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Abstract

Gaseous mixtures of germane or methylgermane with ammonia and methylgermane with phosphine have been studied by
ion trap mass spectrometry. Rate constants of reactions of the primary ions and of the most important secondary ion species
are reported, together with the calculated collisional rate constants and efficiencies of reaction. The GeHn

1 (n 5 0–3) ions,
formed by electron ionization of both GeH4 and CH3GeH3, react with ammonia yielding, among others, the GeHn

1 (n 5 2–4)
ion family, which, in a successive and slow reaction with NH3, only give the unreactive ammonium ion. Also, the CH3GeHn

1

(n 5 1, 2) species do not form Ge–N bonds, whereas secondary ions of germane, such as Ge2H2
1, produce species containing

germanium and nitrogen together. In the CH3GeH3/PH3 mixture a great number of ions are formed with rather high rate
constants from primary ions of both reagent molecules and from phosphorus containing secondary ions. GePHn

1 (n 5 2–4)
ions further react with methylgermane leading to cluster ions with increasing size such as Ge2PHn

1 and Ge2CPHn
1. The

experimental conditions favoring the chain propagation of ions containing Ge and N, or Ge and P, with or without C, important
in the chemical vapor deposition of materials of interest in photovoltaic technology, are discussed. (Int J Mass Spectrom
182/183 (1999) 63–71) © 1999 Elsevier Science B.V.
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1. Introduction

Gaseous reactions involving ions from silane and
germane have attracted a great deal of interest in the
last few years and they have been investigated in
depth by both experimental [1–12] and theoretical
methods [4,10,12–15]. These studies are important
from a fundamental point of view because interesting
insights into the chemistry of these systems, unper-
turbed by the effects of the environment (such as

solvation effects) can be obtained. Moreover, it is
possible to investigate the role of ion precursors
leading to the deposition of amorphous solid materials
from gaseous mixtures by chemical vapor deposition
(CVD) methods, after appropriate activation [16]. In
fact, the synthesis of new materials from the gas phase
is acquiring increasing importance and, in particular,
the preparation of amorphous semiconductors at a
very high purity degree by deposition from mixtures
of gaseous compounds is very promising.

As part of a study on gas phase reactivity and
determination of rate constants of ion/molecule reac-
tions of volatile hydrides of elements from groups 14
and 15 of the periodic system by ion trap mass
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spectrometry, we report here results concerning am-
monia/germane, ammonia/methylgermane, and phos-
phine/methylgermane mixtures, whereas results on
phosphine/germane have already been published [17].
The two systems containing ammonia have been
previously investigated by different mass spectromet-
ric methods, i.e. conventional chemical ionization
mass spectrometry and Fourier transform mass spec-
trometry, at rather different partial and total pressures
of reagent gases [18,19]. The reactions observed in
these systems are useful to investigate the best exper-
imental conditions for direct nitrogen or phosphorus
doping during the deposition of amorphous germa-
nium and germanium carbide solids by radiolytical
activation of suitable gaseous mixtures.

The gas phase behavior and the reaction mecha-
nisms are compared with those obtained in previous
studies on corresponding silicon containing systems:
NH3/SiH4 [8], NH3/CH3SiH3 [20], and PH3/CH3SiH3

[21]; and on the GeH4/PH3 mixture [17]. The rate
constants for the first nucleation reactions are deter-
mined and compared with collisional rate constants
calculated according to the Langevin and average
dipole orientation (ADO) theories [22].

2. Experimental

Ammonia and phosphine were obtained commer-
cially in high purity. Germane and methylgermane
were prepared as described in the literature [23,24].
Prior to use, each of them was introduced into a
separate flask containing anhydrous sodium sulfate as
drier. The flasks were then directly connected to the
gas inlet system of the instrument. Helium was
supplied at an extra-high purity degree and used
without further purification. Frequent bake-up periods
of the manifold and of the lines for the introduction of
reactant gases and helium, together with the drier,
were used to reduce the water background in the trap.

A Finnigan ITMS ion trap mass spectrometer was
used for all experiments. The temperature was main-
tained at 333 K in order to obtain results comparable
to previously reported data on related systems. Ions
were always detected in the 14–300 u mass range.
The gas inlet system of the instrument was modified

to permit the simultaneous introduction of three gases
(two reagents and helium buffer gas) through different
lines into the trap. A Bayard Alpert ionization gauge
was used to measure the pressures. Ammonia, phos-
phine, germane, and methylgermane were admitted to
the trap at pressures in the range 2–63 1027 Torr
and helium was added up to a pressure of; 5.0 3
1024 Torr.

Because accurate pressure measurements are nec-
essary in kinetic experiments, the ion gauge was
calibrated measuring the rate constant of the known
self-protonation of methane [22]. The indicated pres-
sure was further corrected on the basis of the relative
sensitivity of the gauge to different gases (NH3: 1.12;
PH3: 1.98; GeH4: 1.94; CH3GeH3: 2.67; He: 0.20)
[25–27].

The scan modes used to determine reaction rate
constants, as well as the procedures for calculations,
have been described in detail previously [7,12,17].
Isolation of ions at selected mass-to-charge ratio
values was obtained by the superimposition of dc and
rf voltages or by the resonance ejection method. In
this latter case, no field is directly applied on the ion
species under examination and they should have a
lower excitation energy content than in the former
method. The similarity of rate constants determined
by the two isolation procedures is consistent with
thermalization of ions by unreactive collisions with
helium buffer gas. This hypothesis is also confirmed
by the single exponential decay of the abundances of
the reacting ions. In some cases, double isolation steps
were required, and were always performed by apply-
ing the dc voltage.

The rate constants were measured for all primary
ions of the reactant gases and for some secondary ions
leading to significant ion/molecule reaction products.
Every value reported is the average of at least three
different experiments; uncertainities, attributed to a
combination of errors, fall within 20% of error. In all
experiments ions were formed by electron ionization
at about 35 eV and for times ranging from 5–20 ms.
If necessary, a reaction time followed the ionization
event in order to maximize the abundance of the ions
to be stored. Isolation of the selected ion species, their
reactions with neutral molecules present in the trap for

64 P. Antoniotti et al./International Journal of Mass Spectrometry 182/183 (1999) 63–71



variable delay times, and acquisition were the succes-
sive events. In experiments requiring multiple isola-
tion steps, reaction of the selected ions with neutral
gases was followed by isolation of a secondary ion
product, that, in turn, was allowed to react for an
additional time before acquisition. Typically, the re-
action time was varied from 0–40 ms by 0.2 ms steps,
but, for very fast processes, a maximum reaction time
of 20 ms (steps of 0.1 ms) was considered. Ionic
species that were selectively stored from germane or
methylgermane contained the70Ge (Ge1, GeH1,
CH3Ge1, and CH3GeH1) or 76Ge (GeH2

1, GeH3
1,

CH3GeH2
1) isotope.

3. Results and discussion

3.1. GeH4/NH3 mixture

Ionization of GeH4 and NH3 with electrons at 35
eV produces the ion families GeHn

1 (n 5 0–3) and
NHn

1 (n 5 2, 3). Table 1 reports the rate constants of

reactions of the GeHn
1 (n 5 0–3) ions and of the

most abundant and interesting secondary ions with the
molecules present in the trap. Collisional rate con-
stants (Langevin and ADO theories [22]) and efficien-
cies of reactions are also shown in Table 1. Processes
starting from NH2

1 and NH3
1 are not shown because

they mainly give very fast hydrogen abstraction from
both ammonia and germane to form NH3

1 and NH4
1,

respectively. Reaction between NH2
1 and GeH4 also

produces a very small amount of GeH3
1.

The GeHn
1 (n 5 0–3) primary ions of germane

react in self-condensation processes with rate con-
stants that are in good agreement with those previ-
ously determined in experiments of GeH4 alone [7].
When the neutral reactant is ammonia, condensation
reactions are observed for all GeHn

1 (n 5 0–3) ions,
leading to the formation of GeNHn

1 (n 5 2–4) and
loss of a hydrogen atom or molecule. However, Ge1,
GeH1, and GeH3

1 react very slowly, displaying rate
constants in the 10211 cm3 s21 order of magnitude,

Table 1
Rate constants for reactions of GeHn

1 (n 5 0–3), Ge2H2
1, and GeNHn

1 (n 5 2–4) ions in GeH4/NH3
a

Reaction kexp Skexp kL or kADO
b Efficiencyc

Ge1 1 GeH4 3 isotopic scrambling 1.4
3 Ge2H2

1 1 H2 5.8 7.2 8.53 0.84
Ge1 1 NH3 3 GeNH2

1 1 H 0.64 0.64 16.77 0.038
GeH1 1 GeH4 3 Ge2H3

1 1 H2 5.3 5.3 8.51 0.62
GeH1 1 NH3 3 NH4

1 1 Ge 0.86
3 GeNH2

1 1 H2 0.57 1.43 16.75 0.085
GeH2

1 1 GeH4 3 GeH3
1 1 GeH3 3.3

3 Ge2H2
1 1 2H2 3.7 7.0 8.48 0.82

GeH2
1 1 NH3 3 NH4

1 1 GeH 11
3 GeNH3

1 1 H2 2.7
3 GeNH4

1 1 H2 2.3 16 16.73 0.96
GeH3

1 1 GeH4 3 isotopic scrambling 3.4 3.4 8.45 0.40
GeH3

1 1 NH3 3 NH4
1 1 GeH2 6.1

3 GeNH4
1 1 H2 0.53 6.6 16.71 0.39

Ge2H2
1 1 GeH4 3 Ge3H4

1 1 H2 1.0 1.0 7.34 0.14
Ge2H2

1 1 NH3 3 NH4
1 1 Ge2H 2.6

3 Ge2NH3
1 1 H2 1.1 3.7 15.95 0.23

GeNH2
1 1 NH3 3 NH4

1 1 GeNH 0.30 0.30 16.49 0.018
GeNH3

1 1 NH3 3 NH4
1 1 GeNH2 2.4 2.4 16.47 0.15

GeNH4
1 1 NH3 3 NH4

1 1 GeNH3 1.3 1.3 16.46 0.079

a Rate constants are expressed as 10210 cm3 s21; experiments were run at 333 K; uncertainty is within 20%.
b Rate constants have been calculated according to the Langevin theory [22] for GeH4, taking its polarizability (a 5 4.9663 10224 cm3)

from [28], and according to the ADO theory [22] for NH3 taking its dipole moment (mD 5 1.4713 10218 esu cm) from [29] and its
polarizability (a 5 2.1453 10224 cm3) from [30].

c Efficiency has been calculated as the ratioSkexp/kLangevinor Skexp/kADO.
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whereas GeH2
1 gives both GeNH3

1 and GeNH4
1, in

reactions taking place withk 5 2.7 and 2.33 10210

cm3 s21, respectively. For these GeHn
1 (n 5 0–3)

ion species the fastest process consists of transfer of a
proton to NH3 to yield the ammonium ion, NH4

1 that
is unreactive under the experimental conditions used
in this study. Moreover, such reactions occur at
increasing rates as the number of hydrogen atoms
bonded to germanium in the reacting ion increases.
Among the primary ions of germane, GeH2

1 shows the
highest reactivity towards ammonia, considering both
the number of products and the total rate constant of
reaction.

Even if not observable in Table 1, unusual behav-
ior has been noted in experiments in which GeH2

1 or
GeH3

1 ion species are selectively stored for variable
delay times, up to 40 ms. Under these experimental
conditions, the total ion current continuously in-
creases, becoming twice, or even more, the ion
current value measured after the isolation event.
Moreover, the excess current is totally attributed to
the NH4

1 species. This trend has never been observed
in previously examined systems, in which the current
transported by specific ion species can decrease (re-
action), increase (formation), increase and then de-
crease (formation followed by reaction), but the total
amount of current and, therefore, of ions, remains
stable during the whole experiment. Therefore, it has
been hypothezised that a very favorable reaction
between neutral moieties leads to the formation of an
ion pair, of which the positively charged species is
NH4

1. It follows that one of the neutrals is ammonia
and the second must be strictly related to GeH2

1 or
GeH3

1. Reactions (1) and (2) are proposed:

GeH2/3
1 1 NH33 NH4

1 1 GeH1/2 (1)

GeH1/2 1 NH33 NH4
1 1 GeH0/1

2 (2)

In the first process there is experimental support of
both the reacting (GeH2/3

1 ) and product (NH4
1) cations.

To the contrary, in the second reaction the only
evidence is the increase of abundance of the ammo-
nium ion NH4

1. This suggested mechanism in which
GeH2/3

1 ions behave like biprotic acids requires the
presence of two hydrogen atoms bonded to germa-

nium and is consistent with its absence for Ge1 and
GeH1.

Among secondary ions, only Ge2H2
1 forms a spe-

cies containing germanium and nitrogen atoms to-
gether at an appreciable rate. All the GeNHn

1 (n 5
2–4) ions react rather slowly yielding the unreactive
NH4

1 species that is also the product of the fastest
reaction of Ge2H2

1.
Comparison of the gas phase ion/molecule reac-

tions in this system with those of the NH3/SiH4

mixture shows that, generally, the corresponding sil-
icon containing ions are formed in similar processes
[8]. In fact, primary ions of silane, SiHn

1 (n 5 0–3),
react with ammonia yielding both SiNHn

1 (n 5 2–4)
species (condensation of a NH3 molecule and loss of
H or H2) and NH4

1 (proton transfer to NH3), even if,
in this case, formation of the ammonium ion is the
slowest process. Efficiencies of reaction differ signif-
icantly, being higher for the Si1 and SiH1 ions
compared with Ge1 and GeH1, and lower for SiH2

1

and SiH3
1 ion species compared with GeH2

1 and
GeH3

1. Moreover, secondary ions, such as SiNHn
1

(n 5 2, 3), besides the silicon analogue of Ge2NH3
1,

give the SiN2Hn
1 (n 5 4, 5) ions by reaction with

ammonia. Ions of the same family, SiNHn
1 (n 5 2–4,

6), are also formed from Si2Hn
1 (n 5 2–5) by

elimination of a neutral moiety containing a silicon
atom, whereas this kind of process has never been
observed for the germanium systems. Finally, NH2

1

and NH3
1, too, are able to produce new Si–N bonds in

reactions with silane, forming SiNH4
1 and SiNH6

1,
with the corresponding reaction of germanium con-
taining ions being absent in the GeH4/NH3 mixture.

3.2. CH3GeH3/NH3 mixture

Electron ionization of methylgermane leads to the
formation of two ion families, GeHn

1 (n 5 0–3) and
CH3GeHn

1 (n 5 0–2). They all react with their
neutral precursors in agreement with previously re-
ported data on self-condensation of methylgermane
[35]. The GeHn

1 (n 5 0–3) ion species react with
ammonia in analogous processes, and possess rate
constants that fall within experimental error of the
same ions of germane, as shown in Table 2 and Table
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1. Besides self-condensation reactions, CH3GeH1 and
CH3GeH2

1 give only proton transfer to NH3, and these
have very similar rate constants: 7.13 10210 cm3 s21

and 8.53 10210 cm3 s21, respectively. Moreover,
CH3Ge1 is unreactive towards ammonia under the
experimental conditions examined here and GeNH2

1,
together with GeNH4

1, behaves as in the GeH4/NH3

system, forming NH4
1 as the only product. Again,

NHn
1 (n 5 2, 3) ions are not reported in Table 2

because they are mainly involved in fast hydrogen
abstraction processes from both neutrals present in the
trap. The ion/molecule reactions of the GeNH3

1 spe-
cies have not been studied because this ion is isobaric
with CH3GeH2

1 and there was no experiment suitable
to selectively isolate it. Indeed, GeNH2

1 is also iso-
baric with the carbon containing ion CH3GeH1, but it
was isolated in double isolation experiments starting
from selective storage of GeH1. Unfortunately, the
same kind of experiment was not possible for the

separation of GeNH3
1 from CH3GeH2

1 because they
are formed in parallel reactions from GeH2

1 with the
neutrals present in the trap. The reactivity of the
CH3GeHn

1 (n 5 1, 2) species, which are primary
ions as well, was obtained by isolating them immedi-
ately after the ionization event when the contribution
of the nitrogen containing species can be considered
negligible.

The NH3/CH3SiH3 system, reported previously
[20], shows ion/molecule reactions similar to those
described for the CH3GeH3/NH3 mixture. However,
processes starting from silicon containing ions with
ammonia generally proceed faster than from the
corresponding ions of methylgermane, also forming a
higher number of products. In particular, a species
containing silicon, carbon, and nitrogen together
(SiCNH6

1) is observed from reactions of CH3SiHn
1

(n 5 1, 2) with ammonia and from SiNH4
1 with

methylsilane. This latter ion species is also the pre-

Table 2
Rate constants for reactions of GeHn

1 (n 5 0–3), CH3GeHn
1 (n 5 1, 2), and GeNHn

1 (n 5 2, 4) ions in CH3GeH3/NH3
a

Reaction kexp Skexp kADO
b Efficiencyc

Ge1 1 CH3GeH3 3 CH3Ge1 1 GeH3 4.3
3 Ge2CH4

1 1 H2 8.5 12.8 10.88 1.18
Ge1 1 NH3 3 GeNH2

1 1 H 0.52 0.52 16.77 0.031
GeH1 1 CH3GeH3 3 CH3Ge1 1 GeH4 0.88

3 Ge2CH5
1 1 H2 8.1 9.0 10.84 0.83

GeH1 1 NH3 3 NH4
1 1 Ge 0.61

3 GeNH2
1 1 H2 0.70 1.31 16.75 0.078

GeH2
1 1 CH3GeH3 3 CH3GeH2

1 1 GeH3 7.2 7.2 10.80 0.673
GeH2

1 1 NH3 3 NH4
1 1 GeH2 9.3

3 GeNH3
1 1 H2 3.6

3 GeNH4
1 1 H 2.5 15.4 16.73 0.92

GeH3
1 1 CH3GeH3 3 CH3GeH2

1 1 GeH4 13 13 10.77 1.21
GeH3

1 1 NH3 3 NH4
1 1 GeH2 7.6

3 GeNH4
1 1 H2 0.75 8.4 16.71 0.50

CH3GeH1 1 CH3GeH3 3 GeC2H7
1 1 GeH3 1.7

3 Ge2C2H8
1 1 H2 2.9 4.6 10.33 0.44

CH3GeH1 1 NH3 3 NH4
1 1 CH3Ge 7.1 7.1 16.48 0.43

CH3GeH2
1 1 CH3GeH3 3 isotopic scrambling 4.1 4.1 10.29 0.40

CH3GeH2
1 1 NH3 3 NH4

1 1 CH3GeH 8.5 8.5 16.47 0.52
GeNH2

1 1 NH3 3 NH4
1 1 GeNH 0.39 0.39 16.49 0.024

GeNH4
1 1 NH3 3 NH4

1 1 GeNH3 1.3 1.3 16.46 0.079

a Rate constants are expressed as 10210 cm3 s21; experiments were run at 333 K; uncertainty is within 20%.
b Rate constants have been calculated according to the ADO theory [22] taking dipole moment of NH3 (mD 5 1.4713 10218 esu cm)

from [29] and of CH3GeH3 (mD 5 0.6443 10218 esu cm) from [31], polarizability of NH3 (a 5 2.1453 10224 cm3) from [30], and
calculating that of CH3GeH3 (a 5 6.7353 10224 cm3) as in [32].

c Efficiency has been calculated as the ratioSkexp/kADO.
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cursor of ions containing two nitrogen atoms (SiN2H5
1

and SiN2H6
1) when it reacts with ammonia. This

behaviour differs from that of the CH3GeH3/NH3

mixture, in which the corresponding germanium con-
taining ions have never been detected. Again, effi-
ciencies of the primary SiHn

1 (n 5 0–3) ions react-
ing with ammonia are higher than those of the
germanium analogues forn 5 0, 1 and lower for
n 5 2, 3.

3.3. CH3GeH3/PH3 mixture

Table 3 shows the rate constants for ion/molecule
reactions of the primary ions of both methylgermane
and phosphine in a CH3GeH3/PH3 mixture, together
with the collisional rate constants and efficiencies of
reactions. Again, self-condensation processes of ger-
manium containing ions with CH3GeH3 and of phos-
phorus containing ions with phosphine are in good

Table 3
Rate constants for reactions of GeHn

1 (n 5 1–3), CH3GeH1, and PHn
1 (n 5 0–3) ions in CH3GeH3/PH3

a

Reaction kexp Skexp kADO
b Efficiencyc

GeH1 1 CH3GeH3 3 CH3Ge1 1 GeH4 0.92
3 Ge2CH5

1 1 H2 9.4 10.3 10.84 0.95
GeH1 1 PH3 3 GePH2

1 1 H2 1.8 1.8 12.24 0.154
GeH2

1 1 CH3GeH3 3 CH3GeH1 1 GeH4 3.0
3 CH3GeH2

1 1 GeH3 6.1 9.1 10.80 0.84
GeH2

1 1 PH3 3 PH4
1 1 GeH 11

3 GePH3
1 1 H2 2.7 13 12.22 1.06

GeH3
1 1 CH3GeH3 3 CH3GeH2

1 1 GeH4 9.1 9.1 10.77 0.84
GeH3

1 1 PH3 3 PH4
1 1 GeH2 1.6

3 GePH4
1 1 H2 0.84 2.4 12.19 0.20

CH3GeH1 1 CH3GeH3 3 GeC2H7
1 1 GeH3 2.1

3 Ge2CH6
1 1 CH4 1.2

3 Ge2C2H8
1 1 H2 2.5 5.8 10.33 0.56

CH3GeH1 1 PH3 3 GePH3
1 1 CH4 3.3 3.3 11.91 0.28

P1 1 CH3GeH3 3 CH3Ge1 1 PH3 2.3
3 CH3GeH2

1 1 PH 9.0
3 PCH2

1 1 GeH4 0.75 12.0 14.38 0.84
P1 1 PH3 3 PH3

1 1 P 5.9
3 P2H

1 1 H2 6.0
3 P2H2

1 1 H 0.64 12.5 11.56 1.08
PH1 1 CH3GeH3 3 CH3Ge1 1 PH3 1 H 1.8

3 CH3GeH2
1 1 PH2 7.6

3 PCH2
1 1 GeH3 1 H2 0.64 10.0 14.21 0.71

PH1 1 PH3 3 PH3
1 1 PH 5.9

3 P2
1 1 2H2 2.3

3 P2H2
1 1 H2 3.9

3 P2H3
1 1 H 1.2 13.3 11.46 1.16

PH2
1 1 CH3GeH3 3 CH3GeH2

1 1 PH3 9.0 9.0 14.05 0.64
PH2

1 1 PH3 3 P2H
1 1 2H2 3.0

3 P2H3
1 1 H2 7.6 10.6 11.37 0.93

PH3
1 1 CH3GeH3 3 PH4

1 1 CH3GeH2 11
3 PCH4

1 1 GeH3 1 H2 0.56
3 CH3GeH2

1 1 PH3 1 H 0.90 12.5 13.90 0.90
PH3

1 1 PH3 3 PH4
1 1 PH2 12 12 11.28 1.06

a Rate constants are expressed as 10210 cm3 s21; experiments were run at 333 K; uncertainty is within 20%.
b Rate constants have been calculated according to the ADO theory [22] taking dipole moment of PH3 (mD 5 0.5743 10218 esu cm) from

[33] and of CH3GeH3 (mD 5 0.6443 10218 esu cm) from [31], polarizability of PH3 (a 5 4.843 10224 cm3) from [34], and calculating
that of CH3GeH3 (a 5 6.7353 10224 cm3) as in [32].

c Efficiency has been calculated as the ratioSkexp/kADO.
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agreement with previously reported rate constants
[35–37]. Ge1 and CH3GeH2

1 ion species are not
shown in Table 3 because they do not react with
phosphine under the experimental conditions exam-
ined here. A common reaction of the GeHn

1 (n 5
1–3) ions is condensation with PH3 and loss of a
hydrogen molecule to form the GePHn

1 (n 5 2–4)
species, occurring rather slowly, in agreement with
rate constants determined in the GeH4/PH3 mixture
[17]. GeH2

1 produces a PH4
1 ion in a very fast reaction

(k 5 11 3 10210 cm3 s21) and GeH3
1 forms the

same ion more slowly (k 5 1.6 3 10210 cm3 s21).
All the PHn

1 ions react with methylgermane with high
efficiency, which ranges from 0.64–0.90, producing
many ion species. However, no ion containing ger-
manium and phosphorus atoms bonded together is
observed. In fact, the main process for the PHn

1 (n 5
0–2) ions is hydride abstraction from CH3GeH3

yielding CH3GeH2
1 in fast reactions:k 5 9.0, 7.6,

and 9.03 10210 cm3 s21, respectively. CH3Ge1 ions
are formed from both P1 and PH1 in slower reac-
tions: k 5 2.3 and 1.83 10210 cm3 s21. Moreover,
very slow condensation processes are observed, lead-
ing to the formation of PCH2

1 and PCH4
1 species.

These reactions take place with elimination of a
germane molecule or of a neutral moiety whose mass
corresponds to the GeH5 formula and, based on
enthalpies of formation, can be hypothesized to be
GeH3 1 H2.

In Table 4 the rate constants for reactions of the
most abundant secondary ions with CH3GeH3 and
PH3 are reported. Formation of the PCH4

1 species is
observed from a variety of reacting ions, such as PH4

1

and P2Hn
1 (n 5 1–3), with rate constants always in

the 10211 cm3 s21 order of magnitude. It is worth
noting that PH4

1 reacts with methylgermane, whereas
it is generally very stable and has been shown to be
unreactive towards phosphine, silane, methylsilane,

Table 4
Rate constants for reactions of PH4

1, P2Hn
1 (n 5 0–3), GePH3

1, and PCHn
1 (n 5 2, 4) ions in CH3GeH3/PH3

a

Reaction kexp Skexp kADO
b Efficiencyc

PH4
1 1 CH3GeH3 3 PCH4

1 1 GeH4 1 H2 0.48 0.48 13.75 0.035
P2

1 1 CH3GeH3 3 CH3GeH2
1 1 P2H 2.6

3 PH3
1 1 GePCH3 5.1 7.7 11.40 0.67

P2
1 1 PH3 3 PH3

1 1 P2 11.6 11.6 9.93 1.17
P2H

1 1 CH3GeH3 3 PCH4
1 1 GePH3 0.59

3 CH3Ge1 1 P2H4 4.1
3 CH3GeH2

1 1 P2H2 4.6 9.3 11.34 0.82
P2H

1 1 PH3 3 PH4
1 1 P2 8.2 8.2 9.90 0.83

P2H2
1 1 CH3GeH3 3 PCH4

1 1 GePH4 0.92
3 CH3GeH2

1 1 P2H3 0.74
3 GeCPH6

1 1 PH2 4.8 6.5 11.28 0.57
P2H2

1 1 PH3 3 PH4
1 1 P2H 8.2

3 P2H3
1 1 PH2 1.6 9.8 9.87 0.99

P2H3
1 1 CH3GeH3 3 PCH4

1 1 GePH5 0.64
3 CH3GeH2

1 1 P2H4 4.4 5.0 11.24 0.45
P2H3

1 1 PH3 3 PH4
1 1 P2H2 4.4 4.4 9.85 0.45

GePH3
1 1 CH3GeH3 3 GeCPH3

1 1 GeH4 1 H2 0.54
3 Ge2CH6

1 1 PH3 1.4 1.9 9.87 0.19
PCH2

1 1 CH3GeH3 3 CH3GeH2
1 1 PCH3 2.7 2.7 12.60 0.21

PCH2
1 1 PH3 3 PH4

1 1 PCH 0.36 0.36 13.42 0.027
PCH4

1 1 PH3 3 PH4
1 1 PCH3 0.40 0.40 13.29 0.030

a Rate constants are expressed as 10210 cm3 s21; experiments were run at 333 K; uncertainity is within 20%.
b Rate constants have been calculated according to the ADO theory [22] taking dipole moment of PH3 (mD 5 0.5743 10218 esu cm) from

[33] and of CH3GeH3 (mD 5 0.6443 10218 esu cm) from [31], polarizability of PH3 (a 5 4.843 10224 cm3) from [34], and calculating
that of CH3GeH3 (a 5 6.7353 10224 cm3) as in [32].

c Efficiency has been calculated as the ratioSkexp/kADO.

69P. Antoniotti et al./International Journal of Mass Spectrometry 182/183 (1999) 63–71



and germane [36,37,12,21,17]. The most common
product of reactions between phosphorus containing
ions with CH3GeH3 is CH3GeH2

1, which, as reported
above, does not react further with phosphine.
GeCPH3

1 and GeCPH6
1, formed from GePH3

1 and
P2H2

1 reacting with methylgermane, are the only
species in which germanium and phosphorus atoms
are present together. The GePHn

1 (n 5 2–4) ions
show very low abundances and it has been possible to
determine only rate constants for reactions of the
GePH3

1 species, giving GeCPH3
1 and Ge2CH6

1. How-
ever, storing the complete ion family for reaction
times up to 500 ms, formation has been observed of
heavier ions such as Ge2PHn

1 and Ge2CPHn
1 that are

too weak to be identified more precisely.
Comparison of efficiencies of reactions between

the phosphorus containing ions and CH3GeH3 with
respect to GeH4 [17] shows that reactions of primary
ions PHn

1 (n 5 0–3) aremore efficient with methyl-
germane, whereas for secondary ion species, P2Hn

1

(n 5 0–3), processes with germane display a higher
efficiency.

The gas phase ion/molecule reactions in the
CH3GeH3/PH3 mixture can also be compared with
those in the CH3GeH3/NH3 system. Formation of
Ge–N bonds from GeHn

1 (n 5 2–4) ions proceeds at
rates comparable with those of formation of Ge–P
bonds in the phosphorus correspondent ions. How-
ever, further reactions of these ions only give NH4

1 in
the presence of ammonia, whereas ionic clusters of
increasing size are formed (though very slowly) from
GePHn

1 (n 5 2–4).
In the PH3/CH3SiH3 mixture, which has been

described previously [21], primary ions of methylsi-
lane, SiHn

1 (n 5 0–3), react with phosphine to give
SiPHn

1 (n 5 1–4) species with higher rate constants
of reaction than GeHn

1 (n 5 1–3). Incontrast, PH4
1,

which is formed very rapidly from GeH2
1, is a minor

product of the correspondent SiH2
1. CH3SiH2

1 ions are
the most common product of reactions between phos-
phorus containing ions (both primary and secondary)
and methylsilane, as CH3GeH2

1 in the CH3GeH3/PH3

mixture. The only difference is the higher rate con-
stant of formation of CH3SiH2

1 with respect to the
germanium analogue.

4. Conclusions

Comparison of the ion/molecule reactions in the
GeH4/NH3 and CH3GeH3/NH3 mixtures with the
silicon containing analogues (NH3/SiH4 and NH3/
CH3SiH3) has shown that similar processes occur
even if the presence of germanium leads to a lower
number of ionic products. Most of the ionic reactions
give the unreactive NH4

1 ions as a final product.
Moreover, in the GeH4/NH3 system, ions containing
two germanium atoms contribute to the formation of
larger clusters through reactions with ammonia.
Therefore, the experimental conditions favoring the
formation of species with Ge and N, as precursors of
nitrogen-doped amorphous germanium, are those giv-
ing high amount of Ge2Hn

1 species, i.e. mixtures
containing a large excess of germane with respect to
ammonia. It was not possible to verify this trend in the
methylgermane/ammonia system because of the poor
yield of secondary ions containing two germanium
atoms.

Similar considerations can be drawn from the
CH3GeH3/PH3 mixture with regard to the preparation
of phosphorus-doped amorphous germanium car-
bides. In this system a higher number of reactions are
observed, with respect to the ammonia mixture, start-
ing from primary ions of both methylgermane and
phosphine. However, few ions contain Ge and P
together, and they are GePHn

1 (n 5 2–4) formed by
the reaction of GeHn

1 (n 5 1–3) and CH3GeH1 ions
with PH3. These species slowly give catenation pro-
cesses with methylgermane, leading to clusters of
growing size, such as Ge2PHn

1 and Ge2CPHn
1. There-

fore, a high concentration of methylgermane is re-
quired in order to make these last processes more
efficient, i.e., reacting mixtures with high partial
pressure of CH3GeH3 with respect to phosphine.
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