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Abstract

Thin oxide films are deposited from tetramethoxysilane in an inductively coupled oxygen glow discharge supplied with radio
frequency power. The deposition rate and the chemical bonding states of deposited films are analyzed by ellipsometry and by
Fourier transform infrared spectroscopy, respectively, and the intensities of light emission from molecules and radicals in the
plasma are measured by optical emission spectroscopy. Langmuir probe is employed to estimate the plasma density and electron
temperature. With these tools, the effects of parameters such as r.f. power of inductive coupling, substrate bias power, oxygen
partial pressure ratio, total pressure on the properties of the film and of the plasma are investigated. The correlation between the
properties of the film and the characteristics of the plasma are explained wherever possible.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction In PECVD, the plasma is used as an aid to chemically
decompose the vapor precursor and as a source of active
Silicon dioxide is commonly used as interlayer die- species involved in the film growth. Therefore, accurate
lectrics in integrated circuits and microelectronics plasma diagnostics enable not only the understanding of
devices. When the substrate materials have poor heathe deposition process but also better control of the
resistance, it is necessary to deposit silicon oxide at low deposited film propertie§8]. The energy of deposition
temperature. Plasma enhanced chemical vapor deposiis controlled by the electric field at the surface of the
tion (PECVD) allows to deposit good quality films at growing film. By applying an electrical bias to the

low substrate temperature. substrate one can control the energetic growth conditions
Although silane is widely used as a silicon precursor, of a PECVD film. Low-temperature deposition by
organosilicon sources such as TMQ@ttramethoxysi- PECVD becomes practical when combined with ion

lane), TEOS (tetraethoxysilane and HMDSO (hexa- bombardment during the film growth. lon bombardment
methyldisiloxang deposited with an oxidizer are much induces changes in the film density and composition
better for the conformal thin films which are used in similar to high deposition temperature. Film density and
inter-metal dielectrics. PECVD of silicon dioxide from hardness increases as Sputtering removes the Weak]y
organosilicon sources and oxygen plasma has beemonded material.
extensively investigatefl 7. However, the deposition This paper deals with the deposition of $iO thin
mechanism of silicon oxide at low temperature is not fjms in TMOS/O, inductively coupled r.f. plasma.
elucidated. The primary issues have been how processnqyctively coupled plasmélCP) source can provide a
conditions such as silicon precursor dilution and pres- high-density plasma, which has been utilized widely for
sure, power govern film deposition and compaosition. PECVD, and it can control the ion flux and the ion
“Corresponding author. Tel + 82-51-200-7228; fax+ 82-51-200-  d0mbardment energy separately with the substrate rf.
7232. bias. The controllability of bombardment energy can
E-mail address: thchung@plasma.donga.ac(®tH. Chung. help to find the optimal process condition for PECVD.
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Fig. 1. Schematic diagram of the ICP PECVD system with plasma diagnostic.

Diagnostics of the excited and charged species of thefrom the plasma. The induction coil is made of copper
plasma by optical emission spectroscofES and (with water-cooling and connected to an L-type capac-
Langmuir probes are carried out simultaneously with itive matching network and a r.f. power generat&NI
the characterization of the SJO layers in ex-situ by OEM-12). To control the ion bombardment energy, the
Fourier transform infrared spectroscofiyTIR) and by  electrode on which the substrate is placed can be
ex-situ ellipsometry. OES is an in-situ non-intrusive independently driven by a capacitively coupled r.f.
analytic technique for monitoring the chemical species source. Hence, independent control of the /iaulical
in various plasmas. It can be used to investigate theflyxes (through the ICP powerand the ion bombard-
reaction mechanisms for PECVD process, since theément energy (through the substrate bias poweis
precursor decomposition produces a large number Ofpossible.
emissiv_e s.pecies,. which contribute significantly to the * The partial pressure of an organosilicon compound
determination of film properties. _and that of oxygen gas were controlled by mass flow
The aim of this paper is to study the effect of various o,higjlers. The parametet is defined as the ratio of
process parameters SUCh. as ICP power, oi(ygen partia he partial pressure of the oxygen gas to the total
DB e eSSt Bessuret— o We vtid the 0l pressure from
1 to 50 mTorr, the ICP power from 100 to 600 W, the

of the deposited film. substrate bias power from 0 to 60 W and thdrom 0
to 0.9.

The chemical bonding states of deposited films were
analyzed by FTIR(BIO RAD Excalibup. The light

2. Experiments

The PECVD reactor utilizes an inductively coupled - . CT
plasma source operating at 13.56 MHz to sustain low- intensities of emissive gaseous species in the plasma
pressure(1-50 mTor) high-density plasmas. Oxygen werg collected by an optical fiber that was _coupled to
gas flow and TMOS, regulated by mass flow controller Multi-channel spectromet¢©OPC-2000. Emission light
(AFC 50), are introduced approximately 10 cm above from glow discharge is detected through a home-made
the substrate. Films are deposited on p-type(BI0) optical probe during deposition in the wavelength range
substrate. of 250—700 nm with a resolution of 1 nm. The depend-

The schematic diagram of this system is shown in ence of the emission intensities on process parameters
Fig. 1. The plasma chamber consists of a stainless-steels investigated. The thickness of deposited SiO layer is
cylinder with 28-cm diameter and 34-cm length. A 1.9- measured using the ellipsometéGaertner Scientific
cm thick by 27-cm diameter tempered glass plate mount-L117). The incidence angle is 7Gnd the wavelength
ed on one end separates a planar one-turn induction coiis 632 nm.
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A Langmuir probe system is built to determine the
density and the electron temperature of the plasma. The
Langmuir probe was powered by a bipolar operational
power supply amplifieKepco, Inc). A triangular ramp
wave, swept from—50 to +50 V at 300 Hz was fed
into the amplifier from a function generataModel
AFG320, Tektronix Ltd). The Langmuir probe tip was

made of tungsten and located 10 cm above the substrate.

The current measurement is done across a208sistor
placed between the common and ground outputs of the
amplifier. The current and voltage signals are collected
on a HP54645A digitizing oscilloscope. During deposi-
tion, the probe tip was contaminated due to the deposi-
tion of insulating film. Between scan, the probe tip was
cleaned by electron bombardment by pulse biasing it to
+150 V.

3. Results and discussion

The mechanism of the formation of film from orga-
nosilicon precursor such as TMOS has been suggested

from silanol group as follow$1]:
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- - Fig. 2. (a) Deposition rate andb) electron density and electron tem-
Inoue et al. have shown that the formation mechanism perature as a function of ICP power, whete=30 W, R=0.4, p o=

of Si—O-Si bond is based on dehydration condensation1o mTorr.

Si(—O-CH), (gas — (CHo—0-) Si-O (gas understand how chemically activated species move from

+CHj; (gas,

(CH3—0-9; Si-O (ga9 +H (gas
— (CH,—09),Si-OH (ga9
— (CH;—0-);Si—OH (surface.

the gas phase to the film surface because their rate of
arrival determines the deposition rate. Neutral radicals
created in the plasma find their way to the surface of
the film by diffusion. The ICP power supplied to plasma
determines how many electrons activate the (glsc-

tron density and how hard they workelectron energy

As can be seen in Fig. 2a, the deposition rate starts
Then, with the extraction of H O and methyl function, increasing with the ICP power, reaches a maximum and
silicon oxide films are formed. This route is called the drops down to very low values for high ICP power.
ion-induced pathway. However, mass spectroscopy studyThis result is in contrast to usual observation where the
revealed that TMOS molecules are almost completely deposition rate rises until a critical power above, which
broken into small radicals such as SiO and,CH in the it saturates. An increasing deposition rate with the ICP
r.f. plasma[9]. The Si—O-Si network is formed from power can be explained by an enhanced generation of
the surface reactions of these fragments. Another sug-precursors and radicals. In Fig. 2b, the electron density
gested mechanism is and electron temperature are displayed with varying ICP
power. Since the ICP power provides an effective
activation energy for ionization and heating of gas, the
increase of ICP power results in the increase of electron
density and electron temperature. A larger ICP power

which is called oxygen atom-induced pathwgy0]. results in high ion-flux, which promotes an etching of
Combining these two pathways, it can be stated thatthe deposited film. Therefore, the deposition rate
neutral oxygen atoms and;O ions react with adsorbeddecreases again with increasing ICP power.
TMOS fragments to produce SjO and volatile by- A typical emission spectrum of the inductively cou-
products[11]. In this study, the deposition process was pled TMOSO, plasma is shown in Fig. 3. Optical
described based on the above proposed models. emission spectroscopy measurements revealed the strong
Deposition studies were carried out as functions of emission features of {656 nm), H;(486 nm), H;(410
the ICP power(P,), substrate bias r.f. powd®y), O, nm), H,(434 nm, OH (285 and 306 nm CO (266
partial pressure ratiR) and total gas pressul@ora). nm), CH (431 nm), C, (516.5 nm, O (360, 525 and
The deposition rate was determined by the ratio of the 563 nn). The emission spectra are dominated by the
film thickness to the deposition time. It is important to strong emissions of excited H, OH,C , CH, O ang O .

Si(—O—CHy) 4, +7 O—SiO,+2 CO,+2 CO+3 H0
+3 H,,
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is found in the case of TEOfL2], but this behavior is

1004 in contrast to the case of HMDSO where the deposition
y Ha rate is linearly-dependent on HMDSO concentration
804 HB [13]. It should be noted that too much bombardment of

active oxygen moleculedargeR case can cause more
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E serious damage when polymer substrates are [s&d

= Note that the values of the deposition rate are less than

S 40 those obtained in reactors utilizing microwave plasma

IS source[15].

§ 204 Fig. 4b shows the evolution of peaks of H, CH and

‘» L OH as a function oR. The difference in the sensitivity

E 0 of the spectrometer in the spectral range used is not

L — T taken into consideration. Whehis small, the fragmen-
200 300 400 500 600 700 tation of the monomer is mainly by an electron impact.

Wave Length (nm) As R increases the electron density and the density of

oxygen atoms increase. Then they contribute to the
Fig. 3. Optical emission spectrum ranging from 250 to 700 nm of fragmentation of the monomer and the TMOS precur-
TMOS/O; plasma, where?,=400 W, Ps=30 W, R=0.4, p 1= 10 sors. Near and abovR=0.5, the densities of electron
morr. and oxygen atom are high enough to dissociate the

monomer, there are high fragments of TMOS precursors
They can be classified into two categories depending on(H, CH, OH). The high intensity of hydrogen Balmer
whether they are from TMOS molecular dissociation series was also observed in HMD®QD, discharge
(CH, H) or chemical reactions of atoms composing [15]. With larger Q fraction, H molecules are disso-
TMOS among themselvel,, H,) or from the oxygen  ciated into H atoms and part of these atoms react with
of the plasma(O, O, OH. No emissions from any  oxygen to yield OH radical15]. The emission intensi-
species containing Si are observed, suggesting thaties from CH and atomic H drastically increase with the
TMOS molecule is not completely dissociated in the number of methyl functions in reactant moleculéds.
plasma. The same phenomenon was observed in TEOS This region is called a high-monomer-fragmentation
O, plasma[4], but they were detected in HMDSQ, regime[15]. However, wherr is too high(near 100%
plasma[12]. the quantity of the TMOS monomer decreases drastical-

Although not shown in figures, we observe that the |y, therefore, the emission line intensities decrease.
intensities of all the above-mentioned lines increase with
increasing ICP power and decrease with increasing
pressure. As the substrate bias power increases, the
intensities increase up to a certain level and then
saturate.

In Fig. 4a, the dependence of the deposition rate on
oxygen fractiorr is displayed. The ICP power, substrate
bias power, and pressure are kept constant at 400 W, 30
W and 20 mTorr, respectively. Starting from TMOS only
case (R=0), the deposition rate increases with an
addition of oxygen, which probably promotes gas-phase
decomposition of the monomer molecules and a forma-
tion of intermediate precursors. The deposition rate
shows a maximum aR=0.4. This is caused by a
balance between the amount of atomic oxygen needed
to convert TMOS in the film and the amount of TMOS
supplying the material for the film growth. For high
O, fraction, the deposition rate is limited by the availa-
bility of TMOS, while for low O, fraction, the surface
is covered with the fragments of TMOS and the rate
limiting comes from the availability of O atoms. When
R is near onelhigher oxygen fraction the characteris-
tICS_Of Fhe plasmq sh_ould be largely controlled by oxygen Fig. 4. (a) Deposition rate andb) various emission line intensities
excitatiory de-excitation. The TMOS molecules are not as a function of oxygen fractio, where P,=400 W, P,.=30 W,
dramatically dissociated in the plasma. A similar trend p =10 mTorr.
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The variations of the electron density and electron 10 20 30 40 50 60
temperature are shown in Fig. 5 as a function of oxygen Substrate Bias Power (W)

partial pressure ratio at 20 mTorr and ICP power of 400
W and the substrate power of 20 W. The electron Fig. 6.(2) Deposition rate andb) electron density and electron tem-
temperature increases wiih The relative abundance of perature as a function of substrate bias power, whgre400 W,R=
. . 0.4, piorw=10 mTorr.

TMOS goes along with a decrease in the number of

high-energy electron. The dissociation of TMOS acts as
a cooling process for the electron gas. With larger
one observes an increase in the electron density, whic
results from direct ionization of oxygen molecules and

oxygen atoms. Although not shown in figures, the S : .
Yo g g point is not shown. It should be mentioned that a film

electron temperature decreases with the total pressure. ) . .
Fig. 6a shows the change of the deposition rate as a°" be deposited without substrate b_|as powieP
9 9 P mode only. However, the films deposited under the

function of substrate bias power. The deposition rate v ICP q hibit ties in film densit
increases with increasing substrate bias power up to 500N mode exnibit poor properties in fiim density

W and then decreases slightly. The ion bombardmentand hardness.

due to substrate r.f. bias activates the gas in the substrate Fig. 7 shows the depende_ncg of the_ deposition rate
vicinity and surface adsorption sites, leading to a net on the total gas pressure. With increasing gas pressure,

adsorption rate higher than the case of a pure ICPthe deposition rate increases until 40 mTorr and then it
plasma[16]. A larger substrate bias power than 50 W _decreages. The de(;rease in the deposition rate with
facilitates the etching of the deposited film, thus is Increasing pressure 1s due to Iower_electron density and
harmful to the deposition rate. Fig. 6b shows the !ower atomic oxygen density, which are caused by
variation of electron density and electron temperature infrequent dissociation. The abundance of oxygen atom

with substrate bias power. With increasing substrate bias
power, the electron density and electron temperature 240

W results in capacitive discharge near the substrate and
hchanges the plasma properties. At this power level, the
discharge becomes unstable and the préb¥ data

obtained shows a low degree of credibility, thus the data

increase. Dual mode operation of inductive and capaci- -'5220_ °

tive coupling seems to enhance the gas activation. As < e o
in the case of dual ECR-r.f. discharge of methhd, 2007

the substrate r.f. biasing does not only induce ion E 180

acceleration but also enhances the electron density and 2 160

electron temperature. The contribution of hot electrons §140_ °

in the presence of r.f. biasing may lead to enhancement a

of ionization and dissociation processes of TM(13]. 1207 o

It should be noted that we cannot control the substrate 100 1— . . : : .
bias power independently of the other plasma parame- 1020 ps(?nTor:;O 0 %0

ters. The bias affects the electron density and electron

tem_perature,_ which again affe_Ct the ion density and Fig. 7. Deposition rate as a function of total pressure, wifgre500
radical density. The substrate bias power larger than 60w, P.=30 W, R=0.4.
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0.38 obse_rved. It sh_ould be noted that _since the cqnditio_ns
) SLO-Si def. N rgquwed for actlnometry are not fulfllled,.these intensi-
0364 Son strs"o's' str. ties could not be considered as proportional to ground
1 o SLO-Si i state density. However, these intensities are expected to
. 0849 0% : be correlated with the chemical composition of the
:: 032_' plasma and the depositio_n kine_tics. . _
< ] 8% The wavenumber of Si—-O-Si stretching mode in the
2 0304 60% entire R range was approximately 1055-1065 th ,
£ 1 which is lower than that of thermal oxidd075 cm ).
£ 028 20% The vibration wavenumber depends on the Si-O-Si
§ 026_’ bond angle. Since the change of the bond angle at
=T 40% different R is negligible, the change iR does not
0.24 influence the microstructure of the deposited film, which
1 : was also observed in the thin film deposited from
022 PP S s 450 00 TEOS/O, discharge[18]. The Si—-O-Si stretching peak

1350 1200 slowly decreases with decreasi®g(increasing TMOS

flow rate) [19].

In Fig. 9, we observe that as the substrate bias power
increases the Si—-OH peak decreases. It was observed
that an r.f. bias applied to the substrate decreased the
entire SiOH integrated absorbance in the microwave
CVD reactor[16]. It has been also observed that higher
is proportional to the electron density since oxygen power level of capacitively coupled PECVD system
atoms are created mainly by the dissociation gf O by decreased the Si—-OH pealZf]. The OH elimination is
electron impact. Since the deposition rate depends on aachieved due to the temperature increase of the substrate
sum of the oxygen atom-induced pathway and the ion- at higher substrate power. PECVD films always contain
induced pathway, the contributions from both pathways precursor fragments such as hydrocarbon group. It is
have a similar dependence on total pressure. possible to minimize their concentration by raising the

Fig. 8 presents the FTIR spectra obtained from films substrate temperature or by increasing the degree of ion
deposited with varying oxygen partial pressure ratio. bombardment during deposition. High ion fluxes at low
The FTIR spectra exhibit absorption peaks correspond-ion energies(25-50 eV} are particularly useful in this
ing to Si—O-Si stretching at 1062 crh , Si—OH stretch- respect.
ing at 950 cm! , Si—-O-Si deformation at 796 tin . A
small absorption band is detected approximately 870—
760 cmi*, which is due to Si-CH rocking. Another  Plasma enhanced chemical vapor deposition of silicon
small absorption band is detected approximately 1280—dioxide thin films using inductively coupled r.f. dis-
1250 cnt? ,which are due to Si-GH symmetric defor-
mation. In addition, absorption peaks appear
approximately 1360-1330 cmd , which are due to the
environment moisture. The Si—O-Si stretching peak at
450 cnT? is also observed. The IR spectra of the films
show a weakR-dependence and are similar to the
spectrum of pure silicon dioxide except for the bands
due to Si—OH bonds and CH group$]. As oxygen
fraction is increased, absorption peak due to Si—OH
bond increases slightly. However, &sapproaches 1.0,
the absorption peak slowly decreases again. The remain-
ing Si—OH bands in the deposited film are due to the

Wavenumber [cm™]

Fig. 8. FTIR transmission spectra for the films deposited at various
oxygen partial pressure ratios, whetg=600 W, Ps=20 W, p o=
30 mTorr.

4. Conclusions

) , Si-O-Si def.
Si-O-Si str. Si-OI-'| str.

0.27 -
10W

40W .

0.24 1

ittance [Arb. units]

0.214

ns

low substrate temperature. This residual Si-OH bands € (.18-
reduces the electrical resistivity and degrade the mechan-

60W

:

ical properties. We observe that the OH intensity and

hydrogen Balmer lines intensitigseen in Figs. 3 and

4) follow the same trends as the OH absorbance meas-
ured by FTIR. This behavior was also observed in the

case of TEO$O, [3,6]. The correlation between emis-
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900 750

Wavenumber [cm™]

Fig. 9. FTIR transmission spectra for the films deposited at various

sion of OH and the presence of OH in the film is substrate bias powers, whePg=400 W, R=0.5, pi,=10 mTorr.
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