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Investigations into the kinetics and mechanism of the thermal decomposition of the novel
organometallic precursor 1,3-di-tert-butyl-1,3,2-diazagarmolidin-2-ylidine are reported. On
the basis of these results, thin films of surprisingly pure amorphous germanium were
deposited at temperatures between about 140 and 440 °C. A high selectivity of the deposition
on a Si surface as compared with SiO2 was obtained.

Introduction

Low-temperature deposition of germanium is of inter-
est for a number of applications including low-cost solar
cells, optical coatings, silicon-germanium heterostruc-
tures, X-ray monochromators, and microelectronics. The
thermal decomposition of the most frequently used
reactant, germane, commences above about 320 °C.
Plasma-induced chemical vapor deposition, PCVD, yields
high deposition rates at low temperatures but has the
inherent problem of the difficult control of the structural
properties (amorphous vs crystalline) and optoelectronic
quality of the deposit.1-3 Investigations into the mech-
anism of PCVD from germane revealed that germylene,
GeH2, is the important intermediate species for deposi-
tion.4 This is in contrast to silane where silylene is a
fast intermediate which immediately reacts with monosi-
lane to form disilane which facilitates the deposition of
high-quality amorphous silicon, a-Si, at high deposition
rates.5,6 This difference is understandable because
germanium is the first element of the fourth group of
the periodic table which forms reasonable stable com-
pounds in its (formal) oxidation state +II. The aim of
the present work was to develop a low-temperature
organometallic, OM CVD as an alternative route for
germanium deposition and to study its possible advan-
tages and drawbacks. On the basis of the above-
mentioned results, germylenes with appropriate ligands
were the candidates.
From the early 1970s on, several research groups

were able to prepare a number of monomeric, donor-

free divalent germanium organyls, amides (as well as
pnictides in general) and chalcogenides.7 All of them
rely on kinetic stabilization through either electron-
donor substituents or bulky ligands or both preventing
further reaction, such as di- or oligomerization. The
availability of stable germanium(II) compounds of ad-
equate volatility for CVD application crucially depends
on a minimization of the necessary ligand bulk in order
to avoid possible contamination of the deposit. For these
reasons we have presented a synthetic attempt to
combine these strategies with the monomeric ger-
manediyls (germylenes) A and B (see Figure 1).8 It is
perhaps less than obvious that A represents a minimum
strategy to replace GeH2 by a stable volatile species, but
we were able to show that the cyclic nitrogen ligand is
essential for electronic stabilization of the divalent
germanium through electronic delocalization.8-11 Theo-
retical calculations support this concept and yielded a
value of 40 kcal/mol (167 kJ/mol) for the energy differ-
ence between the ground singlet and the lowest triplet
state in A.9 The tert-butyl groups are also required to
avoid dimerization. Their replacement by isopropyl
groups yields dimeric species.10,11 Photoelectron spec-
troscopic study of the gas-phase decomposition of the
saturated germylene A revealed that a bimolecular
reaction (see Figure 1) dominates at low temperatures
yielding germanium deposit and unsaturated germylene
B (together with diamine C) which is stable up to about
630 °C.8
The temperature difference between the decomposi-

tion of A and B appeared to be sufficient to use A as a
precursor for the deposition of germanium. Preliminary
studies have shown that surprisingly pure amorphous
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germanium, a-Ge, can be obtained at relatively low
temperatures and high deposition rates which are
sufficient even for possible applications.12 The present
paper reports on the kinetic studies of the germanium
deposition under conditions of very low pressure OM
CVD and on the properties of the deposit. It is shown
that a high selectivity of the deposition on Si surface
as compared to SiO2 can be achieved in this system.

Experimental Section

The majority of the experiments were done in the apparatus
shown in Figure 2. It consists of a reactor 1 made of Pyrex
glass (inner diameter 4.6 cm) and substrate holder 2 made of
stainless steel (diameter 3 cm) whose temperature can be
controlled by means of an electrical heater 3, thermocouple 4,
and temperature controller 5. The temperature of the sub-
strate surface 6 was calibrated versus that of the thermoele-
ment 4 by means of an auxiliary thermocouple attached to the
surface (not shown in Figure 2) when the pressure in the
reactor was similar to that used for the deposition. All flanges
were made of aluminum and Viton O-ring gaskets. The
apparatus was evacuated by turbomolecular drag pump 7 (170
L/s) in series with a two stage rotary pump 8 (8 m3/h). At
high gas-flow rates a roots pump 9 with a pumping rate of 70
L/s has been used instead of the turbopump. The typical
background pressure and leak rate were about 1 × 10-7 mbar
and (1-6) × 10-6 mbar L/s, respectively. The pressure during

the deposition was measured by an MKS baratron 10 heated
to about 80 °C in order to avoid condensation of the precursor.
Penning 11 and Pirani 12 vacuum gauges provided additional
process control. The “bubbler” 13 made of stainless steel and
equipped with conflat flanges was filled with the precursor
under 99.999 vol % pure argon or nitrogen. Its temperature
was controlled by means of a thermostat 14 within (0.1 °C.
The deposition experiments were done either with the precur-
sor alone or with argon carrier gas at a saturation pressure of
the precursor in the bubbler of about 0.2 mbar. The pressure
in the reactor and the glas flow rate were controlled by means
of a stainless steel leak valve 15 and throttle valve 16. One
series of the experiments was done with hydrogen afterglow.
For this purpose, a discharge tube 17 made of silica glass was
attached to a side port 18 and a high-frequency discharge was
maintained in flowing hydrogen (purity 99.999 vol %) by means
of an HF generator 19 and external electrodes 20 and 20′. All
gas manifolds (flow controller, valves, etc.) were made of
stainless steel tubings and parts.
The deposition rates were determined by weight increase

of the substrate (Si wafer or stainless steel) due to the
deposition with an accuracy of (0.1 µg which corresponds to
a thickness of about 1 Å. The characterization of the deposited
films was done by means of X-ray diffraction, XRD, scanning
electron microscopy, SEM, X-ray photoelectron spectroscopy,
XPS, infrared absorption, IR, and electric conductivity mea-
surements. XPS and IR absorption were used also for the
determination of impurity concentrations using the Scofields
cross sections for XPS and quantitative calibration of the IR
absorption for oxygen which was done by measuring the
integral absorption of the Ge-O stretching mode at 750 cm-1

for a series of samples in which known amount of oxygen has
been incorporated by controlled oxidation and concomitant
weight increase. A calibration factor for oxygen of 4 × 1018
cm-2 has been determined in this way.
An important quantity for the judgment of the optoelectronic

quality of amorphous semiconductors is the ηµτ product, where
η is the quantum efficiency of the photogeneration of charge
carriers (usually assumed equal to 1), µ is their mobility, and
τ their lifetime.13 It has been determined from the measured
difference between photoconductivity and dark conductivity
and calibrated photon flux as described in, e.g., ref 13.
Investigations into the initial stages of the deposition by

means of in situ XPS were done in an ultrahigh-vacuum (UHV)
preparation chamber (see 1 in Figure 3) attached to an
analytical chamber 2 via a gate valve 3. The XPS/AES/ISS
(Auger electron spectroscopy/ion scattering spectroscopy) sys-
tem (Leybold-Heraeus LHS 10) was kept under a pressure of
e1 × 10-9 mbar, the background pressure in the preparation
chamber was typically less than 10-8 mbar, and it consisted
mainly of the residual process gases. The temperature of the
substrate holder 4 was controlled between about 77 K and
room temperature by cooling with liquid nitrogen. Higher
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Figure 1. Structure of 1,3-di-tert-butyl-1,3,2-diazagermolidin-
2-ylidine, A, and of the unsaturated analogue, B, and the
mechanism of the decomposition of the saturated cyclic ger-
mylene A.

Figure 2. Schematics of the OM CVD apparatus used for the
deposition studies. For the description see text.

Figure 3. Schematics of the apparatus used for the in situ
XPS studies. See text.
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temperatures up to about 500 °C were adjusted by means of
electrical heater 5, thermocouple 6, and external controller 7.
The temperature of the substrate (Si wafer) was calibrated vs
that of the substrate holder by means of an IR pyrometer. For
the desorption of chemisorbed hydrogen from the Si surface
auxiliary electron heating was used under UHV. The precur-
sor and gas supply control were similar to that used in the
above-described OM CVD apparatus.
Precursor A is a solid with a saturated pressure shown in

Figure 4. The data were repetitively measured using the OM
CVD apparatus (Figure 2) with a heated Baratron attached
to the bubbler after a long time of storage in the bubbler as
well as after introducing a new precursor from a later
synthesis. Even after 3 months of the storage and a series of
CVD experiments no change of the temperature dependent
pressure was found. The precursor has to be stored either
under vacuum or under pure argon or nitrogen. Exposure to
air, oxygen, or water leads to fast, though nonexplosive,
hydrolysis. For all these reasons it can be handled much easier
and is by far less hazardous than germane and the majority
of organometallic compounds.

Results

The initial results have shown that the deposited
films are of relatively poor optoelectronic quality, prob-
ably due to a low content of incorporated hydrogen12
which, in plasma CVD films, passivates the dangling
bonds (e.g., ref 14). To avoid this problem, the first
series of deposition experiments was done with a large
excess of argon carrier gas (1 bar in the bubbler) and
hydrogen introduced through the “afterglow” tube in
order to compare the results without and with the
discharge. Figure 5 shows Arrhenius plot of the deposi-
tion rate vs reciprocal temperature for the conditions
specified in the captions. One notices the activation
energy of 90 kJ/mol (which is significantly smaller than
that for the singlet-triplet transition, 167 kJ/mol) and
the transition to the transport-limited regime above
about 250 °C. The highest deposition rate of about 810
Å/min yields a deposition efficiency of the order of 10-2,
which is much higher than the value obtained without
any carrier gas (see below and Figure 11). This suggests
that under these conditions the reaction is initiated
predominantly in the gas phase. The deposited films
showed a relatively high dark conductivity of 7 × 10-3

S/cm with a low activation energy of 0.2 eV and low
value of the ηµτ product of 1.2 × 10-12 cm2/V due
probably to the low hydrogen content of 0.8 at. % as
determined by IR absorption.
Therefore, in the next series of experiments the high-

frequency discharge has been maintained at a given
power in an attempt to incorporate additional hydrogen
into the growing films. Figure 6 shows the dependence
of the deposition rate on the high-frequency power fed
into the matching box. The decrease of the deposition
rate at a power of g30 W is due to the reaction of the
precursor A with atomic hydrogen and the formation of
“germane” GeH2[(C4H9)N]2C2H4 which is much more
stable than the corresponding germylene A.15 No
significant incorporation of hydrogen was found in films
deposited with high-frequency power less than 30 W.
Also posttreatment of the deposited films in hydrogen
plasma did not result in any significant improvement
of the optoelectronic properties.
The nucleation and growth morphology of these films

is shown in Figure 7. The nucleation commences at a
relatively few sites of the surface (Figure 7a), and only
upon further growth is a compact film formed (Figure

(14) Madan, A.; Shaw, M. P. The Physics and Applications of
Amorphous Semiconductors; Academic Press: Boston, 1988. (15) Klingan, F. R.; Prokop, J., unpublished results, 1994.

Figure 4. Saturation pressure of 1,3-di-tert-butyl-1,3,2-di-
azagermolidin-2-ylidine, A (see Figure 1). The different points
correspond to measurements at different dates (day, month,
year) either during “heating” or “cooling”.

Figure 5. Arrhenius plot of the deposition rate vs reciprocal
substrate temperature. Argon carrier gas (1 bar in the bubbler
at Tbubbler ) 30 °C, precursor pressure 0.14 mbar) 3 sccm,
hydrogen flow through the “afterglow” tube (see Figure 2) 10
sccm, total pressure 1 mbar. Substrate (100) Si wafer with
native oxide.

Figure 6. Dependence of the deposition rate on the high-
frequency power delivered into the match box which was
connected to the electrodes (see Figure 2). Tsubstrate ) 256 °C,
a constant, other conditions as in Figure 5.
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7b). Interestingly, even such films show no impurities
at a level detectable with the techniques available to
us (XPS and IR absorption). In particular, IR absorp-
tion performed at about 5-10 µm thick films deposited
at 250 °C did not show any detectable impurity. This
corresponds to a concentration of less than 1× 1018 cm-3

for oxygen and similar for nitrogen and carbon. Small
concentrations of carbon were found in films deposited
at lower temperature due to incomplete decomposition
of the ligands.16,17
The localized nature of the initial stage of the

nucleation at the Si surface with the native oxide
suggests that the reaction occurs at some active sites.
In a series of experiments (see below) we have recog-
nized that the native oxide prevents the nucleation.
Therefore, a following series of experiments was done
at (100) Si surfaces (p and n doped) which were, after
the RCA clean, passivated with chemisorbed hydrogen
by about 30 s immersion into 4 mol % hydrofluoric acid-
water solution. Such a surface is stable against oxida-
tion and contamination with hydrocarbons upon expo-
sure to air for several minutes which are necessary for
the substrate introduction into the apparatus and pump
down.18 To avoid contamination during the heating of

the substrate under medium vacuum of 10-7 mbar, the
depositions of this series were done with the precursor
only (i.e., without Ar carrier gas and hydrogen).
Figure 8a shows the Arrhenius plot of the deposition

rate vs reciprocal temperature for Si surface passivated
with hydrogen prior to the deposition. For comparison,
Figure 8b shows a similar plot for the same substrate
covered with native oxide. On the H-passivated surface,
the deposition rates show Arrhenius-like dependence
down to about 140 °C with an activation energy of about
87 kJ/mol independent of the precursor’s pressure, a
transition to transport-controlled regime at higher tem-
peratures, and finally a decrease due to the combined
effect of the oxidation of the silicon surface and a
competing deposition at the walls which leads to gas-
phase depletion (Figure 8a). The latter two regimes are
of no interest and will not be further discussed. The
activation energy of 87 kJ/mol found for the kinetic-
controlled regime is very close to that found in the
previous series with the carrier gas (Figure 5), indicat-
ing that the same step is rate controlling in both cases.
Films deposited on H-passivated Si substrate are

compact and featureless under SEM (see Figure 9a; the
arrows mark the interface between the Ge film and the
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Figure 7. Scanning electron micrograph of a Ge film depos-
ited at (100) Si surface covered with native oxide. Tsubstrate )
256 °C, conditions as in Figure 5. (a, top) Initial stage of the
nucleation and growth, (b, bottom) 2.2 µm thick compact Ge
film.

Figure 8. (a, top) Arrhenius plot of the deposition rate vs
reciprocal temperature for (100) Si substrate with surface
passivated with chemisorbed hydrogen (“HF dip”); (100) Si
substrate, p-doped. 10 Ω cm. (b, bottom) Same plot for the
substrate with native oxide. The pressures of the precursor
(no carrier gas) are indicated in Figure 8a, and it was 0.05
mbar in Figure 6.
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Si substrate). For the highest pressure of 0.1 mbar the
measurements were extended up to a temperature of
440 °C where a decrease of the deposition rate to zero
was found (Figure 8a). This was accompanied by a
change of the morphology of the deposited films which
was probably associated with the desorption of the
chemisorbed hydrogen and surface oxidation prior to the
introduction of the precursor. (Notice that the tSisH-
terminated silicon surface is stable up to 560 °C only
under UHV, but it reacts with residual oxygen in the
deposition apparatus at much lower temperature.) Fig-
ure 9b shows that only relatively few nuclei were formed
after one hour of the deposition at 410 °C. Similar
results were obtained also at a lower deposition tem-
perature (e.g., 240-260 °C) when the H-passivated Si
substrate was heated under a vacuum of 10-6 mbar to
570 °C prior to the deposition. The fact that the oxidized
surface is the reason for the low nucleation density
and formation of spherical-like nuclei is finally sup-
ported by the experiment in which the H-passivated Si-
surface was heated under UHV to g570 °C in order to
desorb all hydrogen and subsequent deposition experi-
ments at 200-270 °C followed by in situ XPS (see
below).
Figure 8b shows that no deposition occurs at the

oxidized Si surface at temperatures less than about 240
°C for a precursor pressure of 0.05 mbar whereas the

deposition rate reaches about 150 Å/min at H-passivated
surface (Figure 8a). This opens up possibilities for a
highly selective deposition of germanium on patterned
Si/SiO2 surface. Figure 10 shows an example of such
deposition. The holes in the SiO2 layers which protrude
up to the silicon surface are filled with germanium, but
no deposition is seen on the SiO2 surface. The selective
OM CVD is presently under detailed investigation in
our laboratory, and more detailed results will be pre-
sented in a forthcoming paper. Here we shall concen-
trate on the chemistry of the deposition and on the
properties of the films.
Figure 11 shows the dependence of the deposition rate

on the pressure of the precursor (without carrier gas)
for several substrate temperatures. All the curves show
a nearly second-order kinetics:

which is in reasonably good agreement with the reaction
mechanism shown in Figure 1. However, because the
lowest pressure of 0.05 mbar used in this series is close
to the surface-controlled regime, these results suggest
that the bimolecular mechanism (or a similar one)
applies also to that case. This hypothesis is further

Figure 9. (a, top) SEM micrograph of a cross section of a Ge
film deposited on H-passivated (100) Si surface at Tsubstrate )
256 °C and precursor pressure of 0.1 mbar (no carrier gas).
(b, bottom) SEM of the Si surface after a deposition experiment
at 410 °C for 1 h under otherwise the same conditions.

Figure 10. Example of a perfectly selective deposition of
germanium on a patterned Si surface. No deposition is seen
at the SiO2 surface and on the side walls of the contact holes.
Tdep ) 255 °C, precursor pressure 0.03 mbar.

Figure 11. Dependence of the deposition rate on the pressure
of the precursor for various substrate temperatures.

rdep ) k(pA)
2.25(0.05 (1)
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supported by the results of in situ XPS studies to be
discussed later in this paper.
The rate constant k in eq 1 also shows Arrhenius

temperature dependence with an activation energy of
about 90 kJ/mol (not shown here). The deposition
efficiency, s, in eq 2 is defined as the ratio of the Ge

atoms deposited per one second to the flux of the
precursor A to the surface. Here nA is the concentration
and vth the thermal velocity of the precursor A. Figure
12 shows the dependence of s on the pressure of the
precursor A for several relevant temperatures. First of
all, one notices that all the values calculated from the
measured data are less than 3 × 10-4, i.e., they indicate
a relatively low reaction probability. The peculiar shape
of the curves at high temperatures of 223 and 240 °C is
due to the transition to the transport limited regime as
seen by comparison with Figure 3a. At a temperature
below 205 °C the reaction is evidently controlled by the
surface kinetics.
The relatively low value of the deposition efficiency

of <10-4 is surprising for a molecule with a loan electron
pair. Therefore we have conducted some further inves-
tigation into the initial stages of the reaction using in
situ XPS. Unfortunately, the available manually con-
trolled leak valve did not allow us the desirable sys-
tematic precision of precursor dosing. Nevertheless the
following results could be obtained:
(i) The lack of any deposition on SiO2 surface (either

silica substrate of Si wafer with the native oxide or SiO2
layer) could be confirmed on surfaces analyzed in situ
by XPS prior to the deposition experiments.
(ii) Fairly reproducible deposition on Si-surface pas-

sivated with chemisorbed hydrogen after HF dip with
a formation of a homogeneous layers.
(iii) If the H-passivated Si substrate was heated to

g570 °C to desorb the hydrogen under UHV (the
absence of any surface oxidation was verified by in situ
XPS), the deposition occurred with a comparable rate
as at the H-passivated surface.
(iv) The reaction probability was very small in all

cases. Due to the mentioned difficulties with the exact
dosing of the precursor we can only estimate a value of
about e1 × 10-3 as the upper limit.
Figure 13 provides a further interesting information

on the reactivity of the precursor A at the surface of
atomically clean (100) Si. The signal from Ge 2p3/2 of
elemental germanium is located at 1217.5 eV (see curve
a in Figure 13a). At submonolayer coverage and room
temperature the precursor A adsorbs without decom-
position yielding a Ge 2p3/2 signal shifted to 1223.5 eV.
Subsequent heating to a high temperature of 300 °C,
where under conditions of deposition a homogeneous
film is formed, the signal slightly shifts to lower binding

Figure 12. Dependence of the deposition efficiency, eq 2 on
the pressure of the precursor A for various temperatures and
Si substrate (100) Si, p-doped 10 Ω cm.

s ) rdep(at./cm
2 s)/0.25nAvth (2)

Figure 13. (a, top) Section of an XPS spectrum in the range
of Ge 2p3/2 signal. Curve a is a signal from about 0.1 monolayer
of germanium predeposited at a temperature of g260 °C; curve
b from about 1 monolayer of the precursor (corresponding to
about 0.15 monolayer of Ge) adsorbed at 30 °C (exposure g30
langmuir). After heating the adsorbed precursor to about 300
°C this signal slightly shifts to lower binding energy (curve
c). If after this treatment the surface is exposed to about 1-2
langmuir of the precursor this signal vanishes and that at
1217.5 eV corresponding to elemental germanium appears
(curve d). (b, bottom) The concomitant signals of C 1s.
Substrate (100) Si, p-doped, 10 Ω cm. Curves a-d correspond
to the same conditions as in Figure a.
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energy without decomposition as indicated by the C 1s
(and N 1s) signals corresponding to the precursor’s
ligand and shown in Figure 13b for C 1s (N 1s not shown
here) for the same treatment as the Ge signal in Figure
13a. Using the Scofields cross sections we have verified
that the signal intensities correspond to the stoichiom-
etry of the cyclic germylene A, i.e., the ligands do not
desorb under these conditions:

This species, however, reacts immediately with another
incoming molecule of A when the sample in the stage
described by spectrum c in Figure 13 is exposed to
about 1-2 langmuir of A at a temperature between
200 and 300 °C which results in the almost complete
vanishing of the signal around 1223 eV and the appear-
ance of a new one at the position of elemental germa-
nium, curve d in Figure 13a. During the deposition of

a thicker layer only the signal of elemental germanium
at 1217.5 eV (curves a and d in Figure 12a) is found.
These results support clearly the bimolecular mecha-
nism of the surface reaction (eq 4) which proceeds in a
way analogous to the gas phase mechanism shown in
Figure 1.

The germylene A (Figure 1) can act as either an
electron donor from the lone pair (Lewis base) or an
acceptor (Lewis acid) into the empty pz orbital of
germanium. In view of the above-mentioned stabiliza-
tion of the cyclic germylene due to electron delocaliza-
tion over the ring, one would expect that the reaction 4
should proceed faster at p-doped than at n-doped silicon
surface. This is indeed supported by the results shown
in Figure 14. Within the limited accuracy of the
measurement due to the relatively poor control of the
precursor dosing, the deposition rate is about a factor
3-9 faster on the p-doped substrate as compared to the
n-doped one. This opens up interesting alternatives for
further studies.

Conclusions
The novel organometallic cyclic germylene is an

interesting precursor for the deposition of pure amor-
phous germanium at low temperatures. The bimolecu-
lar reaction mechanism, which was suggested by Herr-
mann et al.8 on the basis of gas-phase photoelectron
spectroscopic studies has been confirmed to occur also
under conditions where the heterogeneous decomposi-
tion dominates. The higher deposition rates at p-doped
Si as compared to n-Si are in agreement with the
theoretically calculated stabilization effects in the cyclic
germylene.9 Its destabilization by a donorlike adsorp-
tion is the basis for the very high selectivity of the
deposition on clean Si surface as compared with oxide
terminated one, or with SiO2 films. This is, to our
knowledge, the first highly selective OM CVD system.
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Figure 14. Difference of the deposition rate of germanium
on p-doped and n-doped Si substrate vs the deposition time
(lower scale) and the corresponding exposure of the cyclic
germylene A (upper scale). Both p- and n-doped Si substrates
were 10 Ω cm.

A(g) f A(ads) (3)

A(ads) + A(g,ads?) f Ge(s) + B(g) + C(g) (4)
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