR Model of Molecular

~ H H H H illespie, R. J.; Hargittai, e odel of Molecular Geometry
N are three-coordinated and a single bond is established Allyn and Bacon: Boston, 1991,
(46) Gmelin Handbook of Inorganic Chemistry. Ga. Organogallium

NHy, GaClk (x = 1—3). The fragments of the BaNH,

(37) Bauschlicher, C. W., Jr.; Langhoff, S. Rhem. Phys. Letf.987, 135 Compounds8th ed.; Springer-Verlag: Berlin, 1987.

67. (47) Jennings, J. R.; Pattinson, |.; Wade, K.; Wyatt, BJKChem. Soc. A
(38) Petrongolo, C.; Hirsch, G.; Buenker, RMol. Phys.199Q 70, 825. 1967 1608.
(39) Kim, G. B.; Balasubramanian, ikChem. Phys. Let1992 193 109. (48) Weller, F.; Dehnicke, KChem. Ber1977 110, 3935.
(40) Dai, D.; Balasubramanian, K. Chem. Phys1993 99, 293. (49) Bartke, T. C.; Haaland, A.; Novak, D. Rcta Chem. Scand.975
(41) Handbook of Chemistry and Physi@éth ed.; Lide, D. R., Ed.; CRC A29, 273.

Press: Boca Raton, FL, 1995. (50) Neumayer, D. A.; Cowley, A. H.; Decken, A.; Jones, R. A.; Lakhotia,
(42) Kimura, I.; Hotta, N.; Nukui, H.; Saito, N.; Yasukawa, B.Mater. V.; Ekerdt, J. GJ. Am. Chem. Sod.995 117, 5893.

Sci. Lett.1988 7, 66. (51) Chemistry of Aluminium, Gallium, Indium, and ThalliuBowns, A.
(43) Vogt, N.; Haaland, A.; Martinsen, K.-G.; Vogt, J. Mol. Spectrosc. J., Ed.; Chapman & Hall: New York, 1993.

1994 163 515. (52) Coordination Chemistry of AluminiunRobinson, G. H., Ed.; VCH
(44) Hargittai, M.Chem. Re. 200Q 100, 2233. Publishers: New York, 1993.
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dimer. We searched systematically the potential energy
surface (PES) of the molecule and found (only) two
minimum structures, both havin@s symmetry (cf. Figure

2). Additionally, six saddle points (of first and second order)
were located on the PES, derived from the minimum
structures by rotation of the terminal Gg@hd NH; groups.
Generally, the saddle points derived by Nkbtation lie
closer in energy to the respective minimaH = 1-6 kJ/
mol) than the saddle points corresponding to Ga@iiation

(AE = 10—20 kJ/mol).

In contrast to the results of Okamoto,the global
minimum of CI(CLGaNH,).H is bent and there is a local
minimum chain conformer¥1") lying higher in energy by
51.0 kJ/mol (cf. Figure 2). This large energy difference can
mainly be attributed to the double ©H hydrogen bond in
D1', while only weak attractive dipotedipole interactions
(between the syn-periplanar NGa& and Ga—Cl bonds) can
be assumed iD1". The length of the Ct-H hydrogen bond
in D1' is 2.480 A, well below the sum of the van der Waals
radii of the two atoms (3.004). Its strength is demonstrated
by the pronounced lengthening of the affected-&al (0.043
A) and N—H (0.007 A) bonds with respect to the third,

D1” D2" terminal Ga—Cl and N—H bonds. Similarly, the CtGa—
Figure 2. Structures and selected geometric parameters of cyclic and chain N1 and H-N,—Gg&, angles indicate a significant tilt of the
_dimers. Bond distances (bold) are given in angstroms, bond angles (italic) tyyo groups toward each other. We note, however, that the
in degrees. above geometric characteristics cannot be attributed solely

cyclic dimers of CiGaNH, and CIGaNH D155 and D2, cf. to the intramolecular hydrogen bond. As the geometric
Figure 2). On the basis of the analogy with organic parameters of thB1" conformer show, the strong dipete

compoundsP1 containing tetracoordinated Ga and N can dipole interactions in such structures also exert nonnegligible

be considered as “saturated”, whil2 containing tricoor- ~ IMPacts on the molecular geometry.
dinated Ga and N is “unsaturated”. Our systematic search on the PES of the CI(CIGaiNH)

Both D1 and D2 are planar and havB, symmetry in dimer found again two minimum conformers. The structures

agreement with previous results on related alumifidfand ~ @ré the “unsaturated” analogues of the stable Gi(Cl
gallium derivativeg1%56 The Ga--Ga distances in the GaNH,),H ones, both being planab@’ andD2" in Figure
dimers are quite short (2.882 and 2.616 ADd and D2, 2). Again, a structure with a short attractivee @H contact
respectively) being well within the sum of the nonbonded (D2) is favored (by 8.2 kd/mol) oveD2”, that latter one
atomic radii of Ga (3.44 A¥® The proximity of the two containing a repulsive dipotedipole mteractlop of peri Ga
gallium atoms, however, can be attributed to the geometric C! bonds. The calculated €1H nonbonded distance 2"
constraints of the ring structure, rather than to a-Ga (2.981 A) corresponds to the sum of the van der Waals radii
bonding. The absence of a 6&a bond is supported by our ~ Of the two atoms. However, there are signs of a very weak
AIM analysis locating no bond but a ring critical point in Ponding interaction between Cl and H, viz., the slight
the middle of the rings. increase of the Ga-Cl and N—H bonds of the interacting

Contrary to the extensive data on cyclic adducts, only a atoms. Additional!y, a bond cri.ticlal point was located ak_Jng
few studies about noncyclic associates are available and eved® Ct+-H path with characteristics of very weak bonding
they report the formation of polymeric chaiffs> On the Interactions.

other hand, a close stability of the chain and cyclic dimers ~All the dimer Ga-N bond distances show a single bond
and trimers was predicted recently. character (cf. Figure 2) indicating that these species are not

“saturated” and “unsaturated” dimers resemble in magnitude

(53) McLaughlin, G. M.; Sim, G. A.; Smith, J. Q. Chem. Soc., Dalton those in the GlGaNH; and CbGaNH, monomers, respec-

Trans.1972 2197. ; : « ” ;

(54) Interrante,ZL. V.: Siegel, G. A.; Garbauskas, M.: Hejina, C.; Slack, tively. They are somewhat decreased in the “saturated” while
A. Inorg. Chem.1989 28, 252.

(55) Designation of the oligomers throughout the paper obeys the following (57) Becke-Goering, M.; Krill, HChem. Ber1961 94, 1059.

scheme:D, T, andQ mean dimer, trimer, and tetramer, respectively; (58) Laubengayer, A. W.; Smith, J. D.; Ehrlich, G. &.Am. Chem. Soc.

1 and 2 are assigned to “saturated” and “unsaturated” skeletons, 1961 83, 542.

respectively, while the chain structures are indicated additionally by (59) Jensen, J. A. Imorganic and Organometallic Polymers Il. Aanced

primes. Materials and IntermediatesWilson-Nelson, W., Allcock, H. R.,
(56) Baxter, P. L.; Downs, A. J.; Rankin, D. W. H.; Robertson, HJE. Wynne, K. J., Eds.; American Chemical Society: Washington, DC,

Chem. Soc., Dalton Tran4985 807. 1994; p 427.
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case of exotic molecules a planar arrangement cannot be

,Z:r::::"' excluded either. The conformational properties may also

& )f %6 depend on the substituents of the (GabkBeleton. On the

2-146117; 159.6 RNy basis of X-ray structural data of g8aNH,)s; and neutron

' U JJ 1.018 powder diffraction of (QGaND,);, Gladfelter and co-workers

2181 i . . . .

3502 (O established a chair conformation of the compounds in the
_ _ solid state. However, they found that the twist-boat confor-

Figure 3. Structure of hydrogen-bonded dimer of3GaNHs. Bond mation of (HGaNH); is more stable (by 11 kJ/mol) than

distances (bold) are given in angstroms, bond angles (italic) in degrees. . .
(bold) 9 9 les (ftalic) 9 the chair conformation at the MP2/VDZ leV&lAlso, the

somewhat increased in the “unsaturated” dimers as compared(CHs)2GaNH]s compound exists in a “twisted chair” form
to the Ga-N bond in the respective monomer derivatives, N the solid staté} while quantum chemical computations
Though its formation under the conditions of the high- found again the twist-boat conformation as only minimum
temperature CVD process is improbable, the hydrogen- ©" the PES.
bonded dimer of GGaNH; is interesting from a structural Previously, Okamoto reported only a plarizy, structure
point of view. We investigated three possible structures: one for (GaCbNH)s.** According to our more sophisticated
structure built up from two staggered monomer units (three calculations the planar structure is a second-order saddle
Cl+--H Contacts) and two structures built up from ec|ipsed point on the PES. The chair Conformer, the genera”y favored
monomer units (two and four €tH contacts, respeetive|y)_ minimum in saturated Organic CyCIiC structures, is a first-
Among these structures only the one with four--€H order saddle point lying higher in energy by 8.5 kJ/mol than
hydrogen bonds (presented in Figure 3) proved to be athe global (and only) minimum boat conformeFi( cf.
minimum on the PES. It haB,, symmetry and a dimerization ~ Figure 4). This strongly favored boat arrangement can be
energy of—48.3 kJ/mol. Normalized to one hydrogen bond, reasoned by attractive dipetelipole interactions between
we get a hydrogen bonding energy of 12.1 kJ/mol for the the nearly parallel NH and Ga-Cl dipoles in this structure.
Cl---H interaction. The Gt-H distance in (GGaNH),, The distance between the bowl positioned H and Cl (3.045
2.502 A, is close to the ones foundd’, indicating a similar A, cf. Figure 4) may be too large for any appreciated
stabilization effect of the latter intramolecular hydrogen Stabilizing interaction.
bonds. We note that this strong exothermic character of ~Similarly, a single minimum structure was found for
dimerization is accompanied by a negative entropy contribu- (GaCINH). The equilibrium geometry of the molecule is
tion; hence the (GGaNH), dimer cannot be expected in planar and ha®sz, symmetry T2, cf. Figure 4). Analogous
the vapor phase. benzene-like structures have been reported for related imino
Trimers and Tetramers. The cyclic trimers have a larger ~ trimers, viz., for (AICINH),'> (AIHNH) 3,52 and (HGaNHj.°
conformational freedom than the more compact analogous Due to the five GaN rotational axes numerous stable
dimers. Saturated organic six-membered rings are known toconformers may be possible for the chain trimers. On the
exist in chair, boat, or twist-boat conformations, but in the basis of our results on the smaller dimer derivatives, a

Figure 4. Structures and selected geometric parameters of the most important cyclic and chain trimers. Bond distances (bold) are given in angstroms, bond
angles (italic) in degrees.
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AG —u—GaCl, + NH; = ClGaNH,
(kJimot) e —e— GaCl, + NH; = Cl,.GaNH; + HCI
600 —| T 4 - GaCl; + NH; = CIGaNH + 2HCI

—v— GaCls + NHz = D1 + HCI
- +  GaCls + NHy = %D2 + 2HCI

T | w4~ GaCly + NHy = %D1" + HC!

—x— GaCls + NH; = %D2" + 2HC!

500 — -~ GaCls + NHz = '/5T1 + HC!

—-— GaClh + NHx = /T2 + 2HCI

—1— GaCly + NHz = /51" + 23HCl

7 —a— GaCls + NHy = /3T2" + %;HCI

—o— GaCl; + NH, = %Q1 + 2HCI

—a-~ GaCls £ NH; = %Q2 + 2HCI

—v— GaCls + NH; = GaCl + 2HCI + %N, + %H,

> GaCls + NHg = GaN(g) + 3HC!

_ a1 _ Q2 1 A —_ | ==~ GaCl + NHy = GaN(s) + 3HCI
Figure 5. Structures and selected geometric parameters of cube and planar Tl TE=ll N :
tetramers. Bond distances (bold) are given in angstroms, bond angles (italic) R

304 T sa

in degrees.

multiple hydrogen-bonded arrangement can be expected as

the global minimum on the PES. Therefore, we neglected a %] R
complete analysis of the conformational space of the chain
trimers and performed only a couple of test calculations with
other structures. The most favored conformers for “saturated” 100
(T1") and “unsaturated”T(2') chain trimers are shown in
Figure 4. Each structure has two slightly different-eH
attractive interactions forming weakly bound six rings. We
note the slightly out-of-plane position of the terminal NH o
group (by 2) in T2', in disagreement with the rigorously
planar structure of th®2' dimer.

From the possible numerous tetramer oligomers only the ;5
most interesting symmetric (GaCINH)structures were
considered in the present study (Figure 5). The global . v
minimum is the cubidy structure Q1) while the planaDay
one Q2, local minimum) lies higher in energy by 187.5 kJ/ '200200 T o o 1m0 oo 100
mol. The cubic skeleton is well-known among iminoalanes
and gallanes, and several derivatives with alkyl and aryl
substituents have been synthesi#&d.58 Moreover, previous
theoretical studies suggested an important role for these
Species as intermediates in the CVD processes from-NH which hinder a considerable shortening of the-Gabond
AICl35 GaH; + NHs;, Ga(CH)s; + NHs and GaH + (cf. Figures 4 and 5).

N(CHa)3.? Thermodynamics. The reliability of the B3P86/6-311G-

The bonding in the above chain and cyclic trimers and (d.p) level for a thermodynamic analysis of the Ga€INH;
tetramers is analogous to that of the respective dimers. ThereSystem can be assessed by comparing the computed and
are only marginal differences in the bond distances, atomic €xPerimental thermodynamic properties of theGaNHs:-
charges, and properties of the bond critical points. In the (9) = GaCk(g) + NHs(g) dissociation. The computed
cubic tetramer, however, the atomic charges of Ga and N dissociation enthalpy at 743 K, 137.6 kJ/mol, agrees excel-
reflected a considerably increased ionic character of the lently with the experimental value of 13422 0.8 kJ/mol®®
Ga—N bond. These stronger attractive electrostatic forces On the other hand, the computations seem to underestimate

are probably compensated by the geometric constraints,the entropy change of the dissociation (computed 117.5
J/imotK; experimental 141.3- 2.5 J/moiK 9. Nevertheless,

(60) Campbell, J. P.; Hwang, J.-W.: Young, V. G.: VonDreele, R. B.: the above data indicate a good performance of the B3P86/

T(K)
Figure 6. Gibbs free energies for reactions resulting in formation of
monomers and selected oligomers from a 1:1 mixture of ga@l NH.

Cramer, C. J.; Gladfelter, W. L1. Am. Chem. Sod99§ 120, 521. 6-311G(d,p) level for the thermodynamic properties, espe-

(61) Neumayer, D. A.; Ekerdt, J. @hem. Mater1996 8, 9—25. iall |

(62) Matsunaga, N.; Gordon, M. 3. Am. Chem. S0d.994 116, 11407. cially at ower temperatu_res. _ _

(63) Del Piero, G.; Cesari, M.; Dozzi, G.; Mazzei, A.Organomet. Chem. The theoretical enthalpiedd), entropiesAS), and Gibbs
1977 129, 281. : : L : o

(64) McDonald, T. R. R.; McDonald, W. Sicta Crystallogr., Sect. B972 free gnergles[(G) of various association and dissociation
B28 1619. reactions in the GagH- NH3 system at 1300 K, the usual

(65) Veith, M. Chem. Re. 1990 90, 3. i 0

(66) Belgardt, T.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.ABgew. tempgratgre of CVD ”S'.”g gbaNH, precursoﬁ, are .
Chem., Int. Ed. Engl1993 32, 1056. ‘ compllgd in Table 2..The Gibbs free.energles of the reacuons

(67) Eelg?rldkt, TB \ll\/aezs%dha, S.1 gafggslg)z/a I; W.; Gornitzka, Himirg, producing the most important species from a 1:1 mixture of

. alke, D.Inorg. em. )y . . . . .

(68) Kihner, S.: Kuhnle, R.; Hausen, H.-D.. WeidleinzJ.Anorg. Allg. GaCk and NH; are depicted in Flgl_Jre 6 as gfunctlon of the

Chem.1997 623 25. temperature. ThAG for the formation of solid GaN(s) was
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Table 2. Computed EnthalpiesAH, kJ/mol) EntropiesAS, J/motK), and Gibbs Free EnergieAG, kJ/mol) for Selected Gas-Phase Reactions at 298
and 1300 K

298 K 1300 K
AH AS AG AH AS AG

CliGaNH; = GaCl+ 2HCI + (1/2)Np + (1/2)H, 373.2 380.8 259.7 358.8 365.6  —116.4
ClsGaNH; = GaCh + NH; + HCl 547.0 290.8 460.3 531.2 272.3 177.3
CliGaNH; = GaCl+ NH + 2HCI 712.4 401.0 593.0 697.9 3855 196.7
Cl,GaNH, = GaCl+ HCI + (1/2)Np + (1/2)Hs 184.1 241.8 112.1 1738 2298 1250
(1/2)D1 = GaCl+ HCl + (LI2)N, + (1/2)H, 301.7 347.6 198.1 286.1 3295 1422
(1/2)D1' = GaCl+ (3/2)HCl+ (1/2)N; + (1/2)H, 352.9 403.2 232.7 360.5 4017 1616
(1/2)D2 = GaCl+ (LI2)N, + (1/2)H, 56.1 203.5 —4.5 46.0 191.2 —202.6
(1/2)D2' = GaCl+ (L/2)HCl+ (1/2)Ny + (1/2)H, 153.6 252.5 78.4 139.8 2351 1658
(1/3)T1 = GaCl+ HCI + (1/2)Np + (1/2)H; 313.8 371.0 203.2 296.2 350.2  —159.0
(1/3)T1' = GaCl+ (4/3)HCI+ (L/2)No + (1/2)Hy 341.7 409.2 219.7 321.8 3851  —178.9
(1/3)T2 = GaCl+ (1/2)N; + (1/2)H; 123.0 235.7 52.8 111.2 2185  —1728
(1/3)T2' = GaCl+ (1/3)HCI+ (1/2)N; + (1/2)H; 143.9 258.1 67.0 129.0 2390  —1818
(1/4YQ1 = GaCl+ (1/2)N; + (1/2)H, 168.3 263.7 89.7 155.1 2476  —166.8
Cl;GaNH; = Cl,GaNH, + HCI 189.0 139.0 147.6 185.1 135.7 8.6
ClsGaNH; = CIGaNH+ 2HCI 544.1 268.2 464.2 533.4 256.6 199.9
ClsGaNH; = (1/2)D1 + HCI 715 33.2 61.6 727 36.1 25.8
CliGaNH; = (1/2)D1' + (1/2)HCI 20.3 —22.4 27.0 1.7 -36.1 452
CliGaNH; = (1/3)T1 + HCl 59.4 9.9 56.5 62.6 15.4 42.6
CliGaNHs = (1/3)T1 + (2/3)HCl 315 —28.4 40.0 37.1 -19.5 62.5
CliGaNH; = (1/2)D2 + 2HCI 317.1 177.4 264.2 312.8 174.4 86.2
CliGaNH; = (1/2)D2' + (3/2)HCI 2195 128.3 181.3 219.1 130.5 49.4
Cl:GaNH; = (1/3)T2 + 2HCI 250.1 145.1 206.9 247.6 147.1 56.4
CliGaNH; = (1/3)T2' + (5/3)HCl 229.3 122.7 192.7 229.9 126.6 65.4
Cl,.GaNH, = (1/2)D1 -1175 —105.8 -86.0 -112.3 -99.6 17.2
ClyGaNH, = (1/2)D2 + HCl 128.0 38.4 116.6 127.8 38.6 776
ClyGaNH, = (1/2)D2' + (1/2)HCI 30.5 -10.7 33.7 34.0 5.2 408
Cl,GaNH, = (1/3)T1 -129.6 -129.1 -91.2 -1225 -120.3 34.0
Cl,GaNH, = (1/3)T2 + HCl 61.1 6.1 59.3 62.5 11.3 47.8
ClyGaNH, = (1/3)T2' + (2/3)HCl 40.2 -16.2 451 448 -9.2 56.8
Cl,GaNH, = (1/4)Q1 + HCI 15.9 -21.9 22.4 18.7 -17.7 418
ClGaNH= (1/2)D2 —227.0 -90.8 -199.9 —220.6 -82.2 -113.7
ClGaNH= (1/3)T2 —293.9 -123.1 —257.3 —285.8 -109.5 —1435
ClGaNH= (1/4)Q1 —339.2 -151.1 —294.1 —-329.7 -138.6 —149.5
GaCk + NH3 = GaN(g)+ 3HCI 732.4 278.2 649.5 730.6 279.0 367.9
ClsGaNH; = GaN(g)+ 3HCI 875.7 403.1 755.6 861.1 387.2 357.8
Cl,GaNH, = GaN(g)+ 2HCI 686.7 264.1 607.9 676.0 251.4 349.2
ClGaNH= GaN(g)+ HCl 331.6 134.9 291.4 327.6 130.6 157.9
(1/2)D1 = GaN(g)+ 2HCI 804.2 370.0 694.0 788.3 351.0 332.0
(1/2)D1' = GaN(g)+ (5/2)HCl 855.4 425.5 728.6 862.8 423.2 312.6
(1/2)D2 = GaN(g)+ HCI 558.6 225.8 491.4 548.3 212.8 271.6
(1/2)D2' = GaN(g)+ (3/2)HCl 656.2 274.8 574.3 642.0 256.7 308.4
(1/3)T1 = GaN(g)+ 2HCI 816.3 393.3 699.1 798.5 371.7 315.2
(1/3)T1' = GaN(g)+ (7/3)HCI 844.2 4315 715.6 824.0 406.7 295.3
(1/3)T2 = GaN(g)+ HCI 625.6 258.0 548.7 613.5 240.1 301.4
(1/3)T2' = GaN(g)+ (4/3)HCI 646.4 280.4 562.9 631.2 260.6 292.4
(1/4YQ1 = GaN(g)+ HCI 670.8 286.0 585.6 657.3 269.2 307.4

obtained by combining the respectix&s value for gaseous  epitaxial growth processes, because in many cases the film
GaN(g) and theAG of sublimation AGsuy) of GaN. AGsup composition is determined by the thermodynamics. Our
was calculated within the required temperature range usingresults can also give useful guidelines for gas-phase experi-
the thermodynamic data given in ref 71. Details on the ments on the association products.
sublimation of GaN are given as Supporting Information.
We emphasize that our calculated thermodynamic data
refer to equilibrium conditions of the 1:1 GaCl NH;
system. In practice, however, CVD is a nonequilibrium
process involving effects of nonstoichiometric vapor com-
position, quality of carrier gas, flow rate of the gas stream, } . o X
and surface reactiorié. Moreover, the growth rate was |1 @ndT1" have negativé\G values in this range with the
indicated to be controlled kinetically over a wide temperature Chain forms slightly more favored. However, the thermody-
rangel® On the other hand, a thermodynamic analysis may namic stability of these molecules decreases with increasing
be important to understanding and optimizing the selective teémperature, and above 860000 K theAG values (that of
the CkGaNH; complex above 1300 K) become positive. The
(69) Trusov, V. I.; Suvorov, A. V.; Abakumova, R. ih. Neorg. Khim. temperature dependence is near parallel for all five species.
(70) |1|?87g5e%%’5,3i5cc’§'5t. Growth1972 13/14 360. The close thermodynamic stability dd1 and T1 is in
(71) Przhevalskii, I. N.; Karpov, S. Y.; Makarov, Y. N. Thermodynamic ~agreement with the dimer> trimer equilibrium of [C}-
properties of group-IIl nitrides and related speciRS Internet J. GaN(H)Si(CH)s] observed in toluene solutidAMoreover,

Nitride Semicond. RefOnline] 1998 3, Article 30. http://nsr.mij.mr- ; ; . . .
s.0rg/3/30/text.html. the computations and observations agree in the interchanging

First we discuss the thermodynamic probability of the
formation of various structures from a 1:1 mixture of GaCl
and NHs. As Figure 6 shows, below 1000 K the formation
of the CkGaNH; complex is the most probable. Additionally
to ChLGaNH; the “saturated” dimers and trimeB1, D1,
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stability order of the dimer and trimer with increasing The third section of Table 2 contains the thermodynamic
temperature (cf. Figure 6 and ref 72). data for various reactions producing GaN(g). All these
Above 1000 K the decomposition to small fragments reactions are highly endothermic with cloA& values. Only
(GaCl, HCI, N, Hy) dominates, showing a steep slope with the formation from CIGaNH has a considerably lowes,
increasing temperature. This is in agreement with experiencebut just this species appears with the least probability in the

that the GaN deposition ceases above 1300 K. gaseous phase. The differences between the dtBedata
According to our calculations, the GaCt NH3; = GaN- are not significant enough to make predictions on the possible
(g) + 3HCI reaction has a large positiveG value which intermediates under nonequilibrium conditions.

decreases steeply with increasing temperature. Taking into
account the calculated Gibbs free energies of sublimation
(AGsyy), the AG of the reaction drops between 300 and 400 Test calculations on the performance of HF, MP2, B3LYP,
kJ/mol but the slope of the curve moderates. We should note@nd B3P86 theories proved the superior character of the MP2
the rather large deviation between the calculated andand B3P86 methods for the LaNH complex. From the
experimental standard enthalpies of the above depositiontWo methods B3P86 showed better convergence to basis set

reaction (396.7 and 106.4 kd/mdlespectively). This large  Saturation; hence this level in conjunction with a 6-311G-
deviation could not be removed by trying another theoretical (d:P) basis set was selected for our systematic study of the
level, MP2/6-311G(d,p), either. Taking into account the GaCk + NHs system in the gaseous phase. We calculated
previously shown good performance of the B3P86/6-311G- Various molecular properties (geometries, bonding properties,
(d,p) method for the GGaNH; dissociation, the reason for ~ thermodynamic data) of the possible species from the very
the above discrepancy may lie in an underestimation of the Small fragments up to tetramer oligomers.

absolute energy of GaN (as a systematic error) by these less OUr general conclusions on the geometry and bonding in
sophisticated theoretical levels. Nevertheless, both the present€ title compounds can be summarized as follows:
theoretical results and experimental observations imply that () In the oligomer species possessing conformational
the formation of GaN films is not favored under equilibrium  freedom, strong intramolecular €H hydrogen bonding and

Conclusions

conditions from a 1:1 mixture of GagChnd NH. In fact, dipole—dipole interactions determine the most stable con-
starting from the GaGH- HCI + NH3 system, Tshegnov et formers. . . .
al. found a better yield for GaN depositiéh. (i) The Ga—N bond distances in the “saturated” oligomers

and oligomers is their decomposition to the small fragments in the “unsaturated” oligomers (tricoordinated Ga and N)
which becomes important at higher temperatures. Among aré around 1.8 A. These distances are in agreement with the
the three decomposition routes (see lines3lin Table 2)  Single bond character of GaN. The only compound that
the one resulting in GaCl, HCI, Nand H is favored, while shows a well-defined double bond character is CIGaNH.
the ones with GaG] GaCl, NH, and NH products are (i) The Ga—N—Ga angles in the cyclic oligomers are
thermodynamically less probable. The large endothermic consistently larger than the-NGa—N ones, with the differ-
character of the latter two reactions can be explained by the€nce increasing with ring size. The smaller value for
relative instability of the dissociation products, especially N—Ga—-N is in agreement with the larger size and the lower
that of the GaGl NH,, and NH radicals. As Table 2 shows, Vvalence density around Ga (due to its positive partial charge)
the “saturated” oligomers are slightly more stable against and the consequently arising smaller repulsion between the
decomposition than the respective “unsaturated” derivatives. Ponding electron densities.

According to the data in Table 2, &@aNH, may be The thermodynamic analysis of the Ga&l NH3 reaction
formed from CyGaNH; at higher temperatures. The forma- under equilibrium conditions reproduced the generally
tion of the “saturated’D1, DI', T1, andT1' species from  Observed predominance of thesGRNH; complex in the
the CkGaNH; complex is unlikely: the oligomers may be ~9aseous phasé?? The computations indicate additionally
directly formed from the GaGH- NHz mixture (cf. Figure the probable appearance of the “saturated” chain and cyclic
6). On the other hand, the association ofGANH; to the oligomers below 1000 K. According to the calculated Gibbs
cyclic D1 and T1 structures is highly exothermic, which free energies, these species may be directly formed from the
makes this monomer a very suitable intermediate for cyclic GaCk + NHs mixture. For the cyclic “saturated” oligomers
“saturated” oligomers. Due to the negative entropy, however, additionally the GiGaNH, molecule seems to be a suitable
the temperature increase may prevent this reaction, a trendntermediate. According to our computations the deposition
opposite the predicted population 05GBNH, in the gaseous ~ Of GaN from a GaGl+ NHz mixture may be achieved only
phase. The most probable intermediate for the “unsaturated”under nonequilibrium conditions.
oligomersD2, T2, andQ1 would be CIGaNH, which species, Acknowledgment. This research has been supported by
however, is thermodynamically strongly unfavored. the Ministry of Education of Hungary (FKFP 0364/1999)
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Supporting Information Available: Computed geometric possible intermediates in the GaN CVD process); Gibbs free
parameters and absolute energies ¢fGaNH; using HF, MP2, energies of the sublimation of GaN in the range 29800 K. This
B3LYP, and B3P86 theories and basis sets extended gradually frommaterial is available free of charge via the Internet at http://
6-31G(d,p) up to 6-31:tG(2df, 2pd); computed natural atomic pubs.acs.org.
charges, Wiberg bond indices, and topological properties of the
electron density distribution; harmonic vibrational frequencies and
IR intensities (for assistance in experimental identification of 1C011140S
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