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Fluorinated silicon-nitride films have been prepared from an Ar/SiF,/NH; gas
mixture by inductively coupled remote plasma-enhanced chemical vapor dep-
osition (IC-RPECVD) at different substrate temperatures, ranging from 150 to
300°C. All of the resulting deposited silicon-nitride films were free of Si-H
bonds, showed high dielectric breakdown fields (>8 MV cm 1), and had root
mean square (rms) surface roughness values below 3 A. The films’ refractive
indices and the contents of O and F remain constant, but Si/N ratios drog from
5 to 2 and N-H bond concentrations decrease in the range (1.3-0.9) x 1022 ¢cm 3
as the substrate temperature increases. The density of interface states (Dj¢)
with ¢-Si was reduced from 2.4 X 10" to 8 x 10" eV ' em 2 at substrate tem-

peratures >250°C.
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INTRODUCTION

Thin-film silicon nitrides have a wide spectrum of
applications in many silicon-based devices and
technologies, including solar cells," microelectro-
mechanical systems (MEMS),” single-electron mem-
01‘ies,“. thin-film transistors _(TFTS),S integrated
optics,® and integrated circuits.”® In several of these
applications, keeping the deposition temperature of
these films in a low range (<400°C) constitutes a
mandatory restriction. For example, the fabrication
of a-Si:H TFTs on flexible plastic substrates for
large-area imagers and displays requires prepara-
tion of silicon-nitride gate dielectrics at tempera-
tures low enough to avoid thermal deformation
and/or melting of the substrates.” In modern ultra-
large-scale integrated (ULSI) circuit technology,
where device dimensions continue to shrink,'° prep-
aration of silicon nitride gate dielectrics at low tem-
peratures is necessary to avoid interdiffusion of
elements between adjacent layers or components
of the circuit. Use of copper for interconnections in
modern deep submicron integrated circuits also
requires low-temperature deposition processes to
avoid degradation or failure of the copper metalliza-
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tion, which may even occur at 200°C.'' Plasma-
enhanced chemical vapor deposition (PECVD), in
different configurations, has been the main techni-
que for depositing silicon-nitride films at low tem-
peratures. Most of the PECVD silicon-nitride films
grown using conventional capacitively coupled par-
allel-plate configuration and SiH,/NH; and/or SiH,/
N, mixtures have high contents of hydrogen in their
networks in the form of Si-H and N-H bonds. The
hydrogen content in these films usually increases,
and their properties deteriorate, as the deposition
temperature decreases.'®!?

Substituting the conventional plasma sources by
high-density plasma sources (HDPS) along with the
use of the conventional reactive gas sources has
proved to be effective for reducing the hydrogen con-
tent in silicon-nitride films deposited at substrate
temperatures lower than 400°C."* Another way to
face the problem of H incorporation in the films
involves changing of the traditional silicon gaseous
source by other sources with fewer (or no) H atoms
per Si atom, such as SiCl,H,, SiCl,, and SiF4. Some
recent works have shown that use of SiF,/NH; mix-
tures in combination with HDPS allows the deposi-
tion of fluorinated silicon-nitride films, which
contain a reduced amount of N-H bonds and are
completely free of Si-H bonds, even at temperatures
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as low as 350°C or 250°C.">'% Despite the fact that
some previous works have shown that the substrate
temperature has important effects on the surface
reactivity of SiF, radicals in fluorosilane plasmas,l‘
the effect of the substrate temperature on the prop-
erties of fluorinated silicon-nitride films has not
been thoroughly investigated.

In this work, the structural and electrical proper-
ties of the fluorinated silicon-nitride films obtained
from an Ar/SiF,/NH; mixture by IC-RPECVD were
investigated as a function of the deposition temper-
ature in the range from 150°C to 300°C. Because
one possible application of these films is as gate
dielectrics in metal-insulator-crystalline silicon
field-effect transistors (MISFET), special interest
was put in investigating the effect of the substrate
temperature on the current-voltage (I-V) and
capacitance-voltage (C-V) characteristics and the
density of interface states (Dj) of the films as part
of MIS capacitors.

EXPERIMENTAL DETAILS

The fluorinated silicon-nitride films grown for this
study were deposited in an IC-RPECVD system that
has been previously described.'® Ultra-high-purity
Ar (99.999%, Praxair Mexico, Mexico) and NHjy
(99.999%, Praxair) were fed into the plasma zone
from the top end of the system, while SiF,
(99.99%, Praxair) was fed downstream of the
plasma by means of one dispersal ring.

All deposition parameters were kept constant, as
can be seen in Table I, except for the substrate tem-
perature, which was varied between 150°C and
300°C. For structural characterization, films of
~400 nm were grown on n-type crystalline <100>
silicon substrates of 200 ) ¢cm and then cut into
1.5 em X 1.5 ecm pieces. These substrates were
cleaned with an aqueous solution of diluted HF
prior to being loaded into the chamber. Thickness
and refractive index of the films were measured by
null-/single-wavelength ellipsometry, using a Gaert-
ner L117 ellipsometer (A = 632.8 nm). Chemical-
bond analysis was performed with the aid of a FTIR
Nicolet 210 spectrophotometer in a wavenumber
range of 4004000 c¢m ' with 8-cm ! resolution in
order to avoid interference effects. Atomic com-
position of the films was assessed by means of
Rutherford backscattering spectrometry (RBS)
measurements, carried out in the Instituto de Fisica
3MV 9SDH-2 Pelletron accelerator using a colli-

Table I. Growth Parameters Used in This Study

Parameter Units Value

Ar flow rate scem 37.0

SiF, flow rate scem 1.5

NHj flow rate scem 7.0
Pressure mtorr 10

RF power watts 550
Temperature °C 150, 200, 250, 300
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mated 3.045-MeV « particle beam with 2-mm diam-
eter, 0.1-pA ion current, and a beam charge of
200 nC. Backscattered particles were collected at
168° with an Oxford 50-11 surface barrier detector.
Accurate film thickness measurements (provided by
ellipsometry) together with RBS data were used in
order to obtain information about film densities.
Atomic force microscopy (AFM) images were
recorded with a JEOL JSPM-4210/TM-4210BU
scanning probe microscope, using MikroMasch
DP15/HI'RES/AIBS/15 high-resolution probes in
taping mode.

In order to perform the electrical characterization
of the films, metal-insulator-semiconductor (MIS)
capacitors were constructed by depositing silicon-
nitride films of approximately 90 nm in thickness
on 1.0-Q) em resistivity n-type crystalline <100>
silicon substrates, and the original (2-in. diameter)
wafers were cut into four sections. Al dots (0.013 cm?
in area and 100 nm thick) were then thermally
evaporated through a metallic mask onto the sili-
con-nitride film surface, to define the MIS capaci-
tors. As a back ohmic contact, we used an In-Ga
eutectic alloy, applied manually with a small appli-
cator onto the silicon substrate. Approximately
50 devices per substrate were constructed. Before film
deposition, the low-resistivity substrates used to
prepare the MIS capacitors were subjected to a
standard ex-situ RCA cleaning procedure and then
to an in-situ surface pretreatment by means of NHy
plasma at 130 W and 56 mtorr for 2.5 min. at room
temperature. As has been reported earlier, the pur-
pose of NHj; plasma surface treatment is to improve
the silicon-nitride/silicon interface by the nitrida-
tion and/or reconstruction of the silicon surface.'®'”
It is worth mentioning that in some preliminary
experiments, MIS capacitors were constructed
using films prepared under the same deposition con-
ditions used in this work, but without the NHjy
plasma treatment of the silicon substrates, and
no quasi-static C-V curve could be measured due
to the very high values of the density of states and
leakage currents (Q/t). This gave experimental evi-
dence for the necessity of improvement and/or mod-
ification of the silicon surface for obtaining
reasonable low values of the density of interface
states. Although a more detailed study on the NHj
plasma parameters (pressure, RF power, tempera-
ture, and time) to optimize the improvement of the
silicon surface quality is underway, after some
trial-and-error tests with the NH3 plasma pretreat-
ments, we found the surface pretreatment condi-
tions mentioned before gave reasonable low
values of Q/t, to make possible the investigation
of the effect of substrate temperature on the silicon
nitride/silicon interface.

Current-voltage characteristics of the MIS capaci-
tors were assessed at 0.5 V s ! with the aid of a
Keithley 230 voltage source and a Keithley 485
picoammeter controlled through the IEEE-488 bus
via software. Simultaneous high- and low-frequency
capacitance vs. voltage (C-V) measurements were
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performed using a Keithley Model 82 simultaneous
C-V system.

RESULTS AND DISCUSSION

Composition and Structural
Characterization

The atomic percentages of Si, N, F, and O in the
films obtained by the simulation of the experimental
RBS spectra using the SIMNRA code®’ are pre-
sented in Fig. 1 as a function of the substrate
temperature. As can be seen, all the films are
silicon-rich since the concentration of Si atoms is
higher than that of N atoms. The composition is
nearly constant for films deposited at temperatures
in the range from 200°C to 300°C, but the Si con-
centration increases and the amount of N and F
decreases when the substrate temperature is
150°C. These results can be explained in terms of
the deposition mechanisms proposed previously for
the growth of silicon-nitride films from SiF,/NHj,
plasmas.'® According to this model, the silicon-
nitride films grow from reactions between mainly
SiF and NH radicals, and consequently, it is natural
that some Si-F and N-H bonds remain in their net-
work. Because the strength of the Si-F bonds is
higher than that of the N-H bonds,*"?? it is expected
that the amount of Si-F bonds incorporated in the
films be larger than the amount of N-H bonds,
which explains the silicon-rich composition of the
films. The increase of the Si/N ratio at low substrate
temperature can be explained in terms of changes in
the condensation rate and surface reactivity of SiF,
(x =1, 2, 3) radicals, similar to those occurring in
SiFy and SiF4:H, plasmas.'” According to this, at
low enough substrate temperatures (<150°C in this
case), an increase in the condensation rate of vola-
tile radicals such as SiF,, SiF;, and NH,, is
expected. These can react between them on the sub-
strate surface to form other volatile compounds,

80 +
70 - |
) = a
= 60 1 o 1 3
8 > —e—Si
€ 507 e
S 40~ e F
§30 ==
[ = T <>
o
° 20 o0
20 - &
1<
X g, S— *—— X
0+4 .- ]

L] (LS I I LA
140 160 180 200 220 240 260 280 300
Substrate Temperature (°C)

Fig. 1. Film composition as a function of substrate temperature
obtained from RBS.
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such as NF3, H,, HF, etc. The occurrence of these
reactions, along with the surface heterogeneous
reactions that form the solid film, gives rise to the
removal of N and F from the growing film, which
leaves a film with a more silicon-rich composition.
The removal of N and F atoms from the growing film
can also generate an important amount of dangling
silicon bonds in the film network. The incorporation
of oxygen in the films can be explained as a result of
a post-deposition oxidation process generated by the
exposure of the films to the ambient atmosphere.
The occurrence of this oxidation process is indica-
tive of films with a relatively open structure and/or
with a considerable amount of dangling bonds in
their network.”® These composition and structural
results are consistent with values and behavior of
the refractive index and density of the films as a
function of substrate temperature (Ts), shown in
Fig. 2. As can be seen from this figure, both param-
eters behave similarly with respect to Tg, i.e., they
are practically constant for films deposited at sub-
strate temperatures >200°C and decrease for the
film deposited at 150°C. The low density of the
films compared to the ideal silicon-nitride material
(3.1 g em ?) confirms the open structure of the films
and/or the presence of dangling bonds. On the other
hand, the low density of the films, along with the
incorporation of O and F in their network, also
explains why the refractive index of the films is
lower than that of the stoichiometric silicon nitride
(n = 2.00), despite the fact that they are silicon-
rich.16:23

It is worth mentioning that the decreases in film
refractive index and density as the substrate tem-
perature is decreased are more noticeable in
silicon-nitride films prepared from SiH,NH; dis-
charges."'* According to our model for film growth,
the reason for these differences may be that both the
rate of condensation and the reactivity of the SiH,
radicals are more sensitive to the substrate temper-
ature than are those of SiF, radicals.

Figure 3 shows the infrared spectra of the films,
with the deposition temperature as a parameter.
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Fig. 2. Density and refractive index behavior as a function of sub-
strate temperature.
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Fig. 3. FTIR spectra of the films. (Inset) N-H bond concentration as a
function of substrate temperature, calculated from Eq. 1.

The broad band centered at 902 cm ' cor responds to
Si-N stretching v1brdt10m shifted from their or 1g1—
nal position (—850 c¢m ) due to F incorporation in
the film network. Absorption peaks at 3,380 and
1,213 em ! are related to N-H stretching and bend-
ing modes, respectively, and the band centered at
~500 cm ' can be assigned to a Si-N bending mode
No evidence of Si-H absorption (~2,170 em ') was
found over the entire range of substrate tempera-
tures investigated.

A slight decrease in the N-H stretching peak is
observed in the FTIR spectrum (Fig. 3) as the sub-
strate temperature increases from 150 to 300°C. In
order to quantify t}ns change, the N-H bond con-
centrations (in cm ?) were calculated using the
equation

[alv)

dv (1)

Cn-n=A

where A is a constant equal to 2.8 x 10*” em ? for
N-H bonds and the integral must be taken through
all the wavenumbers (v) included in the peak cen-
tered at 3,380 cm

The results obtained from these calculations are
plotted (inset, Fig. 3) vs. substrate temperature,
where a monotonic decrease in N-H bond concentra-
tion (which is equal to the H concentration because
no Si-H bonds are present) is observed as the sub-
strate temperature rises. This behavior could be
explained in terms of a reduction in the residence
time of H-related species on the growing film sur-
face as the temperature increases.

The stability of the samples under exposure to
ambient air and moisture was systematically
studied by recording IR transmission spectra and
measuring refractive indices after different inter-
vals of time. No changes were detected in the IR
characteristics or in the refractive index of any of
the samples, even after 1 mo.

1555

AFM images of 4 um X 4 pm portions of the film
surfaces are shown in Fig. 4 for all substrate tem-
peratures studied. The films have small surface fea-
tures, typical of amorphous materials. Because the
top of the height (z) scale is set at ~2.6 nm in all
cases, very smooth films surface are expected. The
root mean-squared roughness (R) values were calcu-
lated from the AFM images (Fig. 4), and the results
are shown in Table II. All the films have R values
lower than those reported for PECVD slhcon-
nitrides deposited from SiH;-based mixtures® Ve
and are similar to the values 10P0rted for LPCVD
silicon nitrides grown at 700°C.”" A number of fac-
tors, such as sticking coefficients, surface chemical
reactions, ion bombardment, surface diffusion, etc.,
directly influence the growth of the film.?"?® In our
case, given the high plasma power condition used
for deposition, we believe that the enhancement of
surface diffusion by ion bombardment was the key
factor for obtaining the smooth surfaces.

Electrical Behavior

Current density vs. electric field curves of the MIS
capacitors for different substrate temperatures are

T=150°C T=200°C

P497nm{

0 T - i
L“_ Q 538um

Fig. 4. AFM images of fluorinated silicon-nitride films deposited at
different substrate temperatures. A line-scanning plot (lower plot) for
one of the films (Tg = 150°C) is included.

Table II. Root Mean Square Roughness of Film
Surface as a Function of Substrate Temperature

Substrate RMS |
Temperature (°C) Roughness (A)

150
200
250
300

DO = b
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shown in Fig. 5. All the curves have similar shape
and are characterized by a low leakage current den-
sity for electric fields up to 5 MV em .

We define the dielectric breakdown field (Ep) as
the electric field needed to produce a current of
1 mA across the sample. The best 20 devices per
wafer were used in order to report an average value
of Ep. Breakdown fields of ~8-9 MV c¢m ' are
achieved for all of the MIS capacitors. These high
values of Ej are expected due to the stronger nature
of the Si-F bonds compared to Si-N bonds and the
absence of weak Si—H bonds in the silicon-nitride
network through the entire Tg range investigated.

Simultaneous C-V curves of the constructed MIS
capacitors were measured, and the results obtained
are illustrated in Fig. 6 for different substrate
temperatures.

All of the C-V curves in Fig. 6 appear shifted to
negative voltage values with respect to the ideal
MIS capacitor, indicating the presence of a positive
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Fig. 5. J vs. E plots with the substrate temperature as a parameter.
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charge density in the gate dielectric films. In agree-
ment with the observed behavior, flat-band voltage
lies between —3 and —4 V in all cases. Also, the
shape of the quasi-static C-V curves improves when
the substrate temperature increases above 250°C.

The density of interface states (D;;) values were
calculated with the aid of both high-frequency and
quasi-static C-V measurements.*” The D,, state val-
ues at midgap (D;(0)) are plotted in Fig. 7 as a
function of substrate temperature. In general, those
values are in the moderate to high range and agree
with previous reports for PECVD silicon-nitride-
based MIS structures.”® The D;(0) vs. Ts curve fol-
lows nearly constant behavior from 150 to 200°C,
drops from 200°C to 250°C, and then remains
approximately constant up to 300°C. At present,
this behavior is not fully understood, but it could
be related to the temperature dependence of the sur-
face mobility and/or reactivity of the SiF, and NH,
species adsorbed on the substrate surface in the ini-
tial stage of film growth and the ability of these
species to passivate the dangling bonds that are
present on the substrate surface.

CONCLUSIONS

Fluorinated silicon-nitride films were deposited
by IC-RPECVD using an Ar/SiF,/NH; mixture after
the substrates were treated by a NH; plasma. Struc-
tural and electrical properties of the films were
investigated as a function of substrate temperature
in the range between 150°C and 300°C. All of the
films were Si-H bond free up to the FTIR detection
limit. Substrate temperature has little influence on
film composition above 200°C but causes a mono-
tonic decrease in H content when the temperature
increases through the entire range. High dielectric
breakdown fields (8-9 MV e¢cm ') were achieved in
all cases. The density of states at dielectric/semicon-
ductor interface improves when substrate temperature
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Fig. 6. Simultaneous C-V plots for different substrate temperatures,
where the continuous line represents the high-frequency capaci-
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surpasses 250°C. Very smooth surfaces, with the
lowest rms R values reported for as-grown PECVD
silicon-nitride films (1-2 A), were obtained regard-
less of substrate temperature.
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