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ABSTRACT

A Langmuir-Hinshelwood growth-rate equation is presented for the germanium-silicon (GeSi) alloy deposition from
GeH, and SiH, assuming dissociative chemisorption on a heterogeneous GeSi surface. Model parameters for the deposition
kinetics have been extracted from measurements. The fit for the bond-energy of hydrogen to a germanium surface site is
30 kJ mol™’, lower compared to that of hydrogen to a silicon site. We found to a good approximation the GeSi composition
of the alloy to be independent of the temperature. Moreover, the GeSi is polycrystalline down to the lowest deposition

temperature we used, te., 450°C.

In the past few years much attention has been devoted to
the epitaxial growth of Ge,Si, , on Si as well as on the
fabrication of strained layer heterostructures.! A great deal
of knowledge has been accumulated about pseudomorphic
growth of Ge,Si, _, layers on Si by molecular beam epitaxy
{MBE), but epitaxial growth has alsc been demonstrated
by hot-wall low pressure chemical vapor deposition
(LPCVD),” limited reaction processing,® ultrahigh vacuum
chemical vapor deposition (UHV/CVD),' and by atmos-
pheric pressure CVD.** These strained layers find their ap-
plication in high gain, high frequency heterojunction bipo-
lar transistors (HBTs),® metal oxide semiconductor field
effect transistor (MODFETSs),”® and in superlattice struc-
tures for optoelectronic applications, especially in the in-
frared optical communication area.

Recently, attention has also been given to the implemen-
tation of polycrystalline GeSi layers in integrated circuits.
Polycrystalline silicon is one of the basic constituents of
increasing importance in present-day semiconductor tech~
nology,? therefore polycrystalline GeSi may be an obvious
alternative to enhance the performance of conventional
processes.

Applications have been reported in complementary
metal oxide semiconductor (CMOS) technology using poly-
Ge,Si,., as a gate material.”? Work-function-difference en-
gineering for submicron CMOS has been demonstrated by
tuning of the Ge content rather than the doping level in
poly-Ge,Si;_, gates resulting in 0.3 V variation. The con-
ductivity of poly-GeSi is higher than that of its polysilcon
equivalent. King and Saraswat reported the use of poly-
GeSi for PMOS transistors® and also for low thermal bud-
get thin-film transistor (TFT) technology.* Hai et al." pro-
posed using LPCVD poly-GeSi layers for the realization of
integrated photoconductors for optical coupling to
BiCMOS integrated circuits (ICs) in a compatible fashion.

Polycrystalline GeSi material can be deposited using any
of the CVD techniques (UHV, LP, AP, RT) in use for
strained-layer GeSi growth, having an accurate control of
the gas composition during the thermal decomposition
of a mixture of SiH, and GeH,.!' Also chloro-silanes
(8i,H,Cl,) and chloro-germanes (Ge,H,Cl,) have been ap-
plied successfully.**2!

This paper focuses on the kinetic aspects of the polycrys-
talline GeSi deposition using SiH, and GeH, as source
gases. For this deposition a Langmuir-Hinshelwood type of
growth-rate model was developed.

Experimental

The depositions were carried out on oxidized 3 in. wafers
in a three-zone hot-wall horizontal tube reactor with 12 ecm
inner diameter. The length of the heating element was
90 cm with a flat temperature center zone of 30 cm. The
wafer distance was kept at 1 cm, except for a few runs made
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in order to study the role of diffusion effects from the an-
nulus into the interwafer region. The possible effects of
interwafer diffusion or gas-phase reactions are not consid-
ered in this paper, because it has been established that
growth rates are independent of wafer distance which was
taken as a strong indication that diffusion or gas-phase
reactions do not play an important role.

For every deposition run the reactor was loaded with 30
wafers at 1 em distance; for growth rate measurements
three test wafers were selected, located at a distance of 15,
22, and 37 cm downstream of the onset of the first heating
zone. This means that two wafers were positioned in the
entrance zone and the third in the flat temperature zone.
This specific positioning is because of the high reactivity of
GeH, of which a great part is depleted in the entrance re-
gion as will be discussed later.

The temperature at the test positions was calibrated by
using solid-phase epitaxy (SPE) of an amorphized layer,
created by implantation of Si in a monocrystalline Si, as a
temperature monitor** and by in situ thermocouple meas-
urements. The temperature reproducibility was found to be
+3°C for the flat temperature zone and *6°C for the en-
trance region.

Prior to GeSi deposition about 10 nm of silicon were
deposited because the nucleation of GeSi on oxide was
found to be poor. All poly-GeSi layers were deposited with
a SiH, partial pressure of 10 Pa, and a total pressure of
100 Pa, N, was used as a carrier gas. Temperature, total
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Fig. 1. Comparison of the uncalibrated EDX with RBS and &{pZ)
matrix corrected EDX using Si and Ge standards.
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flow, and GeH, partial pressure were varied. SiH, flows
were varied in the range of 40-100 sccm, the GeH, flow
varied in the range of 2-30 scem.

The thickness of the layers was derived from weighing
for a global indication and from the height of an etched
step for local thicknesses. The conversion of weight in-
crease, Aw, to thickness, th, is given by

th = (Aw)/(Awp) BN

A, is the total area of one wafer, and p is the density of the
layer materal. The density, p, can be calculated from the
composition by

p = {(XMg, + (100 — X)M}/{XMce/pce
+ (100 — X)Mg/pst (2]

with X the germanium content in atom percent (a/o), M the
molecular weight, subscripts Ge and Si are for germanium
and silicon, respectively.

The composition of the layer was determined by uncali-
brated EDX which was compared with RBS analysis and
with calibrated EDX. The calibrated EDX used Si and Ge
standards and the ®(pZ) matrix correction method."”” The
results are presented in Fig. 1. Uncalibrated EDX was fur-
ther used as standard measurement and converted by
means of the RBS calibration, because the RBS calibration
is a more direct method for determining the composition
than the ¢(pZ) correction of EDX signals.

The deposition rate of Si (rg) and Ge (rq) in the alloy is
given by

re, = (Aw /AN Ms, + XMu/(100 — X)* molm™2s™ [3]
Tge = X/(100 — X)rgy molm 2™ [4]

with ¢ being the total deposition time.
The crystallinity and texture of the deposited GeSi was
determined by x-ray-diffraction (XRD).

Model

Polycrystalline Si deposition using SiH, as a source gas is
dominated by a Langmuir-Hinshelwood heterogeneous de-
composition at low partial pressures of SiH, (pgy, < 30 Pa)
and becomes dominated by the homogeneous unimolecular
gas-phase reaction at higher SiH, pressures and/or total
pressures.'® The poly-GeSi depositions in this paper were
performed in the heterogeneous regime.

If we apply the surface decomposition sequence of SiH,
as proposed by Gates et al.'” also to the decomposition of
GeH, and mixtures of GeH, and SiH, we may consider the
following reaction equations

k
AH, + (%), — AHY + H*

[R-1a]
AHY + % —» AH; + H* [R-1b]
2AH? - 2A)H* + H, [R-1c]

k
2AH* — 24 + H, + (%), [R-2a]
k,
9H* —> H, + (%), [R-2b]
ks
HE, + %o, <> HE + %, [R-3]

-3

In the above set of equations A denotes either Si or Ge, %
denotes a free site, (&), denotes a dual site, i.e., two free
surface sites at neighboring positions. These sites may be Si
and/or Ge. The %-superscript indicates that the species in-
volved is bonded to a surface site. There is no basic differ-
ence between (A)H* and H* except that in (A)H* the H* is
bonded to A which originates from the source gas. The
parentheses in (A)H* are meant to indicate that A is bonded
with more than one bond to the substrate, thus making it
less mobile, but the H* in (A)H* may be mobile with respect
to A. The subscripts in R-3 are meant to indicate the type of
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Fig. 2. Schematic representation for the desorption from a GeSi
surface. ky, is the desorption rate constant of H,, AE is the difference
in bond energy between HZ and HZ., E; is the desorption energy of
H,, E; is the barrier for the chemisorption of AH, where A is either Si
or Ge.

site or to what type of site the H* is bonded. It is assumed
that a difference may exist between k, for GeH, (k; geq,) and
k; for SiH, (k;gy,), it is also assumed that the adsorption
rate constant k, i, depends on the layer composition.

The enhanced growth rate in the presence of Ge com-
pared to pure silicon deposition has been attributed by
Meyerson et al.*® to the catalytie action of Ge in the desorp-
tion of H,. This has been confirmed by Crowel et al.' by
means of temperature programmed desorption (TPD) of H,
from a silicon surface covered with a submonolayer of ger-
manium. The desorption of H, from the GeSi surface is
illustrated in Fig. 2. The distribution of H* over the Si and
Ge sites is assumed to be in equilibrium. When the pre-ex-
ponential factors of the desorption-rate constants of H,
from Si and Ge sites are equal then the distribution of H*
over Ge and Si sites is given by

Burg [0z = (Bac/Bxs) €xp —AE/RT 5]

where AE is the difference in bond energy of Hf and HE,, 8y«
is the surface fraction covered with H* and 6, the fraction
of free sites.

The deposition rates 75 and rq, of Si and Ge, respectively,
are according to R-1a given by

Tsi = k1,sm4 [SiHﬂQi [6]
Tae = K1 gen [Gqu]ei 7

In order to calculate the fraction of free surface sites
from the set of reaction equations, R-1 to R-3, we have to
make some assumptions concerning the order of R-2. First
order in H* has been reported for the desorption of H, from
silicon, although for (111)Si also second order has been
published.”?! A second order has been reported for desorp-
tion from Ge (111).%2 If we assume that the order of the
desorption reaction depends on the mobility which, in turn,
also depends on the coverage, it is reasonable to assume a
second-order mechanism for GeSi surfaces because of the
lower average bond energy of H* so that the GeSi surface
will be less occupied by H* under the same conditions com-
pared with pure Si. Assuming now steady-state conditions
for the reaction sequence R-1 to R-2 and equilibrium for
R-3 it can be derived (see Appendix) that

By = Oag, + 8, = (X/(1 + exp — AE/RT N(3Zk, ay,[AH,])/K,))
+{(1 ~ X)/Q1 + Bk, any[AHD)/k,))  [8]

In Eq. 8 k; is the desorption rate constant of H, from Si
sites. Equations 6, 7, together with 8 form the Langmuir-
Hinshelwood growth-rate equation. It should be noted that
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Fig. 3. (a, left} Growth rate of germanium and silicon in the GeSi alloy vs. the position in the reactor for high and low flow conditions. Hiah
flow: SiH, = 88.3 sccm, GeH, = 13.2 scem, N, carrier, p,, = 100 Pa, ps, = 10 Pa. Low flow: 50% of the high flow conditions. (b, right)

Germanium content in the GeSi dlloy. See Fig. 3a for condifions.

this equation was derived from first principles. Therefore it
differs basically from the intuitively weighed desorption-
rate constant proposed by Garone et al.'® Also, since hydro-
gen desorption is the rate-limiting step at lower tempera-
tures, we have not started from an equilibrium between
adsorbed and gaseous hydrogen, as has been assumed by
Robbins et al.*

Results and Discussion

The growth rate has been measured for various gas com-
positions, flow rates, and temperatures. A typical set of
measurements is presented in Fig. 3a and b where the
growth rate of Ge and Si in the alloy and the composition
is plotted for the three test positions as was described un-
der the Experimental section. Position 3 is in the flat tem-
perature zone, positions 1 and 2 are in the entrance zone.

Figure 3a and b gives rise to a number of conclusions:

1. The growth rate of both Si and Ge in the alloy de-
creases with increasing position number. This is due to de~
pletion of the SiH, and Gell,.

2. Therelative Ge content in the GeSi alloy is larger than
in the gas phase. This observation is, in particular, obvious
for position 1 where the depletion is still low. This means
that the reactivity of GeH, is larger than SiH, and causes a
stronger depletion of GeH, compared with SiH, at increas-
ing position number.

Because of the stronger reactivity of GeH, two of the test
positions were chosen in the entrance region. By means of
the variation of the flow of reactive gases, the undepleted
growth rate and composition could be found from experi-
ments like the ones presented in Fig. 3a and b, by extrapo-
lation to high Peclet values,'®** i.e., to infinitely high flow,
provided that the depletion is not too strong which is gener-
ally true for position 1 and 2 and for position 3 at low
temperatures.

The composition of the GeSi alloy as a function of gas
composition for the condition of undepleted growth is pre-
sented in Fig. 4. It may be concluded that the composition
of the alloy is, within experimental error, independent of
the temperature. This is in agreement with results by
Kuiper et al.® and by Robbins et al.” who have experi-
mented in a different temperature and pressure range and
have deposited strained or relaxed epitaxial layers on Si.

This is, however, in contradictien with the results pre-
sented by King et al.*® for a hot-wall-LPCVD system and
by Kamins et al.’ for an APCVD system. The difference may
well be explained by the depletion effects discussed for the
LPCVD case at Fig. 3 or by diffusion control of GeH, as
suggested by Kamins et al.® in the case of an APCVD sys-
tem. It should be borne in mind, however, that in the APCVD
case, where H, was used as a carrier gas, that thermodiffu-
sion effects play an important role and may cause the gas
phase to be progressively more depleted closer to the sur-
face of GeH, than of SiH, with increasing temperature.®
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Fig. 4. Germanium content in the GeSi alloy vs. germane content
in the gas phase for various temperatures and by various authors.
Solid line is according to Eq. 10 for the ratio of kj 5, is 3.1.
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Fig. 5. {q, left; b, right] Arrhenius plot for the growth rate of GeSi. Lines are model fits using data from Table 1.

In Fig. 4 we may also observe a higher content of Ge in
the alloy compared to that in the gas mixture. This may be
explained by the higher reactive sticking coefficient, v, of
GeH, compared with that of SiH,. Since the ratio of the
constants is independent of the temperature the higher re-
active sticking coefficient of GeH, has to be attributed to its
higher pre-exponential factor rather than a lower barrier
to chemisorption. The composition of the GeSi layer can be
calculated from Eq. 7

with
kl,AHa =1/4 (’YAH.;,O*:l) '(8RT/'“'MAH4) [9]

where 1/4 \/(BRT/-rrM an;) is the surface collision frequency
per unit of concentration, yay, . is the reactive sticking
coefficient for an empty surface, i.e., for 6, = 1, and My, the
mass of AH,, we derive for the Ge fraction in the alloy

X - MFGeH4(k1,GeH4/k1 SiH4) [10]
MFgy, + MF, GeH4(k1,GeH4/ kLSiHA;)

where MF is the mass flow. A good fit is obtained between
our results presented in Fig. 4 and Eq. 10 for k; geq,/k) g, =
3.1 This is in excellent agreement with a value of 3.0 pre-
sented by Robbins et al.?® A slightly higher value of 3.3
could be derived from the results by Racanelli et al.”
Kuiper’s results yield 5.3% whereas the results by Meyerson
etal. yield a lower value of 2.5.** It is interesting to note that
the values reported by others were measured under quite
different conditions as far as pressure, temperature, com-
position, reactor-type, and type of layer, i.e., poly vs.
strained and relaxed epitaxial layers, are concerned.

The undepleted growth rates of Ge, Si,_, for various tem-
peratures and for X = 0 and X = 1 are presented in Fig. 5a
and for X = 0.48 and X = 0.3 in Fig. 5b. Included are results
of Oztiirk et al.?® The rate parameters in Eq. 6-8 have been
fitted to the measurements. Since the measurements by
Oztirk et al.®® were performed over a wide temperature
range for pure Ge deposition we used their measurements
to fit AE (see Fig. 2 and Eq. 6-8). The fit of our model to
these points gives AE = 30 kJ mol ™.

For the reactive sticking coefficient of SiH, we used at
625°C, AE-3. This value was obtained from an earlier set of
measurements.’® For the barrier to chemisorption of SiH,
we have used a value of 15 kJ mol™ which is an average of
values obtained from the literature.'”**-3* For GeH, the ad-
sorption rate constant is 3.1 times larger than that of SiH,
with the same barrier to chemisorption as was discussed
above. The fitted growth rate parameters as well as the

ones adopted from the literature are summarized in Table L
The values for k, and yg,, listed in Table I, were derived as
follows. For the activation energies, the average of the ref-
erences cited were taken. The pre-exponential factors are
the best fits to our own data. The fits for the relative ad-~
sorption rate constants of SiH, and GeH, for x ranging
from 0 to 1 are presented in Fig. 6. The decrease of the
adsorption rate constant has also been observed for epitax-
ial layers but the agreement is only qualitative.®

It is interesting to note that the growth-rate enhance-
ment due to the addition of B,H; resembles the enhance-
ment due to GeH,, see Fig. 5b. The mechanism behind both
enhancements may well be the same, i.e., enhancement of
H, desorption. In fact H, TPD measurements of a highly
boron-doped surface show a shift of the monohydride TPD
peak towards lower temperatures indicating a lower acti-
vation energy for H, desorption.*® When B,H; is added to
the GeH, + SiH, mixture no additional enhancement is ob-
served indicating that the B,H, effect is obscured by that of
GeH,.

Using the parameters of Table I and Fig. 6 we have calcu-
lated the growth rate of GeSi; the results of these calcula-
tions are presented in Fig. 5a and b as solid lines.

Desorption activation.—For the H, desorption energy
from a H*-saturated silicon surface values of around 195 kJ
mol™ were reported,’™*#%? while 145 kJ mol™' has been
reported® for the desorption of H, from a Ge surface. Rob-
bins et al. assume a difference of 40 kJ mol " between de-
sorption from a silicon surface and a germanium surface,
whereas based upon average bond energies of H in GeH,
and SiH, a difference of 35 kJ mol™* could be calculated.
From the decrease of the TPD peak of H, on Gey,Sigs,
Meyerson et al. calculated a decrease of 21 kI mol™ in de-
sorption energy.

Our fitted value of AE = 30 kJ mol ™! would correspond to
a desorption energy of 195 — 2 . 30 = 135 kJ mol™ if we
adopt the value for Si to be 195 kJ mol™*. It should be borne
in mind that the accuracy of AE is strongly determined by

Table I. Growth rate parameters for Ge,Si; _,.

k, = 1.675 107

exp —195,000/RT mol - m™2 s~}
Vs, = 145 107% exp —15,000/RT
kl.Gqu/kl,Sﬂ'l_‘ =3.1
kl.SlH,/k:I,SiH‘ forX=0
AE =30 kJ mol™!

Ref. 17, 32, 21, 16.

Ref. 29, 30, 31, 32, 17, 16.
This work, see Fig. 6.
This work, see Fig. 6.
This work.
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Fig. 6. Fit of the relative adsorption rate constant of SiH, and GeH,
on Ge,Si;_,. The adsorption rate of SiH, to pure Si is taken as 1.

the accuracy of temperature measurement by Oztiirk
et al.?® It should also be borne in mind that AE may depend
on the composition of the surface because the binding en-
ergy of H* is not only determined by the site to which it is
bonded but also by the type of nearest neighbors. In fact for
X = 0.48 a better fit could be obtained for AE = 25 kJ mol .
More low temperature data for various compositions are
required to decide more precisely about these questions.

The model predicts an increase of total growth rate with
increasing Ge content followed by a decrease at still higher
Ge contents. It is this effect that causes the growth rate at
higher temperatures to be higher for X = 0.3 than for X =
0.48 in Fig. 5b. The model does, however, not predict the
maximum at very low Ge contents as was observed by
Racanelli et al. and Robbins et al. %%

Crystallinity.—The texture of the GeSi layers was deter-
mined by means of x-ray diffraction and showed preferen-
tial (111), (311), and (110) orientation. All Ge containing
samples were crystalline according to XRD, including the
pure Ge layers and even when grown at relatively low tem-
peratures. In the case of pure Si we found the layers to be
amorphous when deposited at temperatures below 580°C
which is in agreement with the literature.*® The crys-
tallinity of the GeSi layers may be attributed to the fact
that the surface coverage of H* is low thus allowing maxi-
mum mobility for the H*. The same arguments holds for
in situ boron-doped polysilicon. We found boron-doped
polysilicon layers to be crystalline down to 525°C for a gas-
mixture with a SiH, partial pressure of 10 Pa containing
2% of B,H,.

Conclusions

Polycrystalline germanium-silicon alloys can be de-
posited with Ge contents ranging from 0-100 a/o.

The poor nucleation of GeSi on SiO, can be circumvented
by first depositing a 10 nm thick Si layer.

A growth-rate model has been presented, based on a
Langmuir-Hinshelwood type of mechanism for a heteroge-
neous surface. Model parameters have been extracted from
rate and composition data.

The ratio of the adsorption rate constant of germane and
silane is 3.1 and independent of temperature and composi-
tion. Based on this work and Ref. 23, 25, this is true for the
temperature range 500-850°C.

The reactive sticking coefficients decrease with increas-
ing germanium content.

The difference in bond energy, AE, of H* on Ge sites and
H* on Si sites obtained by fitting the rate data to the
growth rate equations is 30 kJ mol ™.

The Ge containing layers are XRD crystalline down to
the lowest temperature employed in this study, i.e., 450°C.
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APPENDIX
In the steady-state we can write

dH*/dt = 3 ky e [GeH,10% + 3k iz, [SiH,]0%
£) [A-1]

- (” 2” eHéeeH;-)t + "kZ" engthot

In Eg. A-1 the factor 3 is due to the reaction sequence R-1
where every AH, produces 3H*. The term between paren-
theses is the desorption rate of H,. This term is proportional
to the sum of the fractions of H* on Ge and Si sites multi-
pliedd by "k, and the chance that the neighbor is also occu~
pie

Ogx B2 + Oy [A-2]
The term between parenthesis becomes
ks Oy (Omx, + 0 ) + ko Oz (Ox_ + 0u2) [A-3]

"k, has been written between quotes because "k, depends
on whether H, desorbs from HE, + H., HY + HX, or HZ, + HZ,
see Eq. A-5.

We can now write

"ky = k, exp — Ep/RT

where Ej, is the desorption energy.

If we assume that k, is independent of the type of site to
which H* is bonded and ks g% e, Ko md), and Ky gd.md),
are the desorption rate constants from two germanium, a
mixed site, and two silicon sites, respectively, we get

[A-4]

kg ) = Ko
Ko gt ity = Kouagngy €xp 2AE/RT [A-5]
kst antys = Koty €Xp AE/RT

with AE defined as in Fig. 2.
If we substitute these values in Eq. A-1 we obtain for
steady-state dH*/dt = 0

0 = 3k, g, [GeH 165 + 3k1yslH4[SiH4]62*
— (k, exp 2 AE/RT (852 )* + 2k, exp AE/RT 62 0,2
+ ky(82)*  [A-6]
or
Oux + Oux, exp AE/RT
= 04 V(3kLGeH4[GeH4] + 3k, g, [SIHL]/E,  [A-T]
Let us now consider the equilibrium reaction R-3

* *
HGe + *Sl A4 H51 + *Ge

[R-3]

In equilibrium, assuming that the frequency factors for for-
ward and backward reactions are the same we get

K; =exp — AE/RT [A-8]
and
Oxx, exp AE/RT = (0 05.)/0% [A-9]
This into Eq. A-7 gives
Out = Oug, V3K1 qa[GEH,] + 3k s, [SIH,]  [A-10]
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Bz, = Ouc, €Xp — AE/RT V3k) gorr, [GeH,] + 3k, 5, [SiH,]
[A-11]

If X is the Ge fraction in the alloy we can write, when the
surface composition is equal to the total layer composition

B + B = X [A-12]

and
Bug, + Bz =1 — X
Equations A-10, A-11, A-12, and A-13 yield
Bug, = (Buge + Bss)
= X/{1 + exp — AE/RT V(3k; gy, [GeH,] + 3k, 551, [STH,]) Ko}
+ (1 — X)/{1 + Bk gar,[GeH,] + 3k, g1, [SIH]) /Ky [A-14]
Equation A-14 is Eq. 8 in the text.
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Thermal Desorption Studies of Silicon Dioxide Deposited
by Atmospheric-Pressure Chemical Vapor Deposition
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ABSTRACT

The relationship between the structural properties of TEOS/O;-NSG and deposition conditions is studied with thermal
desorption spectroscopy. The principal thermally desorbed species, except for O,, are divided into two categories: H,O-re-~
lated species and ethoxyl-group-related species. Most part of the H,O-related species, such as H,0, OH, O and H,, are
generated from silanol groups rather than actual water in the oxide. In contrast with O-atom desorption, O,-molecule
desorption is not synchronized with H,O desorption. It is likely that desorbed O, has its origin in ozone included in the
source gas. The ethoxyl-group-related species, including OC,H;, OC,H,, C,H;, and C,H,, arise from components that have
been incorporated into the oxide atomic network due to the incompleteness of TEOS decomposition. The dependence of
thermal desorption spectra on source-gas composition and deposition temperature is described.

Among requirements for interlayer dielectries for multi-
level interconnections of VLSIs and ULSIs, smoothing a
high-aspect-ratio surface is crucial from the viewpoint of
device reliability. In this respect, silicon dioxide prepared
by atmospheric-pressure chemical wvapor deposition
(APCVD) wusing tetraethylorthosilicate (TEOS) or te-
traethoxysilane, Si(OC,H;),, and ozone, O, has become
widely recognized in the last few years as one promising

interlayer dielectric.’” The oxide, hereafter referred to as
TEOS/O;-NSG (nondoped silicate glass), provides a con-
formal and even flow-like step-coverage at a deposition
temperature as low as 400°C.

Accordingly, to date, most experimental studies on
TEOS/O;-NSG have focused mainly on deposition pro-
cesses in relation to the morphology of TEOS/O;-NSG.™*
Film characteristics also have been investigated in terms of
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