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Nearly stoichiometric silicon, germanium, and tin nitride thin films were deposited from the
corresponding homoleptic dimethylamido complexes M~NMe2!4 ~M5Si, Ge, Sn; Me5CH3!, and
an ammonia plasma at low substrate temperatures~,400 °C!. Tin nitride films were also deposited
from Sn~NMe2!4 and ammonia without plasma activation. The films showed little~,few at. %! or
no carbon or oxygen contamination. The barrier properties of the silicon and germanium nitride
films were evaluated by using backscattering spectrometry. Homoleptic dimethylamido silicon and
germanium compounds are attractive alternatives to silane and germane for use in the
plasma-enhanced chemical vapor deposition of nitride thin films. ©1995 American Vacuum
Society.
s

lm

n
w

a

m
o

r

ic

n
5

e

d

ial
-

m
e
tive
ld
r-
ido

,
ical
r
a

r-

ld

lly

,

ate

ed
n
n
W
were
as
on
I. INTRODUCTION

Thin films of silicon and germanium nitride can be depo
ited by chemical vapor deposition~CVD! from a variety of
precursor systems. In thermal processes, silicon nitride fi
have been prepared at high substrate temperatures~700–
900 °C! from silane and ammonia in a hydroge
atmosphere1,2 and from dichlorosilane and ammonia at lo
pressure.3,4 The atmospheric pressure CVD~APCVD! of sili-
con nitride films from tetrakis~dimethylamido!silicon,
Si~NMe2!4 , and ammonia precursors at 600–750 °C h
been reported as well.5 Remote and direct plasma-enhance
CVD ~PECVD! techniques have used silane and either a
monia or nitrogen as the most common precursors to dep
silicon nitride.6–10A disilanyl amine11 and cyclopentadienyl
substituted silanes~Cp SiH3 and Cp2 SiH2! in combination
with N2/NH3 have also been employed.12 Finally, electron
cyclotron resonance~ECR! plasmas, which have a highe
degree of ionization than normal radio frequency~rf! or mi-
crowave plasmas, have recently been used to deposit sil
nitride. In the ECR depositions, silane and N2/NH3 or
Si~NMe2!3H and N2 were used as precursors at substra
temperatures of 50–250 °C~yielding growth rates of 50–200
Å/min! and,150 °C ~,300 Å/min!, respectively.13–15

Germanium nitride films have been deposited by therm
chemical vapor deposition from GeCl4 and ammonia at
400–600 °C,16,17 from GeH4 and ammonia at 550 °C,18 and
GeH4 and hydrazine at 440 °C.

19 Plasma CVD has also bee
used to deposit GeN films at substrate temperatures of 2
400 °C using GeH4/NH3 or GeH4/N2.

20,21

There has been little mention of tin nitride films in th
literature. Remy and Hantzpergue used reactive catho
sputtering to prepare the first tin nitride films.22,23Crystalline
tin nitride films have been recently prepared by reactive sp
tering of tin in a nitrogen plasma,24 and by magnetron sput-

a!Authors to whom correspondence should be addressed.
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tering of a pure tin target in a gas mixture of argon an
nitrogen at room temperature.25 The only CVD tin nitride
reported to date is the deposition of polycrystalline mater
by APCVD from Sn~NMe2!4 and ammonia at substrate tem
peratures of 200–400 °C.26

The best existing preparations of silicon and germaniu
nitride thin films rely on the use of difficult-to-handle silan
and germane. We were interested in developing alterna
precursor systems to the group 14 nitride films that wou
work with commonly used PECVD equipment. Of the alte
native precursor systems tested to date, the dimethylam
compounds, M~NMe2!4, which were used with ammonia in
APCVD depositions of carbon-free silicon and tin nitride
appeared to be the most promising because of their phys
and chemical properties.5,26,27The amido compounds are, fo
example, volatile, readily synthesized in high yields on
large scale, and are only moderately air sensitive.5,28,29In the
APCVD depositions the mechanism proposed for nitride fo
mation involved transamination anda-hydrogen elimination
reactions.5,26 We thought that analogous mechanisms cou
operate in a PECVD process, where reactive NHx radicals
from plasma-activated ammonia could supplant therma
activated ammonia.

Herein we show that relatively pure silicon, germanium
and tin nitride films can be deposited from M~NMe2!4 com-
pounds and plasma-activated ammonia at low substr
temperatures.29,30

II. EXPERIMENT

The experimental apparatus has been describ
previously.29,30 The plasma was produced by an inductio
coil connected to a 13.56 MHz rf power supply through a
impedance matching network. Plasma powers of 20–25
were used. System base pressures of less than 3 mTorr
achieved before each deposition. The carrier gas w
ultrahigh-purity helium and the ammonia was Mathes
820/13(3)/820/6/$6.00 ©1995 American Vacuum Society
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821 Hoffman et al. : PECVD of Si, Ge, and TiN thin films 821
ULSI purity. The precursor flow rate was adjusted to a
proximately 6%–10% of the total flow rate by means of
needle valve.

Silicon substrates were cut~'1 cm2! from boron-doped
~100! silicon wafers~Excil Corporation, CA!. The substrates
were cleaned by degreasing with dichloroethane for 2 m
followed by immersion in a HF:H2O ~1:10! solution for 2
min, and finally, rinsing in de-ionized water. Quartz su
strates were microscope slides~ChemGlass Inc., NJ!, which
were degreased by rinsing in dichloroethane for 2 min.

Backscattering spectrometry~BS! was carried out by us-
ing an NEC Tandetron tandem accelerator.31 Data were typi-
cally acquired with a beam current of 20 nA until a charge
4–10mC ~depending on the quality of statistics desired! was
accumulated. A He21 incident beam with energies betwee
3.3 and 3.7 MeV was typically used. In this energy regim
there is an enhanced sensitivity for light elements, while
scattering from the heavy elements follows the Rutherfo
model.32 Elastic recoil detection spectrometry~ERD! was
carried out using a beam of 8.2 MeV O41. Data for each
sample were collected until there was an accumulated cha
of 1–5mC, again depending on the quality of statistics d
sired. A hydrogen-implanted silicon substrate with a hydr
gen concentration of 131017 atoms/cm2 was used as calibra-
tion standard. The surface morphology of the films w
studied by using a Stereo-Scan 250 MK 37 scanning elect
microscope with a beam energy range of 20–30 keV. Inf
red ~IR! spectra were collected for films deposited on silico
substrates using a Mattson Galaxy 5000 series FTIR in
range 500–4000 cm21. Transmittance spectra for films de
posited on quartz substrates were collected on a Hewle
Packard 8452 A diode array spectrophotometer.

III. RESULTS AND DISCUSSION

A. General growth conditions and film properties

Si~NMe2!4, Ge~NMe2!4, and Sn~NMe2!4, synthesized by
following published procedures, were used as the main gr
precursors.5,28,29 The compounds are liquids at room tem
perature with moderately low boiling points@Si~NMe2!4,
74–75 °C/19 mm Hg; Ge~NMe2!4, 87–89 °C/15 mm Hg;
Sn~NMe2!4, 51 °C/0.15 mm Hg#.27,28

The germanium and tin nitride depositions were carri
out with undiluted ammonia, but the silicon nitride depos
tions required helium dilution of the NH3 to avoid unaccept-
able carbon incorporation~10–20 at. %! in the films. The
silicon nitride depositions with undiluted ammonia did, how
ever, give faster growth rates~.400 Å/min!. In all cases,
helium was passed through the reactor as the substrate
heated to the desired deposition temperature and during
down after deposition. The precursor flask was maintained
room temperature for the silicon and germanium compoun
The tin complex was gently heated with a heating ta
~'45 °C! to increase its volatility.

Film growth was observed in all cases on silicon a
quartz substrates at temperatures between 100 and 400 °
general, the qualitative growth rates of the films increas
going down the group; that is, under similar deposition co
ditions, the tin nitride deposited at the highest rate follow
JVST A - Vacuum, Surfaces, and Films
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by germanium and silicon nitride, respectively. This is co
sistent with an initial associative step in the depositio
mechanism because the size of the group 14 atoms incre
going down the period from silicon to tin, making the respe
tive amido compounds less hindered, but other factors m
be involved as well.

The deposited films varied in thickness along the substr
area with the thickest part growing near the metalorga
inlet and decreasing in thickness along the substrate diago
away from the inlet. All of the films had the highly colore
rainbow-like interference patterns usually observed for co
ings with high refractive indexes. The films were smooth a
adhered well to the substrates as judged by the standard
test.33

The silicon and germanium nitride films were unaffecte
by concentrated HCl and aqua regia as judged by visual
spection, but they readily dissolved in 48% hydrofluor
acid. The tin nitride films dissolved readily in concentrate
HCl, aqua regia and 48% HF. This is in contrast to tin nitrid
films produced from Sn~NMe2!4 and NH3 by APCVD, which
did not dissolve readily in these reagents.26

In control experiments, films deposited at 300 °C from t
M~NMe2!4 compounds in the absence of ammonia had la
amounts of carbon contamination~10–20 at. %! as estimated
by backscattering spectrometry~BS! measurements.5,26Also,
Si~NMe2!4 or Ge~NMe2!4 and NH3 gave no depositions in
the absence of a plasma at substrate temperatures
200–400 °C.5 Tin nitride films were deposited, however
from Sn~NMe2!4 and ammonia at substrate temperatures
100–200 °C without a plasma.

X-ray diffraction was used to examine the crystallinity o
selected samples of silicon~deposition temperature 307 °C
on silicon!, germanium~302 °C, on silicon!, and tin nitride
films ~148 °C, plasma deposited on silicon; 154 °C, the
mally deposited on silicon!. In all cases there were no peak
suggesting that the films were amorphous.

B. Silicon nitride films

Table I lists compositional data and refractive indexes f
silicon nitride films deposited at various temperatures us
Si~NMe2!4 and plasma activated NH3. In all cases the flow
rates of ammonia and helium were 20 and 80 sccm, resp
tively, and the precursor flow rate was approximately 6
sccm.

Growth rates were determined from film thicknesses o
tained by BS measurements. Growth rates in the range

TABLE I. Compositional data and refractive indexes of silicon nitride filmsa

Temperature
~ °C! N/Si ratiob

H/Si ratio
~at. %!c Refractive index

192 1.2 0.37~17! 1.5
307 1.4 0.24~10! 1.8
406 1.5 0.25~10! 1.8

aFlow rates: NH3, 20 sccm; He, 80 sccm, precursor,;6–7 sccm. Plasma
power, 20–25 W.
bThe error in the determination of the N/Si ratio is estimated to be60.1.
cA density of 3.44 g/cm3, the bulk value, was assumed for silicon nitrid
~Ref. 53!. The error in the H/Si ratio is estimated to be60.06.
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822 Hoffman et al. : PECVD of Si, Ge, and TiN thin films 822
75–120 Å/min were obtained at substrate temperatures
192–406 °C. The rather small dependence of the growth
on substrate temperature suggests that the rate limiting
has a low activation energy. Growth rates for plasm
deposited silicon nitride typically range from 10 to 30
Å/min,6,11,13,15although rates of approximately 1500 Å/mi
have been achieved in higher-power~'180 W! PECVD
reactors.35

Compositional analyses of the films were primarily ca
ried out by using BS.31According to the BS data, the silicon
nitride films were close to stoichiometric, with N/Si ratio
varying between 1.2 to 1.5. This is to be compared to a N
ratio of 1.33 for perfectly stoichiometric films. There appea
to be a trend towards a nitrogen excess as the depos
temperature increases but firm conclusions are not warran
because of the experimental error in the ratios. BS spe
showed little or no carbon contamination~,few at. %!. Oxy-
gen was not observed in the spectra, again suggesting,few
at. % contamination.

Literature reports suggest that stoichiometric films ha
been difficult to prepare by using other PECVD precurso
For example, silicon nitride films deposited from
SiH4/NH3/N2 plasma were found to have N/Si ratios varyin
between 0.92 and 1.47 for different ammonia partial pre
sures, and SiNx films deposited from SiH4/N2, had an excess
of silicon with the highest N/Si ratio achieved being 1.22.6,36

Hydrogen concentrations, evaluated by ERD~Table I!, de-
creased with increasing substrate temperature, a phenom
also observed in silicon nitride films prepared by oth
plasma CVD techniques.10,37,38

IR spectra showed bands arising from the Si–N stre
around 880 cm21, the N–H stretching and bending motion
around 3300 and 1170 cm21, respectively, and the Si–H
stretch at around 2180 cm21. The observed frequencies agre
well with the literature values.37,39,40

Transmittance spectra of the silicon nitride films depo
ited on quartz at various temperatures are shown in Fig
The films, all approximately 1800–2000 Å thick, are high
transparent with optical transmittances of 90%–95% at 6
nm, the region of the visible spectrum important for mask

FIG. 1. Transmission spectra of silicon nitride films deposited fro
Si~NMe2!4 and plasma-activated NH3 at ~a! 188, ~b! 304, and~c! 401 °C on
quartz.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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wafer alignment in a lithography process.41 The reported op-
tical transmittance of low-pressure CVD SiNx membranes
around 2mm thick is about 85%–95%.14,41

The optical band gap of the silicon nitride films was ca
culated from the absorbance measurements by plottingd2E2

vs E, whered is the optical density or absorbance andE is
the photon energy.42–44The band gaps ranged from 5.2 to 5.
eV, increasing with increasing deposition temperature. Th
is probably due to the increased nitrogen content, as s
gested from calculations by Martin-Morenoet al.45 There are
only a few reports of band-gap measurements for silicon
tride films in the literature with the reported values varyin
from 2.8 to 4.0 eV.41,45 The optical band gap of stoichio-
metric Si3N4 films is reported to be around 5 eV.46

The refractive indexes~Table I! varied from 1.5 to 1.8.
Refractive indexes for nearly stoichiometric silicon nitrid
films deposited by PECVD are reported to be between 1
and 2.0 with lower values indicating nitrogen-rich
films.6,12,35 The deviation of our results from the literature
values is probably due to the variable nitrogen and hydrog
concentrations, which cause deviations in the film densitie

Silicon nitride is used extensively as a final passivatio
and coating layer for integrated circuit applications becau
of its excellent diffusion barrier properties.36,39The effective-
ness of our silicon nitride films as a diffusion barrier in
Au/SiNx/Si metallization scheme was evaluated using BS47

The experiment consisted of comparing BS spectra of go
coated silicon nitride films before and after annealing. Figu
2~a! shows the BS spectrum of a silicon nitride film abou
600 Å thick with a 500-Å-thick gold overlayer before an
nealing. The sample was then annealed at 510 °C unde
100 sccm flow of helium for 1 h and its BS spectrum was
again recorded@Fig. 2~b!#. The spectrum reveals only a sligh
broadening of the gold peak at the base of the peak, indic
ing only a small amount of gold interdiffusion into the sili-
con substrate after the high-temperature treatment. A sc
ning electron microscope~SEM! image of the gold-coated
SiNx films after annealing showed numerous globular stru
tures which may be beads of gold–silicon eutectic that r
portedly from at'377 °C.47

C. Germanium nitride films

Compositional data and refractive indexes of germaniu
nitride films deposited at three temperatures usin
Ge~NMe2!4 and plasma-activated ammonia are presented
Table II.

The growth rate varied between 110 and 310 Å/min fo
deposition temperatures in the range of 190–385 °C. F
comparison, germanium nitride films deposited by low
pressure CVD from GeCl4 and ammonia have growth rates
of 5–50 Å/min.16 Germanium nitride films deposited from
plasma-activated GeH4 and N2/NH3 have growth rates of
'10–25 Å/min.20,21

The stoichiometries of the GeNx films deposited on sili-
con were determined by backscattering spectrometry. T
films were nearly stoichiometric~Table II!, and carbon and
oxygen contamination was typically,3 and,1 at. %, re-
spectively. Germanium nitride films deposited from plasm
activated GeH4 and N2/NH3 were reported to have a N/Ge
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823 Hoffman et al. : PECVD of Si, Ge, and TiN thin films 823
ratio of 0.5 and films deposited by reactive sputtering
germanium in a hydrazine plasma had N/Ge ratios
0.18–0.2.21,48

Calculated hydrogen contents, taken from ERD spec
are also listed in Table II. A slight decrease in hydrog
content is observed on increasing the substrate tempera
from 302 to 385 °C. There appear to be no other reports
the literature on the determination of the hydrogen conten
germanium nitride films.

FIG. 2. ~a! BS spectrum of a silicon nitride film~'600 Å thick! deposited at
279 °C on silicon that was subsequently coated with gold~'500 Å thick!.
BS beam: 3.3 MeV He21. ~b! BS spectrum of the gold-coated silicon nitrid
film shown in~a! after annealing in a flow of He~100 sccm! at 510 °C for 1
h. BS beam: 3.3 MeV He21.

TABLE II. Compositional data and refractive indexes of germanium nitri
films.a

Temperature
~ °C! N/Ge ratiob

H/Ge ratio
~at. %!c Refractive index

190 1.2 0.28~13! 2.1
302 1.3 0.29~13! 2.2
385 1.3 0.23~10! 2.1

aNH3, 70 sccm; precursor,;5–6 sccm. Plasma power, 20–25 W.
bThe error in the determination of the N/Ge ratio is estimated to be60.1.
cA density of 5.24 g/cm3, the bulk value, was assumed for germanium n
tride ~Ref. 53!. The error in the H/Ge ratio is estimated to be60.06.
JVST A - Vacuum, Surfaces, and Films
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IR spectra for the germanium nitride films had two promi
nent bands at 723 and'3300 cm21. Bands at 3300 and 714
cm21 in a-Ge3N4 were previously assigned to N–H and
Ge–N stretching motions, respectively.17,21We also observed
a weak intensity band at 1159 cm21 that may arise from
N–H bending motions~cf., the N–H bend in SiNx films,
which is reported to occur at'1180 cm21!.37

Germanium nitride films deposited on quartz~approxi-
mately 2500–2800 Å thick! had transmittances of 70%–85%
at 632 nm, which increased with increasing deposition tem
perature. Band gaps of the films varied from 4.4 to 4.8 eV
There appears to be only one other reported band gap m
surement for Ge3N4 films ~4.0 eV!.23 The refractive indexes
of the films were close to 2.1~Table II!, the value reported
for bulk and thin-film germanium nitride.16,17,23

The barrier properties of the GeNx films in a Au/GeNx/Si
metallization scheme were investigated by BS.47 A 900-Å-
thick germanium nitride layer on silicon with a 500-Å-thick
gold overlayer was subjected to thermal treatment at 411
for 20 min under a 100 sccm flow of helium. Backscatterin
spectra were collected before and after annealing. The sp
tra showed that there was some interdiffusion of the go
overlayer into the germanium nitride, but not into the silicon
substrate. SEM micrographs of the annealed samples show
nodular structures that may be beads of Ge–Au eutect
which form at temperatures below,400 °C.47

D. Tin nitride films

Tables III lists compositional data and refractive indexe
for tin nitride films deposited using Sn~NMe2!4 and ammonia
with and without the use of plasma excitation. All the films
were deposited using undiluted ammonia flowing at a rate
30 sccm. To obtain films that would adhere to the substrate
it was necessary to maintain low substrate temperatur
~100–200 °C!.

The growth rates of the plasma-deposited tin nitride film
ranged from 750 to 1625 Å/min for substrate temperature
from 112 to 200 °C. In general, a lower growth rate wa
obtained without plasma activation, under otherwise ident
cal conditions. This suggests that the plasma-activated a
monia is more reactive to the tin precursor than nonactivat
ammonia, thereby leading to higher deposition rates. In som

e

-

TABLE III. Compositional data and refractive indexes for plasma-deposite
and thermally deposited tin nitride films.a

Temperature
~ °C! N/Sn ratioc

H/Sn ratio
~at. %!d Refractive index

112a 1.4 0.16 ~7! 2.0
148a 1.3 0.18 ~8! 1.5
200a 1.3 0.34~15! 1.9
106b 1.3 0.25~11! 2.1
154b 1.3 0.36~16! 2.1
201b 1.6 0.15 ~7! 2.2

aFlow rate: NH3, 30 sccm; precursor,;2–3 sccm. Plasma power, 20–25 W.
bFlow rate: NH3, 30 sccm. No plasma was used.
cThe error in the determination of the N/Sn ratio is estimated to be60.1.
dA density of 3.53 g/cm3, was assumed for tin nitride~Ref. 54!. The error in
the H/Sn ratio is estimated to be60.06.
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824 Hoffman et al. : PECVD of Si, Ge, and TiN thin films 824
instances, a growth rate of over 5000 Å/min was observed
200 °C due to uncontrolled rapid injection of the precurso
Interestingly, these very high growth rate films had prope
ties comparable to the rest of the films. Tin nitride film
deposited from Sn~NMe2!4 and NH3 by the APCVD tech-
nique at 200–400 °C had growth rates of'1000 Å/min.26

The N/Sn ratios determined by BS~e.g., Fig. 3! are close
to the stoichiometric value of 1.33 for both the plasma- an
nonplasma-deposited tin nitride films. Surface oxide wa
usually observed in the BS spectra of the tin nitride films fo
both the plasma-deposited and thermally deposited materi
The thickness of the oxide layer was estimated to be betwe
25 and 30 Å. The oxide layer was formed during the routin
handling of the films in air.

According to ERD analysis, the hydrogen content of th
tin nitride films ranged from 7 to 16 at. %. These numbe
are comparable to those found for tin nitride films deposite
from Sn~NMe2!4 and NH3 by the APCVD technique, which
had 15–18 at % of hydrogen.26

IR spectra for the plasma-assisted and thermally deposi
tin nitride films showed the characteristic Sn–N stretch
684 cm21.22 In addition, a N–H stretch was observed at 330
cm21.37 A weak band appearing at 941 cm21 may be due to
surface Sn–O.50,51

The transmittance of plasma-deposited tin nitride film
approximately 2000–3000 Å thick, was in the range o
50%–82% at 632 nm. The thermally deposited films~1100–
1500 Å thick! showed transmittances of 78%–85% at th
same wavelength. The band gap derived from the spec
varied from 2.9 to 4.1 eV for the plasma-deposited tin nitrid
films and from 3.8 to 4.9 eV for the thermally deposite
films. For both the plasma-deposited and thermally deposit
tin nitride films, the band gap became larger with increasin
deposition temperatures. The band gap of tin nitride film
deposited by APCVD from Sn~NMe2!4 and NH3 ranged from
1.95 to 2.25 eV,26 while tin nitride films deposited by reac-
tive pulveration had a band gap of 3.55 eV.23

The refractive indexes of the plasma-deposited films va
ied from 1.5 to 2.0 and those deposited without the plasm
were 2.1 to 2.2~Table III! Refractive indexes of APCVD tin
nitride films were reported to vary between 2.8 and 3.3.26

FIG. 3. BS spectrum for a plasma-deposited tin nitride film on silicon. Dep
sition temperature: 200 °C. BS beam: 3.3 MeV He21.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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IV. CONCLUSION

We have prepared silicon, germanium, and tin nitride
films at low substrate temperatures using the correspondin
group 14 amido complexes and plasma-activated ammon
as precursors. In addition, the composition and properties
tin nitride films deposited without plasma excitation were
investigated. The silicon and germanium nitride films pre
pared in our PECVD process are nearly stoichiometric wit
,few at. % carbon or oxygen contamination. This is in con
trast to silicon nitride films prepared by other plasma CVD
techniques using SiH4/N2, SiH4/NH3, or SiH4/N2/NH3 pre-
cursor systems where nonstoichiometric films are general
produced.6,9,36 Germanium nitride films produced by
PECVD from GeH4/N2 or GeH4/NH3/N2 are also reported to
be nonstoichiometric, having a N/Ge ratio of 0.5.21 The
growth rates for our silicon nitride films are comparable to
those produced by other PECVD techniques using SiH4/NH3
or SiH4/N2 as precursors,

6,11,13though they are lower than the
rates achieved for films produced by ECR plasma depositio
from SiH4/N2.

35 However, the power density in ECR reac-
tors is higher than we used. The growth rates of our germ
nium nitride films, on the other hand, are at least five time
higher than the highest growth rate reported for germanium
nitride films prepared by CVD techniques.16,20,21The depo-
sition rates of the nitrides increased as we moved down th
column to heavier congeners.

Transmittance measurements indicate that our plasm
deposited silicon and germanium nitride films have high
transmittances in the visible region, an essential requireme
for accurate mask–wafer alignment in a lithography
processes.41 The silicon and germanium nitride films dis-
played moderate-to-good barrier properties in diffusion ex
periments for a Au/M3N4/Si metallization scheme.

In a simplistic view, our film depositions probably pro-
ceed similarly to the M~NR2!n/NH3 thermal processes, that
is, by transamination-like reactions involving NHx species
produced in the plasma and subsequenta-hydrogen elimina-
tion reactions.29,30,52Judging by the observation of little or
no carbon contamination in the films, the transamination an
a-hydrogen elimination reactions must efficiently rid the
metalorganic precursor of the carbon-containing dialky
amido ligands.

ACKNOWLEDGMENTS

The authors are grateful to the State of Texas for financia
support through the Texas Center for Superconductivity a
the University of Houston. One of the authors~D.M.H.! ac-
knowledges support from the Robert Welch Foundation an
the Texas Advanced Research Program and is a 1992–’
Alfred P. Sloan Research Fellow. A second author~D.J.E.!
also acknowledges support from the Texas Advanced Tec
nology Program. Thanks are due to J. Keenan of Texas I
struments for his help with some of the analyses.

1V. Y. Doo, D. R. Nichols, and G. A. Silvey, J. Electrochem. Soc.113,
1279 ~1966!.
2V. Y. Doo, D. R. Kerr, and D. R. Nichols, J. Electrochem. Soc.115, 61
~1968!.

-



ll

.

825 Hoffman et al. : PECVD of Si, Ge, and TiN thin films 825
3K. F. Roenigk and K. F. Jensen, J. Electrochem. Soc.134, 1777~1987!.
4S.-L. Zhang, J. -T. Wang, W. Kaplan, and M. O¨ stling, Thin Solid Films
213, 182 ~1992!.
5R. G. Gordon, D. M. Hoffman, and U. Riaz, Chem. Mater.2, 480~1990!.
6N.-S. Zhou, S. Fujita, and A. Sasaki, J. Electron. Mater.14, 55 ~1985!
7J. A. Thiel, S. V. Hattangady, and G. Lucovsky, J. Vac. Sci. Technol. A10,
719 ~1992!.
8K. R. Lee, K. B. Sundaram, and D. C. Malocha, J. Mater. Sci.4, 283
~1993!.
9G. M. Samuelson and K. M. Mar, J. Electrochem. Soc.129, 1773~1982!.
10V. S. Nguyen, W. A. Lanford, and A. L. Reiger, J. Electrochem. Soc.133,
970 ~1986!.

11H. Schuh, T. Schlosser, P. Bissinger, and H. Schmidbaur, Z. Anorg. All
Chem.619, 1347~1993!.

12J. Dahlhaus, P. Jutzi, H.-J. Frenck, and W. Kulisch, Adv. Mater.5, 377
~1993!.

13J. R. Flemish and R. L. Pfeffer, J. Appl. Phys.74, 3277~1993!.
14J. Ahn and K. Suzuki, Appl. Phys. Lett.64, 3249~1994!.
15M. Boudreau, M. Boumerzoug, P. Mascher, and P. E. Jessop, Appl. Ph
Lett. 63, 3014~1993!.

16A. B. Young, J. J. Rosenberg, and I. Szendro, J. Electrochem. Soc.134,
2867 ~1987!.

17H. Nagai and T. Niimi, J. Electrochem. Soc.115, 671 ~1968!.
18V. A. Gritsenko, Phys. Status Solidi A28, 387 ~1975!.
19K. P. Pande and C. C. Shen, Appl. Phys. A28, 123 ~1982!.
20D. B. Alford and L. G. Meiners, J. Electrochem. Soc.134, 979 ~1987!.
21G. A. Johnson and V. J. Kapoor, J. Appl. Phys.69, 3616~1991!.
22J. C. Remy and J. J. Hantzpergue, Thin Solid Films30, 197 ~1975!.
23J. C. Remy and J. J. Hantzpergue, Thin Solid Films30, 205 ~1975!.
24L. Maya, J. Vac. Sci. Technol. A11, 604 ~1993!.
25R. S. Lima, P. H. Dionisio, and W. H. Schreiner, Solid State Commun.79,
395 ~1991!.

26R. G. Gordon, D. M. Hoffman, and U. Riaz, Chem. Mater.4, 68 ~1992!.
27M. F. Lappert, P. P. Power, A. R. Sanger, and R. C. Srivastava,Metal and
Metalloid Amides: Synthesis, Structures, and Physical and Chemic
Properties~Horwood, Chichester, UK, 1980!.

28K. Jones and M. F. Lappert, J. Chem. Soc. 1944~1965!.
29D. M. Hoffman, S. P. Rangarajan, S. D. Athavale, D. J. Economou, J. R
Liu, Z. S. Zheng, and W.-K. Chu, Mater. Res. Soc. Symp. Proc.335, 3
~1994!.

30D. M. Hoffman, S. P. Rangarajan, S. D. Athavale, S. C. Deshmukh, D.
JVST A - Vacuum, Surfaces, and Films
g.

ys.

al

.

J.

Economou, J. R. Liu, Z. S. Zheng, and W.-K. Chu, J. Mater. Res.9, 3019
~1994!.

31W.-K. Chu, J. W. Mayer, and M.-A. Nicolet,Backscattering Spectrometry
~Academic, New York, 1978!.

32Z. S. Zheng, J. R. Liu, X. T. Cui, W.-K. Chu, S. P. Rangarajan, and D. M.
Hoffman, paper presented at the 13th International Conference on Sma
Accelerator Applications in Research and Industry, Denton, TX, 7–10
November 1994~unpublished!.

33R. Jacobsson, Thin Solid Films34, 191 ~1976!.
34J. R. Creighton and J. E. Parmeter, Crit. Rev. Solid State Mater. Sci.18,
175 ~1993!.

35T. J. Cotler and J. Chapple-Sokol, J. Electrochem. Soc.140, 2071~1993!.
36W. A. P. Claassen, W. G. J. N. Valkenburg, M. F. C. Willemsen, and W.
M. v. d. Wijgert, J. Electrochem. Soc.132, 893 ~1985!.

37D. V. Tsu, G. Lucovsky, and M. J. Mantini, Phys. Rev. B33, 7069~1986!.
38S. V. Hattangady, G. G. Fountain, R. A. Rudder, and R. J. Markunas, J
Vac. Sci. Technol. A7, 570 ~1989!.

39K. M. Mar and G. M. Samuelson, Solid State Technol. 137, April~1980!.
40K.-C. Lin and S.-C. Lee, J. Appl. Phys.72, 5474~1992!, and references
therein.

41T. Ohta, R. Kumar, Y. Yamashita, and H. Hoga, J. Vac. Sci. Technol. B12,
585 ~1994!.

42W. Baronian, Mater. Res. Bull.7, 119 ~1972!.
43K. Osamura, K. Nakajima, and Y. Murakami, Solid State Commun.11,
617 ~1972!.

44K. Nakamura, J. Electrochem. Soc.132, 1757~1985!.
45L. Martin-Moreno, E. Martinez, J. A. Verges, and F. Yndurain, Phys. Rev.
B 35, 9683~1987!.

46Thin Film Processes II, edited by J. L. Vossen and W. Kern~Academic,
London, 1991!, p. 538.

47J. N. Musher and R. G. Gordon, J. Electron. Mater.20, 1105~1991!.
48G. D. Bagratishvili, R. B. Dzhanelidze, and D. A. Jishiashvili, Phys. Sta-
tus Solidi A78, 391 ~1983!.

49W. G. Lee, S. I. Woo, J. C. Kim, S. H. Choi, and K. H. Oh, Thin Solid
Films. 237, 105 ~1994!.

50J. S. Anderson, A. Bos, and J. S. Ogden, Chem. Commun. 1381~1971!.
51J. S. Ogden and M. J. Ricks, J. Chem. Phys.53, 896 ~1970!.
52D. M. Hoffman, Polyhedron13, 8 ~1994!.
53CRC Handbook of Chemistry and Physics, edited by R. C. Weast~Chemi-
cal Rubber, Boca Raton, FL, 1988!.

54J. C. Barbour,SERDAP-3, Sandia ERD Analysis Program, 1992.


