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ABSTRACT

The surface equilibrium concentration on BP has calculated using thermodynamics and assuming Langmulr adsorption
behavior, for the system B-P-i-Br. Thermodynamic constants for several adspecles are constructed, In order to
calculate the surface concentrations of the adspecies, using the program SOLGASMIX [1]. Adsorptlion of gases on a
surface 18 caused by a change in enthalpy and entropy. This change in enthalpy s characterized by Lhe adsorptlion
bond energy, whereas the entropy change ls characterized by a loss of translatlon and rotatlon on adsorplion, and
gaining an equal number of vibrations. Enlhalpy values were derlved using experimental as well as reported bond
energles. Entropy as well as heat capacity values were derived from the parlitlon functlon, using available spec-
troscoplec data, or data calculaled empirically., The surface of BP was divided into B and P surface sites, b- and
p-, respectlvely. The thermodynamlc calculatlons were parformed for several dlfferent temperatures as well as
several different lnput partlal pressures of BBr3 and PBr3 at atmospheric Ha2 pressure, The calculallons reveal
the surface Lo be predominantly covered by Pifa on b- as well as on p- sites, llowever, at very low PBra ilnput
partial pressure the surface was malnly covered with Bliz, A ratlo of the surface concentratlons of Bll2 and P2 was
delined. This ratlo was used to explain the observed transitlon from cuble BP to amorphous ByP (3<x<12) in Lhe
experimental CYD diagram. Both calculated surface concentrations of Biz and Plfz depend’ strongly on temperature.
temperature, The surface concentrations of the other adspecies depend strougly on the temperature as well as the
surface concentration of the predominant adspecles BHz and PHz. The concentratlons of the free surface sites b-
and p- increase with increasing temperature in the entire temperature range under study.

1 INTRODUCTION are used to abtéin these surface concentrations.

The calculatlons are performed using the program
SOLGASMIX [1] adapted for PC. However, to calcu-
late these equilibrium concentrations, the ther-
modynamical propertles of the gaseous species,
the adspecies, as well as the surface sites must
known, Those values were calculated from the par-
tition function, derived from reported spectros-
copic data., If there were no spectroscopic data
avallable, the values were estimated empirically.
Results of these calculatlons were used in Ref,
[3] to support the reactlion model.

In Ref. [2-4] an experimental CVD dlagram was
observed with either polycrystalline cubic boron
monophosphide or amorphous boron phosphide BxP
with x ranging from 3 to 12, The thermodynamical
CVD diagram calculated in Ref.[4], however, re-
veals a difference for especlally high tempera-
tures and high B1  (=p(BBra)/{p(BBra)+p(PBra)})
values. The klnetics of the deposition growth
rate for the BP deposits reveal a Langmulr-
Hinshelwood mechanism {3}, In this mechanism
heats of adsorption were derived from a least
squares fit to the results. Unfortunately, all
these measurements could not explain, by means of
a change Iin f{ree energy of the system, the

2. THE ADSORPTION MODEL

observed transition in the experimental CVD
diagram from BP--BxP either on golng to higher
temperatures or for higher Bi values,

In order to understand this transition, thermo-
dynamic calculatlons are performed to determine
the surface concentrations of the adspecles. In
this paper the gas-surface equilibrium reactions

The adsorption model follows the assumptions for
the Langmulr and Langmulr-Hinshelwood lsotherms,
which can be summarized as follows, Adsorption
takes place only at free adsorption sites and
forms monolayers only. In the present approxima-
tion the adspecies do not perturb neighboring
sites and neighboring adspecles, though it 1is
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generally accepted that perturbation of neigh-
boring sites is possible [5]. As a consequence
the perturbation leads to a dependency of the
heat of adsobption on the surface concentration.

However, this dependency is difficult to calcu-
late from first principles, and will f{further be
ignored here. In our approximation it 1s allowed
to treat the free and occupled surface sites as
independent specles having thelr own thermody-
namic constants. Furthermore, single bonds of the
adspecies are assumed, which are perpendicular to
the surface, Physisorption is also excluded,

since it would not be expected to be Important at
these high operatlng temperatures [6]. The bond
energles involved in physisorption are much
smaller than those 1involved 1in chemisorption.

Hence, the surface concentration will be domi-
nated mainly by chemisorbed specles. In otder ta
calculate the surface concentration the thermody-|
namlc constants ArH°, S°, and cp(T) have to be '
known for all the species which could participate
In Eq. (1) or Eq.(2), Note that the specles b-I:
and p-I, which represent the adspecies I on a
boron site b~ and a phosphorus site p-, respec~
tively, should be treated as virtual gaseous
species in order to obtain a distributlon of the
different adspecies. If the b-1 and p-1 specles
were to be treated as solid specles having
‘activities of one, only the presence or absence
‘of solld phases is observed and no dlstribution
of the adspecies. The thermodynamic constants of
the gaseous specles are taken from Ref.(4]. The
thermodynamic constants for the free adsorption
sites b~ and p-, and those for the adspecies are
calculated using several different approximations
which wlll be presented when required.

The evaluation of the three thermodynamic
constants, 1.e. ArH®, S°, and cp s dlscussed

separately in the next Sections,

The input amount of the free surface sltes is
taken to be small compared to the input amount of
the gaseous specles BBra and PBra, In this case
the observed surface concentration of the ad-
species will not depend on the 1ipput amount of
the free surface sites.

3. THERMODYNAMICS OF ADSORBED SPECIES

A necessary condition for adsorption of a gas-

eous species will be a negative value of the free
energy AG between the initlal state and the final
state [6]. We consider the adsorption equilibrium
reactions (1) and (2) of any gaseous species I on
boron b- as well as on phosphorus p~ sites. The
gaseous specles I represents any gaseous specles
calculated to be present in the gas phase [4].
The species mentioned in the text all refer to
the gaseous species Lf not indicated otherwlise,

1+ b- &5 bl (1)
I+ p- oy p-1 (2)

The free energy change AG 1s gliven by the well-
known equatlion:

AG = AH - TAS (3)

where AH is the change in enthalpy and AS the
change in entropy of the entire system.

The change In enthalpy on adsorption depends on
the process involved, The adsorptlon processes
are elther physisorption or chemisorption, both
with their own adsorption heat range [5,6]. The
adsorption agsumed here 18 dlictated by chemi-

sorption involving chemical bond formation
between the surface and the gaseous specles [6].
In contrast, the adsorptlon energles involved in
physisorption are merely caused by VanderWaals
forces and are, therefore, much smaller, and
consequently the surface concentration of physi-
gsorbed adspecies will be much smaller, The heat
of adsorptlion ls derived from known bond energies
as expected from chemical bond formation. The
change In entropy on adsorption depends mainly on
the loss and gain of translational, rotational,
and vibratlonal degrees of f{reedom {7). The
change in entropy due to change in electronic
levels 1s small, but will be taken 1into account
In some instances. The possibility of surface
diffusion 18 not taken into account. Therefore,
the translation contribution to the entropy of
the adspecles is zers. The surface concentration
of each adspecles 18 assumed to be in equilibrium
with its gaseous species. Hence, the surface
equilibrium concentratlons of these specles are
determined by their thermodynamic constants, In
the next section the adsorption model will be
described, while the evaluation of the thermody-
namical constants of gaseous specles I, the ad-
sorption sites b- and p-, and the adspecies b-1
and p-1 are glven in Sectlon 4.

3.1, ENTHALPY OF FORMATION OF ADSPECIES

The actual value of the enthalpy of formation
AfH® of the adspecies s calculated from the
following equatlon:

ArHC (s=1) = ArH®(1) + ArH®(8) = E(s-1) (4)

Where s means a surface site and Ets-1) the bond
energy between the surface site and a species I,
The meaning of the other symbols has already
presented, The bond energy E(s-1) can be taken
from fit results of experimental data, or by
calculating its value from similar bonds,

3.2. THE ENTROPY OF THE ADSPECIES

The entropy of a gaseous specles 1s determined
by its translatlion, rotation, vibratlon, and
electronic levels (8], On chemisorption, gaseous
species will loose at least their three transla-
tional degrees of freedom. The rotational degrees
of freedom of poly-~atomic species, however, can
also disappear, either entirely in the event of
perpendicular adsorption of a linear molecule, or
partly in all other cases as will be discussed
later on. Note that the bond of the adspecles to
the surface ls perpendicular by definition but
the specles ltself need not be perpendicular to
the surface. We assume that the molecule 1s not
disturbed on chemlsorption. Hence, the vibratlon
frequencles of the adspecles are assumed to
remaln the same as for the gaseous species, The
asgignments of the vibrations of the gaseous
species have been reported in the lliterature (9].
The vibratlons of the gaseous specles which are
assumed to be unchanged In the adspecies are
called Internal vibrations, since the center of
mass of the adspecies I remains at rest.

The electronic contributlon to the entropy of the
adspecies 1t estimated by consldering the elec-
tronic levels and their degeneracy 1f one hydro-
gen or bromine atom is attached to the correspon-
ding gaseous sgpecles (10]. For instance, the
adspecles of atomic phosphorus wlll be treated
electronlcally as a PH gaseous species

The rotatlonal, vibratlenal and electronlcal
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contributions to the entropy of the adspecies are
called S¥, Sg, and S8, and are calculated using
the partition function as summarized in
Eqs. (5)-(9), respectively [8].

SR = Moxin(Iz) + /xIn(T) - ln(e)-0.523 )

, o ¢ Ulxexpl-Uy]

Sv/R =§ ( - 1n[1 ~ exp(-UJ)]] (6)
= 1-exp[-U3l

Uy = caxvy /T ; n = 3xN-A (7)

A =1, 0 for adspecles with or without rotation,
respectively.

SIR = T %L?.;Q_” + 1n(Q) (8)
Q = ¥ gixexpl-caxe) /kT] 9

J=1

with S7, 8%, and S0 the entropy value of rota-
tion, vibration, and the electronic levels,
res-pectively, R the gas constant, Iz the moment
of inertla, T the absolute temperature, o the
sym- metry number, Uj a parameter defined by
Eq.(7), n the number of possible vibrations, N
the number of atoms present in the adspecles, &
an integer equal to 0 or 1 for adspecles with or
without rotation, respectlvel){h cz the second
radiation constant, vy the number of the
vibration frequency, Q a parameter deflned by Eq.
(9), gj the degeneratlon number of the electronic
level, m the number of electronic levels, e the
energy value of the electronic level relative to
the ground state, and k Boltzmann's constant.’
The degrees of translational and rotatlional free-
dom, lost upon adsorption, are replaced by an
equal number of additional vibrational degrees of
freedom of the adspecles. The vibrations galned
due to the loss of the three translations will be
called external vibrations since the center of
mass of adspecies I will vibrate (Flg.1}.
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Fig. 1. Schematic representation of the vibrations

of adsorbed species due to loss of trans-
lation. The three degrees of translation freedom
of the gaseous specles are suppressed on adsorp-
tion by the bond formation resulting In one
stretching vv and a two-fold degenerate bending
Bt vibration., Note that the figure could repre-
sent either monoatomic or poly-atomic adspecies.
X, Y, and Z represent the three principal axes.
The numbers between the square brackets denote
the degrees of translation freedom, the degrees
of rotational freedom, and the degress of vibra-
tional freedom of either the gas specles or the
adspecies.

The galn of the vibrations due to the loss of
rotational freedom (Fig.2) will also be called
internal vibratlons, since in this event the cen-
ter of mass remalns at rest, The new vibratlons
of the adspeclies due to adsorption wlll be dis-
cussed along with their number of atoms and thelr
gstructure. The values of the individual vibration

frequencies, however, will be discussed Iin. Sec-
tion 4,2, The loss of the three transiatlions
which occurs for every gaseous Specles once
adsorped results ln the gain of an egual number
of ‘vibrations, i.e. the external vibrations., The
loss of translation on adsorption is shown in
Figure 1 for a monoatomic species, The same
vibrations occur for the poly-atomic specles,

A listing of possible vibrations resulting upon
adsorption, and compiled according to the number
of atoms present, is given below.

Monoatomic adsorption. In the case of monoatomic
adsorption the three translations transform to
one stretching vibration vt and a two-fold
degenerate bending vibration Bt (Fig.1),

Di-atomic linear adsorption. For dlatomic llnear
adsorptlon (Flg.2) the two lost rotations return
as a two-fold degenerate rocking vibration pr.

GAS SPECIES ADSPECIES
9 -‘ @

i
linear linear non-linear
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Fig.2. Schematlc representation of the vibratlions
replacing rotations after adsorption.

The numbers between the square brackets, l.e,

{Nt, Nr, Nv,t+ Nv,r+ Nv,v] represent:

N : degrees of translational freedom.

Nr : degrees of rotational freedom.

Nv,t : degrees of vibrational freedom due to loss
of translation of the gas specles.

Nv,r : degrees of vibratlonal freedom due to loss

of rotation of the gas species,

degrees of vibrational freedom derlived

from the degrees of vibrational freedom of

the gas specles.

Nv,v

Di-atomlc non-linear adsorption. One of the two
lost rotations shows up as a rocking vlbration
pr, whereas the other rotation remains a rotatlon
around the adsorptlon bond (Fig.2).
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Tri-atomlc adsorption, Linear adsorption of the
tri-atomic gaseous species 1s agsumed not to
occur, Linear tri-atomic gaseous specles are
assumed to bend on adsorption to a planar or a
pyramidal configuration. Note that llnear gaseous
specles contain only twe rotations, while non-
linear gaseous specles contaln three rotations.
However, the difference in degrees of rotational
freedom is compensated by an extra vibration LIn
the linear gaseous specles along the axls of the
molecule. Hence, a linear molecule looses two
rotations and one vibration on adsorptlon and
galns one new rotation along the adsorption bond
and two new vibrations. Non-llnear tri-atomic
molecules, however, loose thelr three rotations
and gain one new rotation around the adsorption
bond and two new vibrations. The observed vlbra-
tions of the two different tri-atomic wmolecules
on adsorption are a rocking vibration pr and a
wagging vibration wr (Flg.2). Although the ad-
sorption of the tri-atomic molecules can occur:
elther in a plane perpendicular to the surface or
in a plane under a certalin angle (but not perpen-;
dicular) the assignments of the new vibration are
the same, The assignments of the new vibrations!
of tri-atomic gaseous species on adsorption hold

irrespective of the atoms near the central atom,,
f.e. B or P (Fig.2). .
Tetra~atomic adsorption. For tetra-atomic mole-:}
cules which are planar or pyramidal, the three!

rotations disappear on adsorption, ylelding one!
new rotation along the adsorption bond and two
new vibrations. The planar gaseous specles are
assumed to bend from a planar to & pyramldal
confliguration on adsorption., If the three atoms
near the central atom, l.e. B or P, are the same
the new vibratlon becomes a two-fold degenerate
rocking vibration pr (Fig.2). In the case of two
different atoms near the central atom the
degeneration i{s lost resulting 1in one wagging
vibration wr and one rocking vibratlon pr. These
wagglng and rocking vibrations can be coupled,
but this will not be taken into account, The case
of three different atoms near the central atom is
not considered here.

The entropy of the empty surface sites b- and p-
is taken as the entropy of the corresponding
sollds B and P, respectively, and added tc the
electronic contribution of the entropy S8, Se is
determined by dangling bond states whlch are
agsumed to have a two-fold degenerate ground
state due to the two spin states of the electron
Hence, according to Egs.(8) and (9), Se Is
calculated to be 5.67 J/mole K.

3.3. HEAT CAPACITY C, OF ADSPECIES

The heat capacity cp for gaseous species as well
as adspecles ls determined by translation, rota-
tion, vibration, and the electronlc levels [8].

cp,r/R = ¥ (10)

e Uy xexp( Uj)
Cp, } ( ] (11)

5 {1-exp(-Uy)}
The value of ¢p is calculated for several
temperatures by summation of the individual
contributions, A polynomal function (Eq.(12)),
with fit parameters A-F, 1is used to fit the

calculated cp value as a function of temperature.

cp=h + BT + CxT ™2 + DxT® + ExT™? + PxT" Y2 (12)

4, DETERMINATION OF THE THERMODYNAMICAL CONSTANTS
OF THE ADSPECIES PRESENT IN THE SYSTEM B-P-H-Br

4.1. DETERMINATION OF THE ADSORPTION BOND
ENERGIES AND THE ENTHALPIES OF FORMATION

The bond energy of the adspecles are taken from
the calculated fit results of Ref.[3), 1i.e. 248
kJ/mole for B-P, and B9 kJ/mole for B-PBr3 and
P-PBra, The bond energy for B~-B is estimated to
be 225 kJ/mole representing the vaporization of
solid boron lg}o mono-atomic boron (8] taking an
average of 2/2 bond per atom, based on the
crystal structure of sollid boron, Into account,
The bond energy for P-P is estimated to be 220

kJ/mole representing the vaporization of solld
black phosphorus into mono-atomie  phosphorus
taking 1/2 bond per atom into account, based on

the crystal structure. The adsorptlon bond energy
B-B of the three-coordinated planar boron gaseous
specles ls estimated taking a deformatlon energy,
necessary to deform the planar boron gaseous
specles to pyramldal boron gaseous specles, into
account (see Appendix 1). The deformatlon will be
necessary since four-atomlc planar boron specles
are probably not able to adsorb chemlecally but
only physically. However, if the planar specles
deformed to pyramidal specles, there is no room
for a chemical bond to be formed. The phosphorus
contalning gaseous species are already pyramidal,
and hence, do not need this extra deformation
energy as is necessary for the planar boron con-
talning gaseous specles. The bond energies of
B-H, P-H, B~Br, and P-Br are estimated, assuming
pyramidal geometry, from BH4 (8,11) and PBra [8,
12] (see Appendix 1). The enthalpy of formation
of the free surface siteg b- and p- s taken to
be half the value of the chemical bond of B-B (8]
and P-P [8] plus the enthalpy of formatlon of the
corresponding solid [8], l.e. B and P, respectl-
vely. The results of the adsorption bond energles
are shown in Table 1, The enthalples of formatlion
of the adspecies are gathered in Tables 2 and 3.

Translation for adspecles, however, was
to be absent., This holds also for rotation of
certaln adspecles.

As was mentioned in Ref.({4], the electronic
contributlon to ep is very small and, therefore,
will be neglected.

Hence, Iin order to calculate cp as a function of
temperature we have to calculate cp for rotatlon
cp,r and vibratilon ¢p,v as a function of
temperature, With Eqs.(10) and (11}, cp can be
calculated for the Individual contributions at
several temperatures,

Table 1, Energles of assoclatlon (kJ/mele| between

surface gltes b- or p- and gaseous specles [.
bond Ets-1)  From:
b-B 225.0 subllmation of solld boron: Bts)—Biqg) (8]
b-Br 100,00 BBratq)+*Brig)—Bbraiq) {see Appendix 1)
b-H 102.0  BHatg) +Hiq) —BHAtg) (see Appendix 1)
b-P 247.0 Ea2 : flt result taken from Eq. (31}
p~B 247.0 Esa t f1t result taken from €q.(31)
pBr 56.4 PBratg)+Briq)—PBritg) (see Appendix 1}
p-H 112.0  PHa(g) +Hiq) —PHA Lg) (see Appendlx I)
p-P 0 220,0 sublimatlon of solid phosphorus:Ptsi—Pig) [8]
b-BXa | 84.7  B-8H3 {13)
b-PX3 = 89.0 AHp : fit result taken from Ref. (3l
p-BX3 | 89.0 AP : Fit resull taken from Ref. ]}
p-PX3 89.0 AHe : flt result taken from Ref. (D}

'X stands for elther hydrogen or a halogen.
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Table 2. Enthalpy of formation 4rH®(b-1) for the indlvidual
adsp_ecles on boron b~ sites. | stands for the gaseous species,

Table 3, Enthalpy of formation Arﬂ"(p—l) for the individual
adspecies on phogsphorus p- sites, 1 stande for gaseous Specjes.

adspecies  Arfi®(b=)  ArH’(1) Ete-1) Edac'! ArH® (b-1) adspecies ArH'(p-)“ AK° (1) Eqp-n Eder?! ArH® (p-1)
kd/mole kJ/mole  klJ/mole kJ/mole  ki/mole kJ/mole kJ/mole  kJ/mole  klJ/mole  klJ/mole
b-H 0.0 218.0 102,3 0.0 115.7 p-H -12.4 218,0 112.0 0.0 93.6
b-Br 0.0 96.4 99.8 0.0 -3.4 p-Br -12.4 96.4 56.3 0.0 28.0
b-B 0.0 560.0 225,0 0.0 335.0 p-B -12.4 560.0 247.0 0.0 300. 6
b-BH 0.0 42,7 225.0 0,0 217.7 p-BH ~12,4 442.7 247.0 0.0 183.3
b-BBr 0.0 218.8 225.0 0.0 ~6.2 p-BBr ~12.4 218. 8 247.0 0.0 -40. 6
b-BH2 0.0 200.8 225.0 0.0 -24.2 p-BHa -12. 4 200. 8 247,0 0.0 ~58.6
b-BBra2 0.0 1.9 o 225.0 0.0 ~193.1 p-BBrz ~12.4 .9 2 247.0 0.0 ~227.5
b-BHBr 0.0 116.3 225.0 0.0 -108,7 p~BHBr -12,4 116.3 247.0 0,0 -143.1
b-Bifa 0.0 106.7 84,7 226,0 248.0 p-BH3 ~12.4 106.7 B89.0 226.0 231, 3
b-BH2Br 0.0 -51.4 84.7 226.0 B9.9 p-BHzBr -12.4 -51.4 89.0 226.0 73.2
b-BHBr2 0.0 -135.5 84,7 226.0 5.8 p-BHBr2 -12.4 -135. & 89.0 226.0 -10.9
b-BBra 0.0 -250.5 84.7 226.0 -109.2 p-BBr3 ~12.4 ~250. 5 89.0 226.0 -125.9
b-P 0.0 316.4 247.0 0.0 69.4 p-P -12.4 316, 4 220.0 0.0 84.0
b-PH 0.0 216.1 247.0 0.0 10.9 p-PH ~12.4 236.1 220.0 0.0 3.7
b-PBr 0.0 147.1 247.0 0.0 -99.9 p-PBr ~12.4 147. 4 220.0 0.0 ~85. 3
b-PH2 0.0 119.6 247.0 0.0 ~127.4 p-PH2 -12. 4 119.6 220.0 0.0 -112.8
b-PBra 0.0 -20.4 247.0 0.0 ~267.4 p-PBra =-12.4 -20,4 220.0 0.0 -252.8
b-PHa 0.0 5.4 89.0 0.0 -82.6 p-PH2 ~12.4 5.4 B89.0 0.0 -~96.0
b-PBra 0.0 -192.4 89.0 0.0 -281.4 p-PBra ~12.4 ~192, 4 89.0 0.0 -293,8
b-P4 0.0 589 89,0 0.0 30,1 p-P4 -12.4 589 89.0 _o.¢ -42.5
b 112.5 Q.0 0.0 0.0 112.5 -2 87.6 0.0 0.0 0.0 97.6

Edcr represents a deformation energy as deflned in the text.
215e°(BHBr) 1s estimated as follows:

BH2 ~-> B + 2H; Ets-m= 397.6 kJ/mole

BBrz — 8 + 2Br; Ewm-gr1> 360.5 kJ/mole

BHBr —), B+ H+ 8 Arll (BH'EI‘) = 116.3 kS/mole

e, Ak’ (BHBr) = ack® (H)*Arﬂ ()4’ {Br)-E-n1-EtB-ges,

P ack®(b-) = acH"(Ba) + /sz(h B) = 0 + /2x225 = 112,5 kJ/mole.

4,2, DETERMINATION OF THE ENTROPIES
OF THE ADSPECIES

The entropy of the adspecies is calculated from
rotation, vibratfon, and electronic levels. Here
we shall discuss the evaluation of the values
which contribute to the entropy separately. The
standard entropy S° 1s calculated by summatlon of
the entropy due to rotation, vibration, and
electronic levels, and the entropy of the solid
phase surface site, i.e. b~ or p~.

Entropy due to rotation. The rotation is assumed
to occur along the adsorption bond. In order to
determine the rotation entropy (Eq.(5)) the
moments of inertia along the adsorption bond
perpendicular to the surface were calculated, The
direction of the adsorption bond is taken to be
the z-axis, Other rotatlions for the adspecles are
not possible. The moment of inertia, Iz, |is
calculated using:

riPm) (13)

where r) is the distance of atom J to the z-axis
and m) the atomlc mass, The moments of inertia
along wlth the geometric information of the
individual adspecies are given in Tables Al and
A2,

Entropy due to vibration. The entropy due to
vibration of adspecies 1s calculated using Eqs

(6) and (7)., The vibration frequency vj Iin the

approximation of a harmonlc oscllator 1is often
glven by (14]:

v) = Ky \/ ki/ut (14)

ki = 2xEx-0 / (rixen?) (15)

Where vy is the th vibration frequency, K] a
dimensionless constant, kj the force constant, g
the reduced mass, Ex-v) the bond energy between
atoms X and ¥, and rx-v) is the bond lenght
between the atoms X and Y.

Y ar®(p=) is taken from red phosphorus 1V [8) since this agrees
most with the tetrahedrally coordinated phosphorus p- sites.
See footnote Table 2.

See footnote Table 2
Y aci®(p=) = ArH(Pe) + JE(p-P) = -12.4 + Y220 = 97.6 k/mole

The three translational degrees of freedoms of
the molecule In the gas phase are lost on adsorp-
tion. This loss of translations will be compen-
sated for by a galn of three vibratlons, which we
shall call the external vibrations since the
center of mass of the adspecies will shift during
vibratlon. The real center of mass, l.e. adspe-
cles plus substrate does not shift. The galn of
external vibrations wlll be observed as one
stretching vibration along the adsorption bond
and a two-fold degenerate bending vibration of
the complete adspecies. The number of rotations
will also be affected on adsorption as already
discussed in Sectlon 3.2. The loss of degrees of
rotational freedom is compensated for by a galn
of the same number of vibratlons. The vibratiens
resulting from the loss of rotation are observed
as rocking and twisting vibrations of the adspe~
cles and occur without shift of the center of
mass, and hence are called internal vibrations

The vibration frequencles of the gaseous specles
are assumed not to change on adsorptlon, and are,
therefore, also called internal vibrations since
these vibrations do not shift the center of mass

of the adspecles. Hence, in most cases the fre-
quencies of the internal vibratlons are taken
from the known gaseous specles., In a few cases,

however, the vibratlon frequencles are taken from
equivalent species.

The maln objJective here is to determine the indi-
vidual frequencies of the adspecles. In order to
determine those individual vibration frequencies
which could not be taken from the corresponding
gaseous specles or from equlvalent specles, the
approximation of Eqs. (14) and (i5) will be wused
by first deriving the constant Ky from known re-
ported data. The value Kj ls determined by using

several different reported equivalent vlbration
frequencles and by taking a mean value. The re-
sults of the K) values and the data of the fre-

quenclies to be calculated are summarized In the

Tables 4 to 11. A # represents a fit parameter

reported for Eqgs.(17) and (29). The columns

numbered by 1 to 7, of Tables 4 to 11 are com-

plled as follows,

1. The bond involved in the vibratlon.

2. The bond energy E(x-v} [kJ/mole] involved in
the vibratlon (see Table 1). The bond energles
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being unknown at thls stage are calculated
assuming the following dissoclatlon reactlon:

AX-YC — AX + YC (16)
with X and Y being elther B or P and A and C
being any ligand. Note that the case of no
ligands is also included in Eq. (16).

3. The bond length rx-v) (A} between the atoms
involved in the vibratlon. ri,s and ri,p
represent the bond length of the adspecles 1
and the surface site b- or p-, respectively.

4, The reduced mass g [amu] involved in the

\vibration. Mi,B and Mi,p represent the reduced
masg of the adspecies on ekther b- or
p- sites, respectively, "

5. The vibration frequency vix-v) [cm '] 1s taken
from the literature or calculated. The
vibration frequencles printed between braces
are calculated as needed using the Labulated
values,

6. The constants Kj defined by Eq. (14) and calcu-
lated from known parameters are taken from the
literature as mentioned in the last column.

7. The references (Ref.) per Individual bond are
gilven in the order: bond, E(x-¥), rix-v),

vix-v}, respectively.
At first the external vlbratlons, 1i.e. the

stretching (Tables 4-8) and the two~fold degene-
rate bending vibrations (Table 9) are evaluated
for each individual adspecles and for both ad-
sorption sites, L.e. b or p.

After discussing the external vibrations the
internal vibrations will be described for the
individual adspecles, separately.

External vibratlions

Table 4, External stretching vibratlon frequencles vi of one-,
two, and three-coordinate boron adspecies on boron.

bond Etp-p) rie-p) pe8-p)  p(a-pr Ky Ref.

Table 7. External stretching vibratlon frequencles v of boron
adspacles on phosphorus, phosphorus adspecles on boron, and
four-coordinate phosphorus adspecles on phosphorus.

bond B exen Vpen Moxen ' gy Ref,
H:lB'PH:l: 89.0 1.937 9.929 564 257.9 24; #
HaB-PHa v 1.937 9. 417 577  256.9 24: #;
DaB-PHa " 1,927 11.27t 515 251.1 26; W
HaB-PDa " 1,937  10.071 549  253.0 261 #
DaB~PDa . 1.937 11,585 510 252.1 26; #
HaB-PHa . 1,937 9.833 551 250.9 26;
Hap~ Pllee .y 1,93 10, 741 557 2684.1 27, M
D3B-PltaHe " 1.93 12,48 §09 256.9 21; #;
HaB~ Flmaz“ " 1,93 11,313 561 273.0 27; W
DaB-| PHHez 5yt 1.93 13,258 506 266.6 27; #;
Wk~ PHAEL ) e 1,93 131 856 270.6 27, #;
Dap-PH2EL ) 1.9 13.258 507 267.1 27 M
Hall-'l’mil:zs . 1.93 11.99 57  299.1 27;
D:B-Pmﬁta o 1,93 14.203 §06  275.9 27 &
h-P“ o Les My, e vt 263 -
P8 vy 193 Hi,n vt 263 R ]
p'P_” o 2,22 Hi,p ve 263 - W
b-P_” 47.0 1.90 Mi, e vt 263 ~ W
p-B 47,0 1.90 Hi, e ve 263 -

Vx-¥ repregsents elther B-P w‘ P~P bond,
‘values glven for isotope B

values glven for isotope B

g lle represents the ligand mnthyl (~CHa).
Stey represents the ligand ethyl (-CHaCHa),
bond represents four-coordinate adspecles.

”bond represents one-, two-, and three-coordinate adspecies.

Table 8. External stretching vibratlon frequencies vu of H and
Br adspecies on boron and phosphorus

bond E(x-v) TIX-¥)  piX-¥) wix-vr Ky Ref,

B- 95,30} 1233 0.922 208 1082 R B & 8
b-H a0z.4* 123 1008 (2155}, 108.2 31 11 28 -
b-Br - - 200

PH 263, all 147 o980 290 5'146.1 4 - 28; 28
-0 263.4 o 1.47 1.008 {2272)% 1461 -1 -y 28 -
B-Br  265.6%) 223 20,08 00 1858 B & B 8
p-Br 213,67’ 220" 79.909 (195) 185.8 ~-: 12; B -

'Eip-mn 15 caleulated from BIl — B + H,

E-w 5 calculated from BH4_— B + 4N,

v(b~llrl {6 taken to be 200 cn”' as is approximated from vip-gr).
VEtp-m) 15 calculated from PHE — P + 4H.

This value agrees well the P-H stretching vibration frequency
observed with HREEL in InP, i.e. 280 meV (%2258 em '), [29].
Ewr-Br) is calculated from PBr — P + Br,

Etp-dr) is calculated from PBra —3 P + 4Br.

51

k2l

H2B-Bli2 255.2 1,669 6.41 872 163.1 15; 16; 15; 15 ®)rte-pr) 15 taken from PBrz or PBra, i.e, 2.20 A,
B2 290,3 1.589 5.4 1062 162.8 8 8; B, 8
b-B 225.0 1,70 Mi, 2 vt 163 -t h o= -
Table 9. Two-fold degenmsrate external bending vibration
frequencies Bt of adspecles on boron and phosphorus.
Table 5. External stretching vibration fraquencies vt of one-~, band E(X~Y1 rix-v) M iexen f 2
two, and three-coordinate phospharus adspecles on us, ° o v K fef.
) 0
Si- 321.9 1,481 1.008 637 37.32 8 8; 8 20
bond Etper) Tir=p)  HCP-P)  wir-P) Ky Ref, b-—BS: 225.0 r,B e I: a7.32 #; [
o-P 204.7 re Hi,r t 37.32 - & -
P2 489.1  1.894 1549 780 186.0 & B; 8 8 p-8%) 2007 T i gm 37.32 - #
HP-PH - 363.2 2.004 15,99 69%  207.8 17; 17; 18; 18 pvPS) 224.5 rip Mi,p fu 37,32 -~ & i
HaP-P2H 196, 0 2,218 16.50 437 198.9 19; 19; 20; 21 h-H:; 84.73 riB Mi,n B 37.32 - & -
p-P 220.0 2.22 Hi,p vt 198 - oM - b-P 88, 96 PP Mi,r Bt 37,32 - 4 G -
p-Di)  B8,96 ri,p  Mys  pm 3732 < K -
p-P 88.9 rE Hi,p A 37,32 -~ W -
Table 6. External stretching vibratlon frequencles vi of ::gr igg ;” igg 7};23: (.{'22; g;gg 23. §' 325 C
four-coordinate boran adspecties on boran, p-H 269, Z”)” 1,47 1,008 {S87) 27.32 - E; 0; -
A S Yy p-Br  213.6 2,20 79.909 {39} 97.32 & B & -
T
B-Ee V' ga.7 1702 57.9 06 T r Is taken to be the dlstance between the surface and the center
ap-pa 2! 84.7 1. 80 50, 43 iuaé :322 g:zl’ {g‘ :i' §§ of mass of the adspecies. (see Table Al and A2 for geometrical
B 84.7 1.80 S - | gl
! Hi, e vt 1050 P19 ' B means data are taken from Table B
e represents the 1igands -Cle. PHa, bond energy s taken from the reactlon SiHi — 51 + 4H.
2ty re;resents the H:ands ~Ha. PF2. ‘the Si-H bending vibration frequency agrees quite well vn.h the
observed Si~H wagging vibration frequency, i.e, 650 em ',
”ln hydrogenated amorphous silicon [J1].
Internal vibrations, ¢yone, two or three-coordinate boron adspecles.
”four-ccnrdlnate adspecies.
- y5ee for Table B.
Two-atomic adspecles. E{b cpr 1s taken So ?u 178(Ew-88] + Er-dt]).
The stretching vibration frequencies B-H, B-Br, see notes respectively, given at Table 8.

P-H, and P-Br in the adspecles BH, BBr, PH, and
PBr are taken from the corresponding gaseous
specles [B].

The deformation vibratlon frequencles of BH and
PH adspecies are calculated using Eqs.(14) and
{15) with parameters given in Table 10 and

assuming the boron and phosphorus atoms to be at
rest, Hence, the vibrations are characterlzed by
hydrogen bound to elther boron or phosphorus
atoms, The bond energies are taken from BHz and
PHa, respectively.
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Table 10. Internal rocklng vibratlon frequencles pr for BH and
PH adspacies.

(¥l [ [H]

r(xw)”u(x-v; vix-v) K) ﬂe(,z’

bond Etx-v)

b-H 302. 4:” 1.23 1,008 742 o 37.32 M bl 28
-B-t 1397.6 1.20 1,008 (874)" 037.32 8 8; B
p=H 269 25, 1.47 1,008 587 37.32  9; 9 28
-P-H 322.0 1.19 1,008

101l

(7921 97,32 8 8 8

;;X-V represents elther B-K or P-H bond,

12 maans the value is taken from Table 9.

E(x~v) 18 calculated from the reaction BHa — 8 + 2H.

pr is two-fold degenerate since the adspecies {s adsorbed
linearly.

Etx~y) 18 calculated from the reaction PHa —s P + 2H.

pr ls not degenerate since the adspecles ls not adsorbed
linearly.

Note that the degeneratlon disappears to form a rotatlon.

6)

For the bending vibrations of BBr and PBr adspe-
cles we assume the heavy bromine atoms to be at
rest, Hence, the reduced mass equals the mass of
boron or phosphorus. The vibration {requencies
are calculated from the deformation wvibration
frequencies of the gaseous specles BBrz and PBraz,
respectively, by assuming complex bond energies
and bond lengths as shown in Table 11. The bond
energles and bond lengths are approximated by the
average of the bond energies as well as the bond
lengths involved in the deformation vibration as
shown in Table 11.

Table 11, fnternal rocking vibrations pr of BBr and PBr adspecles.

bond Ex-v ! r(x-n“u(x-n viz-vy K) Ref .

BBra 3888 1:83 10‘811:' 150 34.35 §; § g 8
PBBr 3995 .83 1.8 (137) 35,95~ woao-
b-B-Br 2493 1:9% 10.8117" (142) 34.35 ~; pou o
PBra  geg.g .33 00.9M'' 114 0.5 @ g oy 8
p-P-Br 3458 .38 0.9 (108} 60.56 ~ g 8 -
b-P-Br  3¢5.4 .33  20.974"" (120 60.56 - @ m -

YEw-v) Ls calculated as an average of the bond energles of
elther b~#, b-P, p-B, or p~P (upper value) with elther B-Br or
P-Br (lovwer value).
rix-y) 18 calculated as an average of the bond lengths of
either b-B, b-P, p-B, or p~P (upper value) with elther B-Br or
P-Br {lower valus).
the reduced mass L9 assumed to be the atomic mass of the boron
’atam due to the high atomlc mass of bromine.
the reduced mass ls assumed to be the atomic mass of the
phosphorus atom due to the high atomic mass of bromine.

Three-atomlc adspecles.

The vibration frequencies of BHz adspecies, l.e
8se, wr, pr, Lu, Vas are taken from diborane(4)
[15]. The vibratlon frequencies for the PHz ad-
species are taken from diphosphine with the same
assignments as given for the BHz adspecles. The
evaluation of the vibration frequencles of the
BBrz adspecies are made in a similar way using
B2Brs [32). The observed vibration frequencies
taken from B2Br4 equal almost the corresponding
vibratlon frequencies of BBra. The corresponding
phosphorus specles, i.e. P2Br4, is only mentioned
in the literature [33), but no vibrational data
are avallable, Hence, we will take for PBrz ad-
species the vibratlon frequencies of PBr3, The
possible vibrations derived from PBra are vs,
vas, wr, and Sac, while, pr is not obtalned. For
P2Cl4 3sc and p are almost equal {34), and,
therefore, this will be assumed also to be the
case for PBr2 adspecles. The vibratlion frequen-
cles of BHBr adspecies are for the same reason
taken equal to those in BHBra.

Four-atomic adspecies.

The stretching and deformation vibration fre-
quencles of BH3 adspecles are taken from
(phenyl}aP-BHa {35] since this ig the heaviest

adduct of BHz without halogens reported in the
literature, Halogens are known to affect the bond
energles and hence the vibration frequencles due
to electron shifts., However, the observed vibra-
tion frequencles do not depend strongly on the
nature of the adduct, and these will be assumed
not to depend on the nature of the surface site
as adspeclies,

The two-fold degenerate rocking vibration fre-
quency, however, depends strongly on the nature
of the adduct. The dependency itself 1s not
easily understood from Egs.(14) and (15). Hence,
to observe the rocking vlbration frequency of BH3
adspecles the rocking vibration frequencies of
different adducts are plotted versus their
reduced mass over thelr respective B-P bond and
fitted to a polynomal functlon {see Fig.3). The
calculated vibration frequency is 748 em .
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Fig. 3. Rocking vibration pr as a function of the

reduced mass p for several HaB:PYa speclies
to obtain the rocking vibration pr for BHa
adspecles. The adduct PYa represents several
adducts observed in the literature. A polynomal
fit along with a reduced mass which equals the
mass of BHa ylelds pr=748 cm '

The individual vibration frequencies of the ad-
specles BHBrz are unknown since no values have
been reported in the 1iterature. Although this
adspecies 1s tetrahedral many vibration frequen-
cles have been taken from the planar BHBrz gas-
eous speclies, The assignments of the vibrations
however, are taken from PBrz adspecies along with
a two-fold bending vibratlon and one stretching
vibration due to the extra hydrogen atom. This
approximation seems to be plauslble as the ad-
adspecles of PBraz is pyramlidal, in contrast to
the adspecies of BBr2 which ls planar. The hydro-
gen atom is assumed to vibrate relative to the
boron atom since the boron atom to which it 1is
bound, is stationary. In line with Gthis assump-
ption the stretching and bendlng‘ vibration fre-
quencies, 1.e. 2155 and 743 cm ', respectlvely,
can be taken from b-H since the boron atom \is
algo tetrahedrally bound. The wagging vibration
frequecy wr 1s taken from the BBr2 adspecles. The
rocking vibration frequency wr 1s determined in a
similar way as is the rocking vibration frequency
of the PBrz adspecles, i.e. from the scissoring
vibration frequency of PBra adspecles.

The individual vibration frequencles of BHaBr ad-
species are also unknown. Here too, many vibra-
tion frequenclies are taken from the corresponding
gaseous species {4]. An extra problem ls the
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heavy bromine atom, since the approximation of
the boron atom being at rest will not hold any-
more. Hence, the B-Br stretching vibratlon fre-
quency ls taken from the BBr adspecles. However,
the bending vibratlon frequency, i.e. 54 cm™ s
taken from b-Br. The scissoring vibration fre~
quency is taken from B2Ha. The wagging vibration
frequency wr 1s taken from gaseous BHeBr [4], The
rocking vibratlon frequency pr 1s assumed to be
equal to the scissoring vibration frequency as is
also assumed for BHBrz adspecles, The BBra stret-
ching vibratlon frequencles are almost Indepen-
dent on the nature of the adduct. Thls ig assumed
to hold also for adspecies. However, the vibra-
tlon frequencles are chosen from an adduct wlth
high molecular mass, 1.e,"Dabco" [36] (see Flg.
4), The deformation vibration frequencles are
also not affected by the adduct, though agaln we
take the deformation wvibratlon frequencies of
BBr3 adspecles with the heaviest adduect found in
the literature. Note that the deformation vibra-
tlons for the “Dabco" adduct are not abserved. In
contrast to the BHa rocking vibration frequency
the BBra rocking vibration frequency depends
linearly on the square root of the reduced mass
of the adduct over the B~P bond (see Fig.5). The
observed rockln_givlbratlon frequency ls calcula-
ted to be 63 cm .

Fig.4. The adduct Dabéo (1,4~diazabicyclol2.2.2)-

octane) [36) for oblaining the vibratlons
of BBra adspecies. Closed clirkels represent
carbon atoms.

None of the PHa vibration frequencies depends on
the nature of the adduct. We take the reported
vibratlon frequencies of the heaviest adduct,
1.e. IaBPH3 [37].

The Ni(PBr3)a vibration frequencles [38] are used
for PBra.

The vibration frequencies of P4 adspecles are as-
sumed to be equal to those of gaseous P4 specles
[8], whereas the two~fold degenerated rocki_rlxg
vibration frequency is estimated to be 460 cm .
This value is derived from the most degenerate
vibration observed in the gaseous P4 specles.

Entropy due to electronic levels. As ls mentioned
in sectlon 3.2, the electronic contribution to
the entropy of the adspecles is estimated by
taking the electronic levels €t and thelir degene-
racles g1 of a molecule, which ls the correspon-
ding gasecus specles wlth one hydrogen or bromine
atom. attached. The observed levels are assumed
not to depend strongly on the nature of the sur-
face site. The entraopy contribution of electronic
levels with energles above 10 cm” is very small,
and hence these levels are assumed not to contri-
bute to the entropy. In Table 12 the resulis are
listed. The adspecies H, Br, BHz, BBrz, BHa,
BHzBr, BHBrz, BBr3, PHz, PBrz, PHs, PBra, and Pa
are assumed to have no electronic levels contri-
butlng to the entropy due to full coordinatlion.
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Fig.S. Rocking vibration p as a function of the
reciprocal square root of the reduced mass
p for several BraB:PYs specles to obtain the ro-
cking vibration pr for BBra adspecies., The adduct
PYa represents several adducts observed In the
literature. A linear least squares [it according
to Eq, (A19) and (A20) aleng with a reduced mass
which equals the mass of BBra yields pr=63 em” .

Results of the entropy due to rotation, vibration
and the electronic levels,

In Tables 13 and 14 the results are listed for
the Individual contributions to the entropy of
rotation and vibration, electronic, and the
surface slte b- or p-. The last column shows the
summation of the individual contibutlons.

4.3. DETERMINATION OF THE SPECIFIC HEAT OF THE
ADSPECIES

In this Section the fit parameters are listed
for the cp polynomal function of Eq.(12), The
resultg are shown in Tables 15 and 16 for b- and
p- sltes, respectively.

Table 12. Electronic levals in cm”' of adspecies and
their degenegacy derived from certaln gas species.
€120 corresponds Lo the ground state,

adspecles c1, g ca, g2 From: ;|Ref.}
-B 0, 1 - BR 18]
~BY 0, 2 - i {8)
-BBr 0, 2 - BBra: 18)
~-p 0,2 7650, 2 3 I [8)
-PR 0, 2 - PH2 8}
-PBr 0, 2 - PHra; 14}

5, RESULTS AND DISCUSSION

As has already been mentloned in the introduc~
tion it is our aim to understand the difference
between the thermodynamic CVD diagram and the
experimental CVD diagram {see Fig.6) for tempera-
tures beyond 1200 K. In Ref. (3] a contribution to
this difference due to depletion of reactant
gases as a result of a side reaction of PBra with
Ha forming Pz and P4, which are the thermodynami~
cally stable gaseous specles as was calculated in
Ref. [4].

Langmuir-Hinshelwood kinetlcs were used to des-
cribe the reactlion mechanism (2~4). With the cal-
culated fit results, 1t 1s possible to calculate
the surface concentration of the boron contalning
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Table 13, Standard entropy $" for the individual adspecies on
boron b- sltes.

Table 14. Standard entropy §° for the Individual adspecies on
phosphorus p- sites.

adspecles s% + 8 58 s’ s® adspecles s% + 57 [ sp'! s°
J/mole X J/moje K J/mole K J/mole K J/mole K J/mole K J/mole K Mmole K
b1l 2.166 0.0 5.834 8.00 p-i 3.980 0.0 23,197 27,15
b-Br 47.964 0.0 5.834 53. 80 p-Br 52.516 0.0 23,197 75.71
] 25.075 0.0 5.834 30. 91 p-B 26. 485 0.0 23,197 49,68
b-BH 27.744 5.76 5.834 39.34 p-BH 29. 144 5.76 23,197 58.10
b-BAr 112.380 5.76 5.834 123.97 p-BBr 118.414 5.76 23,197 147.37
b-BH2 48,217 0.0 5.834 54.05 p-BH2 49,423 0.0 23,197 72.62
b-BBra 148.623 0.0 5,834 154. 46 p-BBra 148. 095 0.0 23,197 171,29
b-BHBr 113,855 0.0 5.834 119,69 p-BHBr 112,592 0.0 23.197 135.79
b-BHa 52.884 0.0 5.834 58,72 p-BHa 57,360 0.0 23.197 80.56
b-BHezBr 137.954 0.0 5.834 143.79 p-8Ha2Br 147.904 0.0 23,197 171.10
b-BHBrz 140.184 0.0 5.834 146.02 p-BHgra 151. 007 ag.0 23.197 174.20
b-BBra 181,213 0.0 5.834 187.05 p-BBra 193. 008 0.0 23,197 216.21
h-P 37.193 9.13 5.834 52.16 p-f 41.270 9. 13 23.197 73,60
b-PH 61.289 5.76 5.834 72.88 p~PH 65.429 5.76 23,197 94,39
b-PBr 119,074 5.76 5.834 130.67 p-PBr 122,533 5.76 23.197 151. 49
b-PHz 65.647 0.0 5.834 71.48 p-PH2 69,841 0.0 22,197 93.04
b-PBrz 156,257 0.0 5.834 162,09 p-PBra 160,239 0.0 23,197 182, 44
b-PH3 71.367 0.0 5.834 77.20 p~PHa 74,787 0.0 23.197 97.98
b-PBra 178.216 0.0 5,834 184,05 p-PBr3 182,882 0.0 23,197 206,08
b-P4 125.209 0.0 5,834 131.04 p-P4 128.879 0.0 23,197 152.08
b~ 0.0 5.76 5.874 11.59 P~ 0.0 5.76 23.197 28.96

)Sg represents the entropy of the surface slte b-, which
corresponds Lo solid boron.

Tahle 15. Fit parameters for the cp polynomal function of
Eq. (11) for boron b- sites.

”S: represents the entropy of the surface site p-, which
corr is to solid us.

Table 16. Fit parameters for the e¢p polynomal functlon of
Eq. (11) for phosphorus p- sites.

adspecies A B C 1] £ adspecies A B c D E

07?2 10° 1078 10° i 1072 10° 107° 10°
b-H 106.01  ~1.675 6,797 3.97 0.0 -1.577 p-lt 36.9 2.346  -0.67 -2.66 0.0 -0.215
b-Br 98.268 -2.094 4.1015 5.733 0.0 -1.0637 p-Br 42. 821 1.3917 -0.5379 0. 091 0.0 ~0. 0327
b-B 112.03  -2,751  4.80 7.47 0.0 ~1.351 p-B 62.81 0.489  2.072 2.94 0.0 ~0.462
b-BH 145.6 -2.794  8.08 580 0.0 -1.93 P8Il 97.14 0.843  5.32 0.64 0.0 ~1.05
b-BOr 136.0 -2.384 5,12 7.79 0.0 ~-1.423 p-BBr 81.5 0.496  0.34 2.29 0.0 -0.391
b=BH2 133. 4 0.142  6.63 -1.0 0.0 -1.666 p-Biia 85.4 2.326  3.18 -6.02 0.0 -0.792
b-BBr2 164. 4 ~3.108  4.48 8.20 0.0 ~-1.497 p-BBrz 110.7 0.326  0.14 2.63 0.0 -0.492
b-BHBr  161.3 -2.42 5.78 6.50 0.0 -1.77 p~BHBr 107, 0 1.0 0.98 1.03 0.0 -0.745
b=BH3 136.7 318 1162 ~10.4 0.0 -2,004 p-Bita 115.5 4.14 7.85 -9.06 0.0 -1.353
b-BH2Br  190.7 -1.07  12.68 1.25 0.0 -2.458 p-BHzBr  115,9 3.4 5.63 -6.54 0.0 ~0.98
b-BHBr2  220.6 -3.87 7.93 9.34 0.0 -2,507 p-DHBr2  152.8 0.25 2.70 2,14 0.0 ~-1.201
b-BBr3 211.4 ~4.24 5.01 11,04 0.0 -1.955 p-BBra 148.0 -0.34 0. 50 4.33 0.0 -0.742
b-P 106.77  -2.54 4.24 6.86 0.0 ~-1.238 p-P 45.01 1.274  -0.789 0.395 0.0 -0.0566
b-PH 1.2 -1.1 3.55 1.06 0.0 -1.227 p-PH 46.63 2.917  -1.914 -4.07 0.0 -0.0
b-PBr 124.85  -2.380  3.239 6.49 0.0 ~1.1746 p-PBr 61.9 1.591  -1.906 -0.66 0.0 -0.0
b-PH2 144.1 -0.418  7.53 0,22 0.0 -1.8% p-pli2 82.7 3,38 2.48 -6.2 0.0 -~0.661
b-PBrz 153, -2.584 2.29 6€.99 0.0 1,247 p-PBrz 97.11 0.931  -2.14 1.27 0.0 -0.186
b-PHa 150.0 1.4) 7.72 -4.82 0.0 -1.874 p=Pita 96. 11 an 3.49 -9.80 0.0 -D.BSA
b-PBra 185, 9 -3.00 0.9 8,07 0.0 ~-1,406 p-PBra 130.2 0.49 -3.70 2,38 0.0 -0.351
b-P4 224.6 -5.02 1,63 13.2 0.0 -2.199 p-P4 168.8 -1.52 -2.95 7.5 0.0 -1.142
b 72.9 -2.07 4.64 5.67 0.0 ~-1.055 p- 17.285 1.4267 0.0 0.0 0.0 -0.0

0 02 04 06 08 1

Flg.6. Thermodynamic [4) (—) and experimental

[2-4] cvD (—) diagram. Bold symbols refer
to the experimental CVD diagram, whereas small
symbols refer to the thermodynamic CVD diagram, *
represents no solid phase formation, and x in BxP
is ranging from 3 to 12. a represents the regime
of smooth BP films, whereas b represents the
regime of grain-like BP fllms.

adspecles as well as the concentration of  the
phosphorus containing adspecies., The adsorptlon
constants of BBr, PBra, and Pz which are Ka, Kp,
and Kr2, respectively, are taken from Ref. [3].

The surface concentrations, calculated using
Egs. (17) to (20) [39] and usling the fit results
taken from Ref. [3], are shown In Figures 7 and 8.

T<1200 K (17)
T<1200 K (18)
T>1200 K (19)
T>1200 K (20)

an =Knxps/ (1 +Kexpa+Kpxpr)
or =Kexpp/ (1+KBxpa+Kpxpp)
o =Kexpn/ (1+KBxpb+(Kpaxpe) v
arz=(Kpaxpr) " “/ (1+KBxpp+(Kpaxpp) ")

a4

12
)

From these figures it is obvious that the calcu-
lated surface concentration of phosphorus 1s
larger than that of boron. llence, from these
surface concentrations Lt is difficult to under-
gtand why a transition of BP to BxP occurs, as
was already mentloned in the Introduction.

in order to understand the transition of BP to
BxP formation thermodynamic caleculations are
carried out to estimate surface concentrations
according to Eqs.(1) and (2). The observed
thermodynamic constants are used to calculate
thermodynamic equilibrium concentratlons with the
program SOLGASMIX (1] adapted for PC. In split-
ting the surface Into b~ and p- sites, Lt should
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Fig.7. Surface concentralion as a funclion of temperature (a) and PBra Input partial! pressure (b)

calculated with Eqs. (19) and (20), and parameters taken from Ref.[3]. B, P, and * represent
the boron adspecles concentratlion, the phosphorus adspecles concenlraltlon, and the lree surface slle
concenltration, respectively, In Flig.7a the arrows show lhe directlon of Increasing PBra input partial
pressure, i.e. 10, 50, 100, and 500 Pa, respectively. In Flg.7b the arrows show the dlrection of
Increasing temperature, [.e. 1000, 1100, and 1200 K, respectlively.
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“1g. 8. Surface concentralfon as a function of temperature (a) and PBra Input partial pressure (b)

calculated with Eqs, (19) and (20), and paramelers laken from Ref.[3). B, P, and °* represent
the boron adspecles concentration, the phosphorus adspecles concentration, and the free surface site
concenlration, respectively, In Flg 8a the arrows show the directlion of Increasing PBra Inpul partlal
pressure, i.e. 10, 50, 100, and 500 Pa, respectively. In Flg.Bb the arrows show the directlion of
increasing temperature, {.e. 1000, 1100, and 1200 K, respectively.

first be shown which are the consequences of ad-
gpecies on either b- or p- sites, BP will be
formed if boron adspecies are present on p- sites
as well as phosphorus adspecles on b- sites. If
b- as well as p- sltes are occupled by phosphorus
adspecies, there will be no solld phase forma-
tion, 1.e. solid phosphorus, since the tempe-
rature under study is higher than the bolling
point of solld phosphorus. If b- as well as p-
sites are occupied by boron adspecles, however,
solid boron is assumed to be formed. Boron ad-
species on p- sites and phosphorus adspecles on
b- sites are necessary for BP formation. Since we
are dealing with equilibrium surface concentra-
tions, either b- or p~ sites are partially occu~
pled by either baron or phosphorus adspecies. To
observe a transition from BP to BxP formatlion, we
have to take only the b~ slites and thelr adspe-

cles into account, since on p- sites BP is the
only possible solid which can be formed. Before
describing the most relevant results for the b~
sites, some general aspects of the less important
p- sites will be discussed. At room temperature
the low-lying vibratlion frequency levels of the
adspecles contribute substantlially to the total
entropy of the adspecles, contrary to the high~
lying levels, which do not contribute much to
this entropy at room temperature. However, at
elevated temperatures this latter contribution
strongly lncreases., Moreover, the value of the
heat capaclity of the adspecies is dependent also
on these vibratien frequencles, and as a conse-
quence also on temperature, Therefore, {t |is
necessary to evaluate first the number of possi-
ble vibrations. However, no strong dependence of
the calculated surface concentration due to small
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pressure at three different temperatures, l.e. 1000 K (a), 1100 K (b), and 1200 K {e),

respectlvely. The Index { of 0 at the ordinate represents Lhe adspecies Indicaled in the Figure,

The surface concentrallions are calculated using the adsorption model desecribed In the lexl and

assuming lthermodynamic equilibrium.
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Fig. 10, Calculated surface concentration 0y on phospliorus p~ sltes as a function of PBra Input
partial pressure at three differenl temperatures, 1.e, 1000 K (a), 1100 K (b}, and

1200 K (c¢), respectively, The Index | of 6 al lhe ordlnate represents the adspecles Indicated In

the figure. The surface concentrations are calculate using the adsorption model described In the

text and assuming thermodynamic equlllbrium,

introduced variations of these vibratlon fréequen-
cles was observed, while minor dependencies were
observed upon ignoring several vibration frequen~
cy levels., The strongest Impact on the surface
concentrations was observed by varying the bond
energles of the adspecies with the surface sites.
However, the main features which will be dis-
cussed next remain the same.

The most striking result of the thermodynamic
equilibrium calculation 1s the high surface con-
centration of both BH2 and PHz, i.e. @(BHz) and
6(PH2), respectively, on either b- or p- sites.
In the following discussion of the surface con-
centration these two adspecies will play the most
important role. The calculated surface concentra-
tions of the other adspecies are low. The surface
concentration of chemically bonded adspecles with
bond energles in excess of 200 kJ/mole, however,
are generally higher than those having bond ener-
gles lower than 100 kJ/mole (Figs,9-12). Only PH3
adspecles with a bond energy of 89 kJ/mole show a
conslderable surface concentration (Figs.9-12).

The decrease of 6(PHz) with increasing temperatu-
re (Figs.11 and 12) is expected for chemlisorption
A consequence of thls strong decrease of 6{(PHz2)
with temperature may be the increase 1in surface
concentrations of many other adspecies., However
at certain temperatures the surface concentra~
tions of these adspecies will also decrease as
discussed for ©(PH2). Another consequence of
decreasing surface concentrations of the adspe-
cles 18 the increase of free surface sltes. The
surface concentrations of the other adspecles
could be Important because they may be involved
in the reaction controlling step. Consequently,
as many as possible adspecies In this model
should be considered and may be used to explain
certain phenomena reported in the literature
Still bearing in mind that not only BHz and FHz2
can determine the BP and BxP formation we prefer
to discuss the formatlion mechanism of BP and BxP
based on these two adspecles.

The results of the thermodynamical equilibrium
calculatlons for the adspecies on p- sltes are
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Flig.12. Calculated surface concenlration 6y on phosphorus p- sites as a,function of temperature at
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respectively. The Index 1 of 8 at the ordinate represents the adspecles Indicaled In lhe flgure.

The surface concentratlons are calculated uslng the adsorption model described In the tlex! and

assuming thermodynamic equlillibrium.

shown in Figs.10 and 12. As already mentloned,
the most striking result 1s the very high cove-
rage of the p- sites with Pilz, Upon Iincreasing
PBra partial pressures the surface concentrations
of the adspecles P, PH, PHz, and PH3 Increase
very slowly., However, the surface concentrations

of bromine contalning phosphorus adspecles

crease exponentially with increasing PBra 1input
partial pressure. Consequently, the concentra-
tions of the sites occupled with boron containing

adspecles as well as the free surface sltes

crease. On golng to higher temperature 6(PHz)
Wwill decrease and simultaneously the free surface
site concentration 8(p-) increase as expected.
The decrease of 8{PHz) with lIncreasing tempera-

ture i{s faster than that of ©(BHa), Only at

PBra ilnput partial pressures and high tempera-
tures the strong decrease of 6(PHa) compared to

8(BH2) resuits in @(PH2) < o6(BH2) (see Fig.%a).

In order to discriminate between BP and BxP for-
mation according to the calculated surface con-
centrations, we have to deflne a certain ratio of
the surface concentrations of the main boron and
maln phosphorus containing adspecies on the b-
sites, i.e. Ob{BH2) and 6v{PH2), respectively
The ratlo y=6v(PHz2)/6u(BH2) will determine
whether there is BP or BxP formation. In a flirst
approximatlion we shall take the ratio y beling
unity, assuming at y<i BxP formation and at y>1
BP formation. However, we must keep in mind that
the transition from BP to BxP could be establi-
shed already at even higher y ratlos. This seems
even more plausible since boron adspecies on b~
sltes cause boron formation and hence, in order
to prevent solid boron formation the b- sites
should be occupied completely by phosphorus con-
taining adspecles or remaln empty. Hence, already
small amounts of boron contalning adspecles on
the b- sites and phosphorus containing adspecles
on b- sites could cause BxP formation.
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these adspecles decrease exponentially with
increasing temperature.

-The concentrations of the free surface sites b-
and p- increase with lncreaslng temperature over
the entire temperature range involved.

~The transltion from cublc BP to amorphous BxP
(3¢<x<12) formation in the experimental CVD
diagram agrees with a calculated surface
concentration ratio of PHz and BHa of 10,

APPENDIX 1. DETERMINATION OF THE ENTHALPY
OF FORMATION FOR ADSPECIES

In thls Appendix the enthalples of formatlon of
the individual adspecies AfH°(s-I), with s— belng
either b- or p-, and species I, will be discus-
sed. The enthalpy values for the atomic species
are calculated relative to the reference state
and taken from JANAF [8].

In Table 1 the bond energles involved in the heat
of adsorption are presented, The bond energles
for the hydrogen and bromine on both different
surface sites are not directly taken from the
bond energies observed in the gaseous specles BH,
BBr, PH, and PBr since the bond energy ls affec-
ted by the coordination number of the central
atom, i.,e. B or P. The enthalpy of formation of
gaseous B, BH3, BBrs, Br, H, P, PH3, and PBra are
taken from JANAF [8]). The enthalpy of formatlon
of Bll4a and PBr4 are taken from Symons et al, (11},
and Dittmer and Nlemann [12£ respectively.

The average bond energy Et( -?1) of B-H 1ls deter-
mined by:

BH3 —— B + 3H (A1)

Ed3h= Y% (AcH® (B)+3AcH® (H)-ArH® (BHa) )
= 369.1 kJ/mole (A2)

The average bond energy g?g)n is used to calcu-
late the bond energy E(m-i) of the fourth B-I
bond in the tetrahedral configuration of 3}!4. In
BH4 we assume three bondg with energy E-f) and
one bond having energy E(B-H):
Eddh = arH° (8)+4AcH° (1) -AcH° (BILe)-3E W3

= 102.3 kJ/mole (A3)
The difference between Edﬂn and E(éf?ﬂ. i.e.
266,8 kJ/mole will be used as a very rough
estimation for the evaluation of the B-Br bond
engrgy E(B-8r) in boron tetrabromide. The energy
E( -Ilr) is calculated using the equatlon:

BBra — B + 3Br (Ad)

Ed®r = Y5(ArH° (B)+3AcH° (Br)-AcH® (BBra)
= 366.6 kJ/mole (AS)
Ed*%r = Ed%n- 266.8 = 99.8 ki/mole (A6)

The P-Br bond energy of the forth Br atom to the
central P atom is calculated from the following
equation:

PBra — PBra + Br (A7)

Ed¥he)y = ArH® (PBra)+AeH® (Br)-ArH® (PBre)
56.3 kJ/mole (AB)

i

The P-Br bond energies in PBr, PBra2, and PBr3 are
the same, irrespective of the coordinatlon of the
central P atom. However, the actual value Is
obtalned from the dissociation of PBra,

PBr3 — P + 3 Br (A9)

Ed®r = Yix(s H® (P)+3ArH° (Br)-ArH® (PBra)
= 266.0 kJ/mole {A10)
between E(lsgér) and

Hrm!ce, the difference
EP-8r) 18 209,7 kJ/mole. This difference in bond
energy will also be used to calculate the P-H
bond energy assuming the unknown specles PHs.

The P~H bond energles in PH3 and PH2z are almost
the same, whereas this energy in PH ls different.
Hence the P-H bond energy Ew3, 1.e. 221.7

kJ/mole 1s obtained from the dissociation
reaction:
PH3 —— P + 3H (A11)
EdM = Mx(AcH® (P)+3ArH" (H)~ArH® (PH3) )
= 321.7 kJ/mole (A12)

The P-H bond energy Ed¥ assuming four H atoms
near the central P atom 1ls estimated by sub-
stracting a same amount cbservega for the d‘!{fe—
rence in P-Br bond energies Ega—lar) and Et -ér),
L.e. 209.7 ki/mole, from E(, .e, 321.7
kJ/mole. Hence the P-H bond energy Edih will
become 112.0 kJ/mole.

The actual value of the enthalpy of formation
AfH® of the adspecies is calculated from the
following equations:

ArH® (b~1) = AfH® (1) + ArH®(b) - Eb-1) (A13)
AtH® (p-1) = AfH® (1) + ArH°(p) - Etp-D) (A14)

In Tables 2 and 3 these values are gathered.

The boron contalning gaseous specles BHia, BHzBr,
BHBr2, and BBr3 are planar. Hence, these gaseous
specles will be deformed upon adsorptlon. The
planar to pyramidal deformation energy Eder is
estimated as follows. The interaction energy Ei
of B-BHa is taken from Forcada et al. [13], l.e.
84.7 kJ/mole. From Dill et al. [16) the enthalpy
of formation of BzHs ArH"{(BzHs) with the ethane
structure, i.e. 580.7 kJ/mole ls calculated. BzHe
with the ethane structure 1s assumeq to disso~
clate into pyramidal BH3, 1l.e. BH3, by bond
breaking with a bond energy equal to the reported
interactlion energy Ex *[13]. The enthalpy of for-
mation of BH3 ArH (BH') is calculated using Eq.
(A15), while Eder is calculated using Eq. (A16).

BzH6(q)—32BHY (g) 2arH° (BHY)=ArH® (BaHs)-E1  (A15)

ArH® (BHY)=580. 7 kJ/mole

BH3(g)—3BH4 (9) Eder=AcH° (BH) ~AcH® (BHa)

=226.0 kJ/mole (Al16)

From Eqgs.(A15) and (A16) and the interaction
energy Ei we calsulated the deformation energy
Eder of BH3—BH3 to be 226.0 kJ/mole. The
deformation energy Eder, whlch is a very rough
estimate, 1s taken to be the same for all the
planer three coordinated boron containing gaseous
specles, irrespective of the nature of the atoms
attached to the central boron atom. The phos-
phorus containing gaseous specles already have a
pyramidal configuration.
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In Figs.9 and 11 the surface concentratlions of
the adspecies on the b~ sltes are shown as a
function of temperature (Flg.11) and as a func-
tion of PBra lnput partial pressure (F1g.9). The
general aspects mentloned above are obvious, i.e.:
-the surface 18 covered almost entirely by adspe-
cles with bond energies higher than 200 kJ/mole.
-the surface concentration of the maln adspecles
decreases with increasing temperature.

-the initlal lncrease of Lhe surface concentra-
tions of most of the other adspecies stops and
decreases on further Increasing temperatures.
~the concentration of the free surface slies
increases with increasing temperature.

The main difference, however, between the surface '

concentrations of the p- and b- sites is the high
surface concentration of BH26bBHa, Upon
increasing PBra partial  pressure  8v(BHz2),
however, willl become smaller than 6wPHa. With
increasing temperature @bv(PHz) decreases and
initlally ©w(BHz) increases, goes through a
maximum, and finally decreases exponentially.

—
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Fig. 13. Experimental CVD disgram. The bold llnes
represent the boundaries of BP to BxP

formation. The thin llnes represent ratlos

y=0b(PH2)/6b{BH2). The ratlos y=0.1, 1, and 10

are drawn in the flgure. Note that for y=10 the

calculated surface concentration ratio y rits

qufte well with the experimentally observed
BP—BxP transition.

In order to discriminate between BP and BxP for-
mation we have defined a ratlio y=8b(PHz2)/8u(BHz)
which was assumed in a flrst approximation to be
unity. The ratlo y is assumed to determine the
transition points of BP to BxP formatlon. If y=1,
and thus 8b(BHz) equals 6n{PH2) the conditlons
are easlly obtained from Figs.9 and 11. In Fig. 13
the curve with y=1 is plotted as a function of
the parameters also used in the CVD dlagrams,
i.e. temperature, and molar reactant fraction g1,
with Bi=p(BBr3)/(p(BBra)+p(PBra)). In the same
diagram (Fig.313) the experimentally observed
solld phases are plotted also. The dependence of
the curve with y=1, which is assumed to determine
the transition from BP to BxP, on temperature as
well as on 81, has also been observed experimen-
tally. However, the curve with y=1 does not agree
exactly with the experimentally observed curve,
Hence, the approximation y=1 needs to be re-
viewed. If curves are plotted for different y
values, {.e. 10 and 0,1, a very good agreement is
observed with the experimentally observed curve

for y=10, Hence, the translition of BP to BxP. s
probably already established at 8(PH2) values 10
times higher than 6(BHz), 1l.e. y=10.

The y=10 value agrees approximately with gi=0,2
In Fig.13. The ratlo x=6p(PH2)/8p(BH2) for p-
sites ig about 100 (Figs,10 and 12). Hence, the
surface of BP determined by b- and p- sltes ls
almost completely covered with PHz adspecles,
though BxP formation will occur.

There was also an excess of a phosphorus con-
taining adspecies observed compared to the boron
containing adspecles on the BP surface from the
fit parameters presented in Ref.{3) where a Lang-
muir-Hinshelwood adsorption model was assumed.
The results were already shown in Figs.7 and B8,
From the fits to the Langmuir-Hinshelwood model,
the ratlo of surface concentrations of the P-con-
taining and B-contalning adspecles is calculated
to be about 100, The ratlos of the calculated
surface concentrations in both models are Iin
agreement. Hence, with the model descrided above
it Is possible to understand the transition of BP
to BxP formation. However, the problem of defi-
ning & correct ratlo y, which determines the
transition point needs further research.

6. CONCLUSIONS

In the present model of Langmuir adsorption
together with calculated thermodynamic constants
t.e. A’ S° and cp for adspecles it 1g
possible to obtaln surface concentrations of
adspecies. In this model adsorption of gaseous
specles on a surface 1s assumed to be caused by a
change In Gibbs free energy. The change In
enthalpy ls characterized by the adsorption bond
energles which were taken from experiment or from
the literature. The entropy as well as the heat
capacity of the adspecles were derived from the
partition functlon, using spectroscopic data, or
data calculated emplrlcally. The conclusions can
be summarized as follows
-The calculated surface concentrations of the
adspecles strongly depend on the assumed
adsorption bond energies. The surface
concentrations of the adspecies bound to the
surface wlth an adsorption bond energy lower than
about 100 kJ/mole are practically zero. However,
only PH3 with an adsorption bond energy of 89
kJ/mole seems to be an exceptlon,
~The mutual ratios of the surface concentrations
of adspecles, having the same adsorption bond
energy, do not vary much with this adsorption
bond energy.
~The calculated surface concentrations strongly
depend upon the specific heat,
~In order to estimate the specific heat, the
number of the vibrations of the adspecies needs
to be determined.

-The boron as well as the phosphorus surface
sltes, b- and p-, respectively, are predominantly
covered with PHz and BH2. However, in most
instances PHz 15 In excess

-Only at low PBra Input partial pressure BHz is
in excess over PHa.

~The surface concentration of predominantly PHa
adspecies on b- as well as on p- sltes decreases
exponentialy with lncreasing temperature

-The surface concentrations of adspecles besldes
predominantly PH2 on b- as well as on p- sites
initially increase with increasing temperature
due to the strong decrease of the PHz surface
concentration. However, upon further increasing
the temperature the surface concentratlons of
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APPENDIX 11. TABLES CONTAIRING GEOMETRICAL DATA OF THE ADSPECIES

Table Al. Geometrical data of the adspecies on b- sites.
Dats were taken from JANAF [B], or from sources as indicated.

adspecles |z ¢ bond distances [AR]; bond angles (deg]
{amuA’)

bt 0 1 - bel=1,20

b-Br o 1 - b-Br=1,887

b-B [ 1 - b-B=l7

b-BH 0 2~ b-Be1,7, B-H=1.2; b-B-H=180°

b-BBr 213 2 1 b-B=1.7, B-Br=1.B87; b-B-Br=120"

b~BHz2 2.04 1 2 b-B=1,7, B-H=l,16; b-B-H=H~B-H=120°

b-BBrz 119 {2 b-B=1.7, B-Brei.87;
b~B-Br=Br-B-Br=120

b-BHBr 211 1 V' b-B=1.7, B-H=1.2, B-Br=).8%;
b-B-N=b-B-Br=Br-B-H=120°

b-BHa 4.18 1 3 b-Be1,8, B-H=).212; b-B-H=104" (40)

b-BHzBr 292 11 beBe1.B, B-He1,212, B-Br=2.02;
b-B-H=104" {40}, b-B-Br=109.5 [41)

b-BHBrz 581 1 ! beB=l.8, B-ii=1.212, B-Bre2.02;
b-B-H=104" [40], b-B-Br=109.5" {41}

b-BBr3 869 1 1 b-B=1.8, B-Bre2 02 [41);
b-B-Br=109,5° [41]

b-P 0 3 - bePel.9

b-PH 2,02 2 1 b-P=1.9, P-l=1,419; b-P-}H=93,7°

b-PBr 367 2 1 b-Pe1.9, P-Br=2.2; b-P-Br=106° (4]

b-PHz 408 1 b-P=1.9, P-}i=1.419; b-P-HeH-P-11=93,7°

b-PBrz 715 1 1 b-P=1.9, P-Br=2,2;
b-P-BreBr-p-Bre=106°

b-PH3 4.7 13 beP=1.93, Poliel.4; b-P-Hi=117°,
H-P-H=101,1° [42)

b-PBr3 1017 1 3 b-P=i.93, P-Bre2.2; b-P-Br=110.5°
Br-P-Br=108° [43]

b-P4 135 13 b-P=1.93, b-P-P=P-P-P=109.5°

Table A2, Geomebrical data of the adspecies on p- sites.
Data were taken from JANAF [B), or from sources as indicated.

adspecles Js . 4 '3 bond distances [A)}; bond angles |deg)
lamuA®)

p-H 4 1 - p-ii=1.47

p-Br (1] 1 - p-Brs=2,2

p-B 0 1 - p-B=1.9

pBH 0 2 - p-B=1,9, B-H=l.2; p-B-W=180°

p-BBr 213 2 1 p-B=1.9, B-Brs1.887; p-B-Br=120°

p-Bllz 2,04 1 2 p-B=1.9, B-He).16; p-B-HeH-B-H=120"

p-BBrz 419 V2 p-B=l.9, B-Brei.87;
p-B-Bre=Br-B-Ar=120

p-Blilir 211 11 peB=l.9, B-l=1.2, B-Br=] 87;
p-B-l=p-B-Bra=Br-B-H=120"

p-BH3 418 1 3 p-B=1.93, B-H=l.212: p-B-N=104° [4D]

p-BHaBr 292 i ) p-Be1.93, B-il=1.212, B-Bre=2.02 [41};
p-B-H=104° {40], p-B-Br=109.5 [41)

p-BHBra 581 1 1 p-B=1,93, B-H=1.212, B-Br=2.02 (41);
p-B-Ha104° 140), p-B-Br=109,5° (41}

p~BBra 869 1 1 p-B=1,93, B-Br=2.02 [41];
p-B-Br=109.5° (41]

p-P 0 3 - p-Pe2.22

p-PH 2,02 2 ) p-Ps2.22, P-He).419; p-P-}=93.7°

p-FBr 367 2 ) p-Pe2.22, P-Bre2.2; p-P-Bre106" {4)

p-Phz 2,00 | p-P=2.22, P-H=1.419; p-P-Hell-P-H=93.7°

p-PBra 715 H H p-Pa2, 22, P-Brs2, 2
p-P-Br=Br-p- Br=106

p-FHa 4.7 13 p-Ps2.22, P-H=l.4; p-P-H=117°
H-P-H=101,1° (42}

p-PBra 1017 1 3 p-Pm2.22, P-Brs2.2; p-P-Br=110,5°,
Br-p-Br=j08® [43)

p-Pa 135 ) 3 p-P=2,22, p-P-P=P-P-P=109,5"
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