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(57) 
A method of forming dielectric ?lm having SiiN bonds on 
a semiconductor substrate by plasma enhanced atomic layer 
deposition (PEALD), includes: introducing a nitrogen- and 
hydrogen-containing reactive gas and a rare gas into a reac 
tion space inside Which the semiconductor substrate is 
placed; introducing a hydrogen-containing silicon precursor 
in pulses of less than 1.0-second duration into the reaction 
space Wherein the reactive gas and the rare gas are introduced; 
exiting a plasma in pulses of less than 1.0-second duration 
immediately after the silicon precursor is shut off; and main 
taining the reactive gas and the rare gas as a purge of less than 
2.0-second duration. 

ABSTRACT 

20 Claims, 11 Drawing Sheets 
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METHOD OF DEPOSITING DIELECTRIC 
FILM HAVING SI-N BONDS BY MODIFIED 

PEALD METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of US. Provisional 
Application No. 61/251,526, ?led Oct. 14, 2009, the disclo 
sure of Which is herein incorporated by reference in its 
entirety. 

BACKGROUND 

1. Field of the Invention 
The present invention relates to semiconductor integrated 

circuit manufacturing and, more particularly to a method of 
depositing the silicon nitride ?lms using modi?ed plasma 
enhanced atomic layer deposition (PEALD) at loW tempera 
tures (under 600° C., particularly under 4000 C.). 

2. Description of the Related Art 
Silicon nitride layers deposited at loW temperatures (under 

600° C., particularly under 400° C.) have been used in a 
number of important applications for memory devices, for 
example, as a passivation layer, a surface protection layer, 
and/ or a spacer for a transistor gate. Silicon nitride ?lms may 
be formed by plasma enhanced chemical vapor deposition 
(PECVD) methods. The main advantages of the PECVD 
methods over other CVD methods are higher deposition rates 
and controllability over refractive indices in a Wide range. A 
further advantage of the PECVD methods is that the process 
can take place at a relatively loW temperature, for example, at 
temperatures under 600° C., particularly under 400° C., keep 
ing minimum the total thermal budget of the cell processing. 
HoWever, the PECVD methods for forming silicon nitride 
lead to poor conformality or poor step coverage on a substrate 
containing small features. In a small circuits and devises such 
as ultra-large scale integrated (ULSI) circuitries, such poor 
conformal coverage hampers the development of higher den 
sity circuit devices and elements. 

In recent years, atomic layer deposition (ALD) and plasma 
enhanced atomic layer deposition (PEALD) methods have 
been investigated to improve conformality or step coverage of 
silicon nitride ?lms on a substrate containing small features. 
HoWever, the ALD or PEALD methods for forming silicon 
nitride lead to extremely poor deposition rates. Such poor 
deposition rates hamper loWering the manufacturing cost for 
development of higher density circuit devices and elements. 

SUMMARY 

Embodiments of the present invention provide a method of 
forming silicon nitride thin ?lms using modi?ed plasma 
enhanced atomic layer deposition (PEALD) at loW tempera 
tures (under 600° C., particularly under 400° C.) at high 
deposition rates With high conformality (e.g., at least 90%). 
Furthermore, the present invention provides a method for 
modifying etch properties (such as etching rate) of the depos 
ited layers by adding a second precursor While maintaining a 
high deposition rate and high conformality. 

Accordingly, in an aspect, an object of at least one embodi 
ment of the present invention is to provide a method of form 
ing a highly conformal (e.g., at least 90%, in some embodi 
ments, no less than 95%) dielectric layer having SiiN bonds, 
such as a layer of silicon nitride, on surfaces of trenches for an 
integrated circuit at loW temperatures (e.g., <400° C.), and as 
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2 
explained beloW, one or more of the disclosed embodiments 
effectively accomplish at least the object. 

In some embodiments, a method of forming a highly con 
formal dielectric layer having SiiN bonds on a semiconduc 
tor substrate by modi?ed plasma enhanced atomic layer 
deposition (PEALD) comprises: introducing a reactive gas 
and an rare gas into a CVD reaction chamber inside Which a 
semiconductor substrate is placed Wherein the semiconductor 
substrate temperature is maintained in a range of approxi 
mately 00 C. to approximately 400° C.; after the gases are 
introduced into the reaction chamber, introducing a Si-con 
taining precursor into the reaction chamber in pulses using a 
pulse ?oW control valve, for example, Wherein the Si-con 
taining precursor is introduced into the reaction chamber 
Where the plasma is not excited; providing a plasma exciting 
condition in the reaction chamber immediately (e.g., 0~0.1 
sec) after the Si-containing precursor is shut off; maintaining 
the introduction of the reactive gas and an rare gas as a purge 
for a 2-second or less duration after the plasma excitation is 
ended; and continuously repeating the above steps, such as 
the introduction of a Si-containing precursor in pulses, the 
plasma excitation, and the purging, thereby forming a hydro 
gen-containing conformal ?lm having SiiN bonds on the 
substrate having a target thickness. 

In some embodiments, the substrate is maintained at a 
temperature of about 00 C. to 400° C. The Si-containing 
precursor may be composed of a combination of silicon and 
hydrogen, a combination of silicon, hydrogen, and nitrogen, 
or a combination of silicon, hydrogen, carbon, and nitrogen. 
In some embodiments, the vaporized Si-containing precursor 
may be introduced in pulses of duration of approximately 0.1 
sec to approximately 1.0 sec. After introducing the Si-con 
taining precursor, a plasma may be exited in pulses of dura 
tion of approximately 0.1 sec to approximately 1.0 sec and 
then an interval step is carried out using the reactive gas for 
approximately 0.1 sec to approximately 1.0 sec Without intro 
ducing the Si-containing precursor and Without the existing 
of plasma. In some embodiments, the reaction gas may be a 
combination of nitrogen gas and hydrogen gas or a combina 
tion of ammonia gas and hydrogen gas. In some embodi 
ments, the rare gas may be selected from the group consisting 
of He, Ar, Kr, Xe, and the molar ?oW rate of the rare gas may 
be greater than the molar ?oW rate of the Si-containing 
source. In some embodiments, the reaction chamber may be 
maintained at a pressure of about 0.1 Torr to about 10 Torr. In 
some embodiments, RF poWer may be betWeen approxi 
mately 0.02 W/cm2 and approximately 2.0 W/cm2. 

In another aspect, an object of at least one embodiment of 
the present invention is to provide a method for modifying 
etch properties of a dielectric layer having SiiN bonds, such 
as a layer of silicon nitride, Which has a high conformal (step 
coverage 90% or higher, in some embodiments, no less than 
95%) layer on surfaces of trenches for an integrated circuit at 
loW temperatures (e.g., <600° C.), and as explained beloW, 
one or more of the disclosed embodiments effectively accom 
plish at least the object. 

In some embodiments, a method for modifying etch prop 
erties of a dielectric layer having SiiN bonds at a high 
conformality on a semiconductor substrate by modi?ed 
plasma enhanced atomic layer deposition (PEALD) com 
prises: introducing a reactive gas and a rare gases into a CVD 
reaction chamber inside Which a semiconductor substrate is 
placed Wherein the semiconductor substrate temperature is 
maintained in a range of approximately 00 C. to approxi 
mately 600° C.; after the gases are introduced into the reac 
tion chamber, introducing a carbon-free silicon precursor and 
a second precursor into the reaction chamber in pulses using 
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a pulse ?oW control valve, for example, Wherein the carbon 
free silicon precursor and the second precursor are introduced 
into the reaction chamber Where the plasma is not excited; 
providing a plasma exciting condition in the reaction chamber 
immediately (e.g., 0~0.l sec) after the carbon-free silicon 
precursor and the second precursor are shut off; maintaining 
the introduction of the reactive gas and an rare gas as a purge 
for a 2-second or less duration; and continuously repeating 
the above steps, such as the introduction of the carbon-free 
silicon precursor and the second precursor in pulses, the 
existing of plasma, and the purging, thereby forming an etch 
propertyiturned conformal ?lm having SiiN bonds on the 
substrate having a target thickness. 

In some embodiments, the substrate is maintained at a 
temperature of about 0° C. to 600° C. A carbon-free silicon 
precursor may be composed of a combination of silicon and 
hydrogen, or a combination of silicon, hydrogen, and nitro 
gen. In some embodiments, the vaporiZed carbon-free silicon 
precursor and the second precursor may be introduced in 
pulses of a duration of approximately 0.1 sec to approxi 
mately 1.0 sec. A plasma may be exited in pulses of a duration 
of approximately 0.1 sec to approximately 1.0 sec immedi 
ately (e.g., 0~0.l sec) after the carbon-free silicon precursor 
and the second precursor are shut off and then an interval step 
is carried out using the reactive gas and the rare gas for 
approximately 0.1 sec to approximately 1.0 sec Without intro 
ducing the Si-containing precursor and Without the existing 
of plasma. In some embodiments, the reaction gas may be a 
combination of nitrogen gas and hydrogen gas. In some 
embodiments, the second precursor may be NH3 or CxHy or 
hydrocarbon containing silicon precursor, Where x and y is 
integers. In some embodiments, x may be 1 to 8 and y may be 
4 to 18. In some embodiments, the reaction chamber may be 
maintained at a pressure of about 0.1 Torr to about 10 Torr. In 
some embodiments, RF poWer may be betWeen approxi 
mately 0.02 W/cm2 and approximately 2.0 W/cm2. 

In this disclosure, the “gas” includes vaporized solid and/or 
liquid, and may be comprised of a mixture of gases. In this 
disclosure, the “precursor” may be in form of vaporized solid 
and/ or liquid. 

For purposes of summarizing aspects of the invention and 
the advantages achieved over the related art, certain objects 
and advantages of the invention are described in this disclo 
sure. Of course, it is to be understood that not necessarily all 
such objects or advantages may be achieved in accordance 
With any particular embodiment of the invention. Thus, for 
example, those skilled in the art Will recogniZe that the inven 
tion may be embodied or carried out in a manner that achieves 
or optimiZes one advantage or group of advantages as taught 
herein Without necessarily achieving other objects or advan 
tages as may be taught or suggested herein. 

Further aspects, features and advantages of this invention 
Will become apparent from the detailed description Which 
folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features of this invention Will noW be 
described With reference to the draWings of preferred 
embodiments Which are intended to illustrate and not to limit 
the invention. The draWings are oversimpli?ed for illustrative 
purpose and are not necessarily to scale. 

FIG. 1 is a schematic representation of a PEALD apparatus 
for depositing a dielectric layer having SiiN bonds accord 
ing to some embodiments of the present invention. 

FIG. 2 shoWs process steps of a comparative PEALD 
method for deposition a dielectric layer having SiiN bonds. 
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4 
FIG. 3 shoWs process steps of a modi?ed PEALD method 

for depositing a dielectric layer having SiiN bonds accord 
ing to some embodiments of the present invention. 

FIG. 4 is a graph shoWing relationships betWeen the num 
ber of cycles of deposition and the thickness of depositing 
?lms, indicating the deposition rates of dielectric layers hav 
ing SiiN bonds according to embodiments of the present 
invention method (b to d) and according to the comparative 
PEALD method (a). 

FIG. 5 is a cross sectional SEM photograph of a dielectric 
layer having SiiN bonds on a substrate containing small 
features according to some embodiments of the present 
invention. 

FIG. 6 is a schematic representation of a PEALD apparatus 
for depositing a dielectric layer having SiiN bonds accord 
ing to some embodiments of the present invention. 

FIG. 7 shoWs process steps of a modi?ed PEALD method 
for depositing a Wet etching rate controlled dielectric layer 
having SiiN bonds according to some embodiments of the 
present invention. 

FIGS. 8 and 9 shoW process steps of modi?ed PEALD 
methods according to other embodiments of the present 
invention. 

FIG. 10 is a graph shoWing Wet etching rates of dielectric 
layers having SiiN bonds obtained by embodiments of the 
present invention as compared With that of a standard thermal 
oxide layer. 

FIG. 11 is a graph shoWing the relationship betWeen hydro 
carbon amount of a dielectric layer and Wet etching rate 
thereof according to embodiments of the present invention. 

DETAILED DESCRIPTION 

The present invention is described With reference to 
embodiments Which are not intended to limit the present 
invention. Among some embodiments, a feature or features 
may interchangeably or additionally be applied unless special 
conditions are attached thereto. Further, the ranges indicated 
beloW may include or exclude the endpoints in embodiments. 
The disclosed embodiments include a method of forming a 

dielectric ?lm having SiiN bonds on a semiconductor sub 
strate by plasma enhanced atomic layer deposition (PEALD), 
Which comprises: (a) selecting a combination of gases for 
forming a dielectric ?lm having SiiN bonds by PEALD, 
said gases comprising a reactive gas, a rare gas, and a Si 
containing precursor, Which are different from each other; (b) 
continuously introducing the reactive gas and a the rare gas 
Without interruption into a reaction space inside Which the 
semiconductor substrate is placed; (c) introducing the precur 
sor in pulses into the reaction space; (d) exciting an RF 
plasma in pulses in the reaction space, Wherein each pulse of 
exciting the RF plasma starts immediately after each pulse of 
introducing the precursor, Wherein one cycle is de?ned by one 
pulse of introducing the precursor With no pulse of exciting 
the RF plasma as a ?rst period, one pulse of exciting the RF 
plasma With no pulse of introducing the precursor as a second 
period, and no pulse of introducing the precursor and no pulse 
of exciting the RF plasma as a third period; and (e) forming a 
dielectric ?lm having SiiN bonds on the substrate by repeat 
ing the cycle multiple times. 

In some embodiments, the Si-containing precursor may 
comprise Si, N, H, and optionally C in its molecule. In some 
embodiments, the Si-containing precursor may have a for 
mula of SiotHBXy, Wherein 0t and [3 are integers and y is an 
integer including Zero, X is N and/ or CmHn Wherein m and n 
are integers. In some embodiments, 0t may be 1 to 5, [3 may be 
1 to 10, andy may be 0 to 6. In some embodiments, m may be 
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2 to 18, and n may be 6 to 30. In some embodiments, the 
Si-containing precursor may be vapor or liquid at room tem 
perature. In some embodiments, the Si-containing precursor 
may be selected from the group consisting of silane, disilane, 
trysilylamine, and bis(tert-butylamino)silane. 

In any of the foregoing embodiments, the Si-containing 
precursor may be a carbon-free precursor Which is a ?rst 
precursor, and the method further comprises introducing a 
second precursor in one cycle, Wherein the second precursor 
is different from the ?rst precursor and comprises a SiiN, 
CiH, or NiH bond in its molecule. In an embodiment, the 
carbon-free silicon precursor may be vapor or liquid at room 
temperature. In some embodiments the carbon free silicon 
precursor may be selected from the group consisting of silane, 
disilane, trisilane, dichlorosilane, trysilylamine, and mixtures 
thereof. 

In some embodiments, the second precursor may have a 
formula of SiaABBy, Wherein 0t, [3 and y are integers and y 
includes Zero, A is H or Cl, and B is N. 

In some embodiments, the second precursor may be NH3 or 
CxHy or hydrocarbon containing silicon precursor, Where x 
and y is integers. In some embodiments, x may be 1 to 8 and 
y may be 4 to 18. In some embodiments, the second precursor 
may be selected from a hydrocarbon-containing silicon gas, a 
hydrocarbon gas, and an ammonium gas. In some embodi 
ments, the hydrocarbon-containing silicon gas may be 
selected and may have a formula of SiaHbNc(CmHn) Wherein 
a is an integer of1 to 5, b is an integer of1 to 10, and c is an 
integer of 0 to 6, m is an integer of 2 to 18, and n is an integer 
of 6 to 30. 

In some embodiments, the Si-containing precursor may be 
vaporized upstream of the reaction space. 

In some embodiments, the Si-containing precursor may be 
introduced in pulses having a duration of approximately 0.1 
sec to 1.0 sec. 

In some embodiments the pulses of the Si-containing pre 
cursor are of duration of about 0.1 sec to about 0.3 sec. 

In some embodiments, the duration of the pulse precursor 
may be equal to or shorter than the duration of the plasma 
excitation. 

In some embodiments, a combination of at least one Si 
containing precursor Which is a gas comprising Si, N, and H 
in its molecule, at least one second precursor Which is a gas 
different from the precursor and comprises Si, C, or N in its 
molecule, at least one reactive gas Which is nitrogen gas 
and/ or hydrogen gas, and at least one additive gas Which is a 
rare gas. 

In some embodiments, the excitation of the RF plasma may 
be conducted in pulses having a duration of approximately 
0.1 sec to 1.0 seconds and starts 0 to 0.1 seconds (including 
less than 0.07, 0.05, 0.03, and 0.01 seconds, or substantially 
or operationally Zero second) after the shutting off of the 
Si-containing precursor in each cycle. The substantially or 
operationally Zero refers to a series of operations pro 
grammed to start the RF plasma excitation is immediately 
after the end of the precursor introduction in some embodi 
ments, Wherein a certain mechanical or control delay may 
occur. In some embodiments, the pulse supply duration may 
be equal to or shorter than the plasma exiting duration. 

In some embodiments, the introduction of the reactive gas 
and the rare gas may be maintained in each cycle as a purge 
for approximately 0.5 to 2.0 sec after the excitation of the PF 
plasma ends. In some embodiments, the duration of the purge 
may be equal to or longer than the duration of the RF plasma 
excitation in one cycle. 

In some embodiments, the reactive gas may be at least one 
of a mixture of N2 and H2, a mixture of NH3 and H2, and a 
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6 
nitrogen-boron-hydrogen gas. In some embodiments, the 
reactive gas may be the mixture of N2 and H2 Wherein a molar 
?oW rate ratio of N2/ H2 in the mixture is approximately 1/1 to 
10/ 1 . In some embodiments the molar ?oW rate ratio of N2 and 
H2 is about 2/1 to about 4/1. In some embodiments, the 
reactive gas may be the mixture of NH3 and H2 Wherein a 
molar ?oW rate ratio of NH3/H2 in the mixture is approxi 
mately 1/1 to 1/ 10. In some embodiments the molar ?oW rate 
ratio of NH3/H2 is approximately 1:1 to 1:3. 

In any of the foregoing embodiments, the substrate may be 
kept at a temperature of 0° C. to 400° C. While the ?lm is 
deposited thereon. In some embodiments the substrate tem 
perature is about 250° C. to about 390° C. during deposition. 

In any of the foregoing embodiments, the rare gas may be 
one or more gases selected from the group consisting of He, 
Ar, Kr, and Xe, and the molar ?oW rate of the rare gas may be 
greater than the molar ?oW rate of the Si-containing precur 
sor. In some embodiments, a How rate of the rare gas intro 
duced into the reaction chamber may be about 30 sccm to 
about 3000 sccm. In some embodiments, the How rate of the 
rare gas is about 1500 sccm to about 2500 sccm. In some 

embodiments, the rare gas may comprise a mixture of helium 
and argon or a mixture of helium and krypton. In some 
embodiments, the rare gas may comprise a mixture of helium 
and argon With a molar ?oW rate ratio of helium/argon of 
about 3/1 to about 20/ 1. In some embodiments, the molar ?oW 
rate ratio of helium/argon is about 5/ 1 to about 15/ 1. In some 
embodiments, the rare gas comprises a mixture of helium and 
krypton With a molar ?oW rate ratio of helium/krypton is 
about 5/1 to about 15/1. 

In any of the foregoing embodiments, the RF poWer may be 
applied in the range of approximately 0.02 W/cm2 to approxi 
mately 2.0 W/cm2 per area of the substrate (e.g., a range of 
005-10 W/cm2, a range of 1-5 W/cm2, and a range of 0.5-3 
W/cm2) and the reaction space pressure may be adjusted in 
the range of approximately 0.1 Torr to approximately 10 Torr 
(e.g., 2 Torr to 9 Torr). 

In any of the foregoing embodiments, formed a dielectric 
?lm having SiiN bonds With the present invention may has 
a step coverage or conformality of at least 90% (e.g., 90% to 
95%). In some embodiments, formed a dielectric ?lm having 
SiiN bonds With the present invention may has an etching 
rate loWer than thermal oxide ?lm. In some embodiments, 
formed a dielectric ?lm having SiiN bonds With the present 
invention may has a leakage current of loWer than 1.0E-08 
A/cm2 at 1 MV (e.g., 1.0E-08 A/cm2 to 1.0E-10A/cm2). 

In any of the foregoing embodiments, the dielectric con 
stant of the dielectric layer having SiiN bonds may be in the 
range of 4.5 to 7.5. In some embodiments the dielectric con 
stant is about 6.5 to about 7.2. 

In any of the foregoing embodiments, the substrate may be 
kept at a temperature of 0° C. to 600° C. While the ?lm is 
deposited thereon. In some embodiments the substrate tem 
perature is about 300° C. to about 550° C. during deposition. 

Additionally, a plasma exiting step can be performed using 
a frequency exceeding 5 MHZ, e. g., any one of high RF 
frequency poWer of 13.56 MHZ, 27 MHZ or 60 MHZ, in some 
embodiments; further, any one of the foregoing high RF fre 
quency poWer and loW RF poWer of 5 MHZ or less can be 
combined Wherein a ratio of loW-frequency poWer to high 
frequency poWer may be 0 to 50% or less (e.g., 0 to 30% or 

less). 
Embodiments are explained With reference to the draWings 

Which are not intended to limit the present invention. FIG. 1 is 
a schematic vieW of an apparatus combining a plasma CVD 
reactor and How control valves, Which can be used in some 
embodiments of the present invention. 
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In this example, by providing a pair of electrically conduc 
tive ?at-plate electrodes 4, 2 in parallel and facing each other 
in the interior 11 of a reaction chamber 3, applying HRF 
poWer (1 3 .56 MHZ or 27 MHZ) 5 and LRF poWer of 5 MHZ or 
less (400 kHZ-500 kHZ) 50 to one side, and electrically 
grounding 12 the other side, a plasma is excited betWeen the 
electrodes. A temperature regulator is provided in a loWer 
stage 2 (the loWer electrode), and a temperature of a substrate 
1 placed thereon is kept constant at a given temperature. The 
upper electrode 4 serves as a shoWer plate as Well, and reac 
tion gas and rare gas are introduced into the reaction chamber 
3 through a gas ?oW controller 23, a pulse ?oW control valve 
31, and the shoWer plate. Additionally, in the reaction cham 
ber 3, an exhaust pipe 6 is provided through Which gas in the 
interior 11 of the reaction chamber 3 is exhausted. Addition 
ally, the reaction chamber is provide With a seal gas ?oW 
controller 24 to introduce seal gas into the interior 11 of the 
reaction chamber 3 (a separation plate for separating a reac 
tion Zone and a transfer Zone in the interior of the reaction 
chamber is omitted from this ?gure). 

For the pulse ?oW control valve 31, a pulse supply valve 
that is used forALD (atomic layer deposition) can suitably be 
used in some embodiments. 

FIGS. 2 shoWs process steps of a comparative PEALD 
method and FIG. 3 shoWs process steps of some embodiments 
of the present invention method for depositing a dielectric 
?lm having SiiN bonds. The comparative method is carried 
out as shoWn FIG. 2 Wherein a main precursor (source gas) is 
introduced in pulse into a reaction chamber inside Which a 
substrate is placed While maintaining the supply of the reac 
tant gases (the reactive gas and rare gas are collectively 
referred to as the reactant gases), and after an interval With the 
supply of the reactant gases as a purge step, a plasma is 
excited While maintaining the supply of the reactant gases, 
folloWed by another purge step With the reactant gases. Con 
sequently, a dielectric ?lm having SiiN bonds can be 
formed on the substrate. The formed dielectric ?lm having 
SiiN bonds by the comparative PECVD method has an 
extremely loW deposition rate that may be caused by the poor 
binding reaction on a surface Which prevents surface vapor 
phase absorption of the depositing material. In contrast, the 
embodiment of the present invention as shoWn FIG. 3 intro 
duces a main precursor (source gas) in pulse of approximately 
0.1 sec to approximately 1 .0 sec While maintaining the supply 
of the reactant gases into the reaction chamber and a plasma 
is exited approximately 0.1sec to approximately 1.0 sec 
immediately (0~0.1 sec) after shutting off the main precursor. 
After the excitation of a plasma, an interval With the supply of 
the reactant gases is carried out for approximately 0.5 sec to 
approximately 2.0 sec as a purge step. By doing this, a large 
amount of hydrogen and nitrogen can be added to the process 
Which is believed to signi?cantly enhance the Hx, Nx radicals 
during ?lm groWth, resulting in improving surface absorption 
of the deposition material so as to form a dielectric ?lm 
having SiiN bonds on a substrate With a high deposition 
rate. In addition, in the embodiment of the present invention, 
the purging is conducted only once in one cycle, Whereas in 
the comparative method, the purging is conducted tWice in 
one cycle. 

In some embodiments, a thickness of layer deposited per 
cycle With conventional PEALD method illustrated in FIG. 2 
may be approximately 0.02 nm/cycle to approximately 0.05 
nm/cycle. In contrast, a thickness of a layer deposited per 
cycle With the modi?ed PEALD method illustrated in FIG. 3 
may be approximately 0.15 nm/cycle to approximately 0.20 
nm/ cycle, and the deposition cycle is continued until a desired 
thickness of ?lm is obtained. 
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8 
According to embodiments of the present invention, the 

deposition rate and conformality of ?lm can surprisingly be 
improved as compared With other silicon nitride deposition 
processes. 

For forming a dielectric layer having SiiN bonds on a 
semiconductor substrate, deposition conditions in some 
embodiments may be as folloWs: 

Trisilylamine (precursor): 10~2000 sccm (preferably 
100~500 sccm) 
Hydrogen (reactive gas): 50~2000 sccm (preferably 

500~1000 sccm) 
Nitrogen (reactive gas): 

500~1000 sccm) 
Process helium (rare gas): 0~3000 sccm (preferably 

100~2000 sccm) 
Sealed helium: 200~500 sccm (preferably 300~500 sccm) 
Argon (rare gas): 50~2000 sccm (preferably 500~1500 

sccm) 
Substrate temperature: 0~400o C. (preferably 300~400o 

C.) 
High frequency RF poWer: 0.01 W/cm2 to about 0.3 W/cm2 

(preferably 0.02~0.08 W/cm2) 
LoW frequency RF poWer: 0~100% or less of high fre 

quency RF poWer (preferably 0~50%) 
Trisilylamine supply time: 0.1~1.0 sec supply (preferably 

0.2~0.7 sec) 
RF plasma exiting time: 0.1~1.0 sec excite (preferably 

0.2~1.0 sec) 
Purge time: 0.5~2.0 sec purge With reactant gases (prefer 

ably 0.5~1.0 sec) 
The dielectric layer having SiiN bonds according to 

embodiments of the present invention may have deposition 
rate of 5 times higher than that of conventional PEALD 
method and may have conformality of more than about 90%. 
Leakage current may be loWer than about 1 .0E-08 A/cm2 at 1 
MV charge. In another embodiment, the dielectric constant 
may be about 6.7 to about 7.3 and the re?ective index at 633 
nm may be in the range of about 1.8 to about 2.5. The etching 
rate of deposited silicon nitride ?lm according to some 
embodiments of the present invention as measured using 
buffered hydrogen ?uoride may be 2 times to 10 time smaller 
than a conventional thermal silicon oxide ?lm. 
The dielectric layer according to embodiments of the 

present invention may have conformality of more than about 
90%, preferably no less than 95%. The re?ective index (n) 
measured at 633 nm may be in the range of about 1.80 to about 
2.80. The etching rate of deposited dielectric ?lm according 
to some embodiments of the present invention as measured 
using acids solutions containing hydro?uoric acid can be 
altered by adding additive precursor. The Wet etching rate of 
dielectric layers obtained using ?rst and second precursors 
can surprisingly and unexpectedly be about 2/1 to about 1/ 20 
(e.g., 2/1 to 1/10) of the Wet etching rate of a standard thermal 
oxide layer, depending upon the type of second precursor. 
The Wet etching rate of dielectric layers obtained Without 
using the second precursor may be 1/3 to 1/5 of the Wet 
etching rate of a standard thermal oxide layer in some 
embodiments. 
Embodiments are explained With reference to the draWings 

Which are not intended to limit the present invention. FIG. 6 is 
a schematic vieW of an apparatus combining a plasma CVD 
reactor and ?oW control valves, Which can be used in some 
embodiments of the present invention. 

In this example, by providing a pair of electrically conduc 
tive ?at-plate electrodes 4, 2 in parallel and facing each other 
in the interior 11 of a reaction chamber 3, applying HRF 
poWer (13.56 MHZ or 27 MHZ) 5 and LRF poWer of 5 MHZ or 

0~5000 sccm (preferably 
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less (400 kHZ~500 kHZ) 50 to one side, and electrically 
grounding 12 the other side, a plasma is excited between the 
electrodes. A temperature regulator is provided in a loWer 
stage 2 (the loWer electrode), and a temperature of a substrate 
1 placed thereon is kept constant at a given temperature. The 
upper electrode 4 serves as a shoWer plate as Well, and reac 
tive gas, rare gas, second precursor and ?rst precursor are 
introduced into the reaction chamber 3 through gas ?oW 
controllers 21, 22, 63, and 23, respectively, and a pulse ?oW 
control valve 31 for the ?rst precursor and a pulse ?oW control 
valve 61 for the second precursor, and further through the 
shoWer plate 4. Additionally, in the reaction chamber 3, an 
exhaust pipe 6 is provided through Which gas in the interior 11 
of the reaction chamber 3 is exhausted. Additionally, the 
reaction chamber is provide With a seal gas ?oW controller 24 
to introduce seal gas into the interior 11 of the reaction cham 
ber 3 (a separation plate for separating a reaction Zone and a 
transfer Zone in the interior of the reaction chamber is omitted 
from this ?gure). 

For the pulse ?oW control valve 31, a pulse supply valve 
that is used forALD (atomic layer deposition) can suitably be 
used in some embodiments. 

FIG. 7 shoWs process steps of some embodiments of the 
present invention method for depositing an etch property 
turned dielectric ?lm having SiiN bonds. The conventional 
PEALD method (not shoWn) is carried out as a main precur 
sor is introduced in pulse into a reaction chamber inside 
Which a substrate is placed While maintaining the supply the 
reactive gases, and after interval With reactive gases supply, 
plasma is excited While maintaining the supply of the reactive 
gases. Consequently, a dielectric ?lm having SiiN bonds 
can be formed on the substrate. Formed dielectric ?lm having 
SiiN bonds by the conventional PECVD method has 
extremely loW deposition rate that may be caused by the poor 
binding reaction on surface Which prevents surface vapor 
phase absorption of depositing material. In contrast, the 
embodiment of the present invention as shoWn FIG. 7 intro 
duces a main precursor and second precursor in pulse 
approximately 0.1 sec to approximately 1.0 sec While main 
taining the supply of the reactive gases and rare gases into the 
reaction chamber and plasma is exited approximately 0.1 sec 
to approximately 1.0 sec immediately after (0~0.1 sec) shuts 
off the main precursor. After exiting plasma, interval With 
reactive gases supply is carried out approximately 0.5 sec to 
approximately 2.0 sec. By doing this, a large amount of 
hydrogen and nitrogen can be added to the process Which is 
believed to signi?cantly enhance the Hx, Nx radicals during 
?lm groWth, resulting in improving surface absorption of the 
deposition material so as to form a dielectric ?lm having 
SiiN bonds on a substrate With high deposition rate. Fur 
thermore, deposited modifying etch properties dielectric ?lm 
having SiiN bonds With the present invention is de?ned that 
possess a morphological structure, such as conformality, 
similar to silicon nitride ?lm by PEALD. HoWever, a compo 
sition of deposited ?lm has been altered by adding second 
precursor. These add can lead to changes in performance 
properties such as Wet etching rate in etchants. 

In some embodiments, process steps of some embodiments 
of the present invention method shoWn as FIG. 2 can be 
modi?ed as FIG. 3a or FIG. 3b. 

For forming an etch property-turned dielectric layer having 
SiiN bonds on a semiconductor substrate, deposition con 
ditions in some embodiments may be as folloWs: 

Trisilylamine (precursor): 10~2000 sccm (preferably 
100~500 sccm) 
Hydrogen (reactive gas): 20~2000 sccm (preferably 

500~1000 sccm) 
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1 0 
Nitrogen (reactive gas): 0~5000 sccm (preferably 20~1000 

sccm) 
Ammonia (reactive gas): 0~1000 sccm (preferably 

500~1000 sccm) 
Hexane (second precursor): 0~1000 sccm (preferably 

100~500 sccm) 
Diethylsilane (second precursor): 0~1000 sccm (prefer 

ably 100~500 sccm) 
Bis(ethylmethylamino)silane (second precursor): 0~1000 

sccm (preferably 100~500 sccm) 
Process helium (rare gas): 0~3000 sccm (preferably 

100~2000 sccm) 
Sealed helium: 200~500 sccm (preferably 300~500 sccm) 
Argon (rare gas): 50~2000 sccm (preferably 500~2000 

sccm) 
FloW ratio of second precursor to ?rst precursor: 1~5 (pref 

erably 1~2) 
Substrate temperature: 0~600o C. (preferably 300~500o 

C.) 
High frequency RF poWer: 0.01 W/cm2 to about 0.3 W/cm2 

(preferably 0.02~0.08 W/cm2) 
LoW frequency RF poWer: 0~100% or less of high fre 

quency RF poWer (preferably 0~50%) (preferably 0.2~0.7 
sec) 

Second precursor (e.g. hexane, diethylsilane, bis(ethylm 
ethylamino)silane) supply time: 0.1~1.0 sec supply (prefer 
ably 0.2~0.7 sec) 
RF plasma exiting time: 0.1~1.0 sec excite (preferably 

0.2~1.0 sec) 
Purge time: 0.5~2.0 sec purge With reactant gases (prefer 

ably 0.5~1.0 sec) 
Second precursor (Hexane) supply time: 0.1~1.0 sec sup 

ply (preferably 0.2~0.7 sec, equal to or longer than the ?rst 
precursor supply time With the same timing of pulsing as the 
?rst precursor supply) 

In the above, other types of gases as described in this 
disclosure can alternatively or additionally be used in other 
embodiments. For example, instead of hexane, bis(ethylm 
ethyamino)silane or diethylsislane can be used as the second 
precursor. Preferably, the second precursor has more hydro 
carbons in its molecule than the ?rst precursor, thereby incor 
porating more carbons in SiN structures (carbon-doped sili 
con nitride). In embodiments, the carbon content of the SiN 
dielectric layer (Wherein SiiN bonds are main or predomi 
nant bonds) may be in a range of 4 atomic % to 20 atomic %, 
preferably higher than 5 atomic % (including higher than 10 
atomic % and higher than 15 atomic %). The second precursor 
need not contain silicon in some embodiments. 
The disclosed embodiments Will be explained With refer 

ence to speci?c examples Which are not intended to limit the 
present invention. The numerical numbers applied in the spe 
ci?c examples may be modi?ed by a range of at least 150% in 
other conditions, Wherein the endpoints of the ranges may be 
included or excluded. In the present disclosure Where condi 
tions and/or structures are not speci?ed, the skilled artisan in 
the art can readily provide such conditions and/ or structures, 
in vieW of the present disclosure, as a matter of routine experi 
mentation. 

EXAMPLE 1 

(Comparative Example) 

A dielectric layer having SiiN bonds Was formed on a 
substrate under the condition shoWn beloW using the 
sequence illustrated in FIG. 2 and the PEALD apparatus 
illustrated in FIG. 1. 
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Trisilylamine: 100 sccm 
Hydrogen: 500 sccm 
Nitrogen: 1000 sccm 
Process helium: 1400 sccm 
Sealed helium: 500 sccm 
Argon: 500 seem 
Substrate temperature: 3500 C. 
High frequency RF poWer (a frequency of 13.56 MHZ): 

0.07 W/cm2 
LoW frequency RF poWer (a frequency of 430 kHZ): 0.0 

W/cm2 
Trisilylamine supply time: 1.0 sec supply 
Purge time: 1.0 sec interval With reactive gases 
RF Plasma exciting time: 1.0 sec excite 
FIG. 4 shoWs ?lm thickness per cycle of this comparative 

PEALD method and the disclosed embodiments of the 
present invention method. In case of the comparative PEALD 
method (line “a”), the ?lm thickness per cycle is approxi 
mately 0.02 nm/cycle. In contrast, in case of the disclosed 
embodiments of the present invention method (Example 2), 
the ?lm thickness per cycle is approximately 0.17~0.19 
nm/cycle. In the disclosed embodiments, the deposition rates 
of dielectric ?lms having SiiN bonds are surprisingly high 
Which are about 10 times higher than that of the comparative 
PEALD method. 

EXAMPLE 2 

A dielectric layer having SiiN bonds Was formed on a 
substrate under the condition shoWn beloW using the 
sequence illustrated in FIG. 3 and the PEALD apparatus 
illustrated in FIG. 1. 

Trisilylamine: 100 sccm 
Hydrogen: 500 sccm 
Nitrogen: 1000 sccm 
Process helium: 1400 sccm 
Sealed helium: 500 sccm 
Argon: 500 sccm 
Substrate temperature: 3500 C. 
High frequency RF poWer (a frequency of 13.56 MHZ): 

0.07 W/cm2 
LoW frequency RF poWer (a frequency of 430 kHZ): 0.0 

W/cm2 
Trisilylamine supply time: 1.0, 0.7, 0.5, and 0.1 sec supply 
RF Plasma exciting time: 1.0 sec excite 
Purge time: 1.0 sec interval With reactive gases 
FIG. 4 shoWs ?lm thickness per cycle of the comparative 

PEALD method and the disclosed embodiments of the 
present invention method. In case of the disclosed embodi 
ments (immediate RF plasma), the ?lm thickness per cycle is 
approximately 0.17~0.19 nm/cycle as shoWn in line “b” (1.0 
sec pulse of precursor supply), line “c” (0.7 sec pulse of 
precursor supply), line “d” (0.5 sec pulse of precursor sup 
ply), and line “e” (0.1 sec pulse of precursor supply). In the 
disclosed embodiments, the deposition rates of dielectric 
?lms having SiiN bonds are surprisingly high Which are 
about 10 times higher than that of the comparative PEALD 
method. 

After completion of the deposition With a precursor supply 
pulse of 1.0 see (this embodiment refers to Example 2a), the 
metal gates Were observed With a transmission electron 
microscope. FIG. 5 shoWs the transmission electron micro 
scope cross-sectional vieW of the metal gates on a substrate 54 
With a conformal silicon nitride layer 52 formed thereon. 
Qualitatively, the silicon nitride layer 52 is highly conformal 
and completely covers sideWalls of trenches of a substrate 54. 
The silicon nitride layer 52 had a conformality of no less than 
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95% (95.1%: (34.4 nm/37.2 nm) as shoWn in FIG. 5 (a:37.2 
nm, b:35 .4 nm, c:37.0 nm)). In FIG. 5, after the formation of 
the silicon nitride layer 52, a silicon oxide layer 51 Was 
formed, folloWed by ?lling the trenches With polysilicon 53. 

Leakage current of the silicon nitride Was loWer than 1.0E 
08 A/cm2 at 1 MV charge. The dielectric constant thereof Was 
6.8 at 1 MHZ. The re?ective index (n) thereof at 633 nm Was 
2.01. The etching rate of deposited silicon nitride ?lm in this 
example as measured using buffered hydrogen ?uoride Was 
5.3 nm/min Which Was less than 1/4 of that of a standard 
thermal silicon oxide ?lm (see “none” in FIG. 10). The etch 
ing test Was carried out using a BHF130 etchant. The depos 
ited ?lm (SiN) on the Si substrate Was dipped in the BHF130 
etchant for 5 min, and then rinsed With de-ioniZed Water. Film 
thickness Was measured by an Ellipsometer. 
A signi?cant advantage of the method of at least one of the 

disclosed embodiments of the present invention is that silicon 
nitride layers or other SiiN dielectric layers can be formed 
on semiconductor substrates. The silicon nitride layers and 
other SiiN dielectric layers also may be formed at relatively 
loW substrate temperatures, thereby increasing productivity 
Without the occurrence of thermal damage to the substrate, 
and expanding the types of applicable substrates. In addition, 
the method of some embodiments of the present invention can 
control thickness exactly, and achieve high deposition rate, 
and can achieve high conformal structure. 

EXAMPLE 3 

A dielectric layer having SiiN bonds Was formed With 
second precursor, for example ammonia, on a substrate under 
the condition shoWn beloW using the sequence illustrated in 
FIG. 2 and the PEALD apparatus illustrated in FIG. 1. 

Trisilylamine: 100 sccm 
Hydrogen: 500 sccm 
Nitrogen: 1000 sccm 
Ammonia: 300 sccm 
Process helium: 1400 sccm 
Sealed helium: 500 sccm 
Argon: 500 sccm 
Substrate temperature: 3500 C. 
High frequency RF poWer (a frequency of 13.56 MHZ): 

0.07 W/cm2 
LoW frequency RF poWer (a frequency of 430 kHZ): 0.0 

W/cm2 
Trisilylamine supply time: 1.0 sec supply 
Second precursor (Ammonia) supply time: 1.0 sec supply 
RF Plasma exciting time: 1.0 sec excite 
Purge time: 1.0 sec interval With reactive gases 
In case of adding ammonia, the ?lm thickness per cycle is 

approximately 0.25 nm/ cycle. Deposited dielectric ?lm hav 
ing SiiN bonds With adding NH3 has Wet etch rate 37 
nm/min under BHF130 etchant. 

EXAMPLE 4 

A dielectric layer having SiiN bonds Was formed With 
second precursor, for example Bis(ethylmethylamino)silane, 
on a substrate under the condition shoWn beloW using the 
sequence illustrated in FIG. 2 and the PEALD apparatus 
illustrated in FIG. 1. 

Trisilylamine: 100 sccm 
Hydrogen: 500 sccm 
Nitrogen: 1000 sccm 
Bis(ethylmethylamino)silane: 300 sccm 
Process helium: 1400 sccm 
Sealed helium: 500 sccm 
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Argon: 500 sccm 
Substrate temperature: 3500 C. 
High frequency RF power (a frequency of 13.56 MHZ): 

0.07 W/cm2 
LoW frequency RF power (a frequency of 430 kHZ): 0.0 

W/cm2 
Trisilylamine supply time: 1.0 sec supply 
Second precursor (Bis(ethylmethylamino)silane) supply 

time: 1.0 sec supply 
RF Plasma exciting time: 1.0 sec excite 
Purge time: 1.0 sec interval With reactive gases 
In case of adding Bis(ethylmethylamino)silane, the ?lm 

thickness per cycle is approximately 0.17 nm/cycle. Depos 
ited dielectric ?lm having SiiN bonds With adding bis(eth 
ylmethylamino)silane has Wet etch rate 2.9 nm/min under 
BHF130 etchant. 

EXAMPLE 5 

A dielectric layer having SiiN bonds Was formed With 
second precursor, for example hexane, on a substrate under 
the condition shoWn beloW using the sequence illustrated in 
FIG. 2 and the PEALD apparatus illustrated in FIG. 1. 

Trisilylamine: 100 sccm 
Hydrogen: 500 sccm 
Nitrogen: 1000 sccm 
Hexane: 300 sccm 
Process helium: 1400 sccm 
Sealed helium: 500 sccm 
Argon: 500 sccm 
Substrate temperature: 350° C. 
High frequency RF poWer (a frequency of 13.56 MHZ): 

0.07 W/cm2 
LoW frequency RF poWer (a frequency of 430 kHZ): 0.0 

W/cm2 
Trisilylamine supply time: 1.0 sec supply 
Second precursor (Hexane) supply time: 1.0 sec supply 
RF Plasma exciting time: 1.0 sec excite 
Purge time: 1.0 sec interval With reactive gases 
In case of adding hexane, the ?lm thickness per cycle is 

approximately 0.22 nm/ cycle. Deposited dielectric ?lm hav 
ing SiiN bonds With adding hexane has Wet etch rate 1.1 
nm/min under BHF130 etchant. 

According to the transmission electron microscope cross 
sectional vieW of the metal gates on substrate using above 
examples (not shoWn), deposited modifying etch properties 
dielectric ?lm having SiiN bonds With second precursor is 
possessed similar morphological structure, such as confor 
mality (up to 90%), to the dielectric ?lm having SiiN bonds 
Without second precursor. By adding second precursor, com 
position of deposited ?lm has been altered. These add can 
lead to changes inperformance properties such as Wet etching 
rate in etchants. FIG. 10 shoWs the Wet etching rates When 
using various second precursors as explained in the above 
examples. 

FIG. 11 shoWs the relationship betWeen Wet etching rate 
and amount of carbon of the deposited ?lm. The etching test 
Was carried out using a BHF130 etchant. The deposited ?lm 
(SiN) on the Si substrate Was dipped in the BHF130 etchant 
for 5 min, and then rinsed With de-ioniZed Water. Film thick 
ness Was measured by an Ellipsometer. As shoWn in FIG. 5, 
by adjusting the amount of carbon, the Wet etching rate can be 
controlled. The amount of carbon can be controlled by select 
ing a second precursor. In FIG. 5, the plots Where the amount 
of carbon is about 0% Were obtained from ?lms formed 
according to Example 2a (no second precursor). The plots 
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14 
Where the amount of carbon is about 10% Were obtained from 
?lms formed according to Example 4 
A signi?cant advantage of the method of at least one of the 

disclosed embodiments of the present invention is that etch 
properties modi?ed silicon nitride layers or other SiiN 
dielectric layers can be formed on semiconductor substrates 
using second precursors. The silicon nitride layers and other 
SiiN dielectric layers also may be formed at relatively loW 
substrate temperatures and may be controlled the ?lm com 
position, thereby increasing productivity Without the occur 
rence of thermal damage to the substrate, and expanding the 
types of applicable substrates. In addition, the method of 
some embodiments of the present invention can control thick 
ness exactly, and achieve high deposition rate, and can 
achieve high conformal structure. 
The present invention further includes, but is not limited to, 

the folloWing embodiments: 
1) A method of forming a dielectric ?lm having SiiN 

bonds on a semiconductor substrate by modi?ed plasma 
enhanced atomic layer deposition (PEALD), Which com 
prises: (a) introducing a nitrogen- and hydrogen-containing 
reactive gas and an rare gas into a reaction space inside Which 
the semiconductor substrate is placed; (b) introducing a 
hydro gen-containing silicon precursor in pulses into the reac 
tion space Wherein the reactive gas and the rare gas are intro 
duced; (c) performing RF plasma excitation in pulses imme 
diately (e.g., 0~0.1 sec) after the silicon precursor is shut off; 
and (d) maintaining the introduction of the reactive gas and an 
rare gas as a purge. The above steps may be continuously 
repeated until the target thickness is obtained, thereby form 
ing a dielectric ?lm having SiiN bonds on the substrate. 

2) The method according to 1), Wherein the hydrogen 
containing silicon precursor has a formula of SiotHBXy, 
Wherein 0t, [3 and y are integers (y includes Zero), X is N and/or 
CmHn Wherein m and n are integers. 

3) The method according to 1), Wherein the substrate is 
kept at a temperature of 00 C. to 4000 C. While the ?lm is 
deposited thereon. 

4) The method according to 1), Wherein the hydrogen 
containing silicon precursor is vaporized upstream of the 
reaction space. 

5) The method according to 1), Wherein the hydrogen 
containing silicon precursor is introduced in pulses While the 
reactive gas and the rare gas are continuously introduced. 

6) The method according to 1), Wherein the hydrogen 
containing silicon precursor is introduced in pulses With a 
duration of approximately 0.1 sec to 1.0 sec. 

7) The method according to 1), Wherein the RF plasma is 
excited in pulses With a duration of approximately 0.1 sec to 
1.0 sec immediately (e.g., 0~0.1 sec) after the shutting off of 
the hydrogen-containing silicon precursor. 

8) The method according to 1), Wherein the reactive gas 
and the rare gas are maintained as a purge having a duration of 
approximately 0.5 to 2.0 sec after the end of supplying the 
silicon precursor in pulse and exciting the plasma in pulse. 

9) The method according to 8), Wherein the purge duration 
is equal to or longer than the plasma exciting duration. 

10) The method according to 1), Wherein the reactive gas is 
at least one of a mixture of N2 and H2, a mixture of NH3 and 
H2, and a nitrogen-boron-hydrogen gas. 

1 1) The method according to 10), Wherein the reactive gas 
is the mixture of N2 and H2 Wherein a molar ?oW rate ratio of 
N2/H2 in the mixture is approximately 1/1 to 10/ 1. 

12) The method according to 10), Wherein the reactive gas 
is the mixture of NH3 and H2 Wherein a molar ?oW rate ratio 
of NH3/H2 in the mixture is approximately 1/1 to 1/ 10. 
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13) The method according to 1), wherein the rare gas is at 
least a mixture of helium and argon. 

14) The method according to 13), Wherein the rare gas is 
solely a mixture of helium and argon Wherein a molar ?oW 
rate ratio of helium/argon is approximately 1/1 to 20/1. 

15) The method according to 1), Wherein the RF plasma is 
applied in a range of approximately 0.02 W/cm2 to approxi 
mately 0.5 W/cm2 per area of the substrate and the reaction 
space pressure is adjusted in a range of approximately 0.1 
Torr to approximately 10 Torr. 

16) The method according to 1), Wherein the forming 
dielectric ?lm having SiiN bonds has a deposition rate of at 
least 0.1 nm/cycle. 

17) The method according to 16), Wherein the forming 
dielectric ?lm having SiiN bonds has a step coverage or 
conformality of at least 90%. 

18) The method according to 16), Wherein the forming 
dielectric ?lm having SiiN bonds has an etching rate loWer 
than that of a thermal oxide ?lm. 

19) A method for modifying etch properties of a dielectric 
?lm having SiiN bonds on a semiconductor substrate by 
plasma enhanced atomic layer deposition (PEALD), Which 
comprises: (a) introducing a reactive gas and a rare gas into a 
reaction chamber inside Which a semiconductor substrate is 
placed; (b) introducing a carbon-free silicon precursor and a 
second precursor in pulses into the reaction space Wherein a 
reactive gas and an rare gas are introduced; (c) exciting an RF 
plasma in pulses immediately after the carbon-free silicon 
precursor and the second precursor are shut off; (d) maintain 
ing the reactive gas and the rare gas as a purge. The above 
steps may be continuously repeated until a target thickness is 
obtained, thereby forming an etch properties modifying 
dielectric ?lm having SiiN bonds on the substrate. 

20) The method according to 19), Wherein the carbon-free 
silicon precursor has a formula of SiaABBy, Wherein 0t, [3 and 
y are integers and y includes Zero, A is H or Cl, and B is N. 

21) The method according to 19), Wherein the second pre 
cursor is selected form NH3, CxHy, or a hydrocarbon-contain 
ing silicon precursor, Where x and y are integers, x may be 1 
to 8 andymay be 4 to 18. 

22) The method according to 21), Wherein the hydrocar 
bon-containing silicon precursor is selected and has a formula 
of SiaHbXc(CmHn) Wherein a, b, and c are integers and c 
includes Zero, and a is 1 to 5, b is 1 to 10, and c is 0 to 6. X is 
N, m and n are integers, and m is 2 to 18, n is 6 to 30. 

23) The method according to 19), Wherein the reactive gas 
is at least one of a mixture of N2 and H2, and a nitrogen 
boron-hydrogen gas. 

24) The method according to 23), Wherein the reactive gas 
is the mixture of N2 and H2 Wherein a molar ?oW rate ratio of 
N2/H2 in the mixture is approximately 1/1 to 10/ 1. 

25) The method according to 19), Wherein the rare gas is at 
least a mixture of helium and argon. 

26) The method according to Claim 25), Wherein the rare 
gas is a mixture of helium and argon Wherein a molar ?oW rate 
ratio of helium/argon is approximately 1/1 to 20/ 1. 

27) The method according to 19), Wherein the carbon-free 
silicon precursor and the second precursor are introduced in 
pulses having a duration of approximately 0.1 sec to 1.0 sec. 

28) The method according to 1 9), Wherein the RF plasma is 
excited in pulses having a duration of approximately 0.1 sec 
to 1.0 sec immediately (e.g., 0~0.1 sec) after the shutting off 
of the carbon-free silicon precursor and the second precursor. 

29) The method according to 19), Wherein the reactive gas 
and the rare gas are maintained as a purge With a duration of 
approximately 0.5 to 2.0 sec after the end of supplying the 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

16 
carbon-free silicon precursor and the second precursor in 
pulse and exciting the plasma in pulses. 

30) The method according to claim 29), Wherein the purge 
duration is equal to or longer than that of the plasma exciting 
duration. 

31) The method according to 19), Wherein the RF plasma is 
applied in a range of approximately 0.02 W/cm2 to approxi 
mately 0.5 W/cm2 per area of the substrate and the reaction 
space pressure is adjusted in a range of approximately 0.1 
Torr to approximately 10 Torr. 

32) The method according to 19), Wherein multiple dielec 
tric ?lms having SiiN bonds are formed each having differ 
ent etching rates modi?ed by the type of second precursor. 

33) The method according to 32), Wherein the etching rate 
is decreased by increasing the amount of carbon of the form 
ing ?lm having SiiN bonds. 

34) The method according to 22), Wherein the dielectric 
?lm having SiiN bonds has a step coverage or conformality 
of at least 90%. 

35) The method according to 19), Wherein the substrate is 
kept at a temperature of 3000 C. to 6000 C. While the ?lm is 
deposited thereon. 

It Will be understood by those of skill in the art that numer 
ous and various modi?cations can be made Without departing 
from the spirit of the present invention. Therefore, it should be 
clearly understood that the forms of the present invention are 
illustrative only and are not intended to limit the scope of the 
present invention. 

We claim: 
1. A method of forming a dielectric ?lm having SiiN 

bonds on a semiconductor substrate by plasma enhanced 
atomic layer deposition (PEALD), Which comprises: 

selecting a combination of gases for forming a dielectric 
?lm having SiiN bonds by PEALD, said gases com 
prising a reactive gas, a rare gas, and a Si-containing 
precursor, Which are different from each other; 

continuously introducing the reactive gas and the rare gas 
Without interruption into a reaction space inside Which 
the semiconductor substrate is placed; 

introducing the precursor in pulses into the reaction space; 
exciting an RF plasma in pulses in the reaction space, 

Wherein each pulse of exciting the RF plasma starts 
immediately after each pulse of introducing the precur 
sor, Wherein one cycle is de?ned by one pulse of intro 
ducing the precursor With no pulse of exciting the RF 
plasma as a ?rst period, one pulse of exciting the RF 
plasma With no pulse of introducing the precursor as a 
second period, and no pulse of introducing the precursor 
and no pulse of exciting the RF plasma as a third period; 
and 

forming a dielectric ?lm having SiiN bonds on the sub 
strate by repeating the cycle multiple times. 

2. The method according to claim 1, Wherein the Si-con 
taining precursor comprises Si, N, H, and optionally C in its 
molecule. 

3. The method according to claim 2, Wherein the Si-con 
taining precursor has a formula of SiotHBXy, Wherein 0t and [3 
are integers and y is an integer including Zero, X is N and/or 
CmHn Wherein m and n are integers. 

4. The method according to claim 1, Wherein the Si-con 
taining precursor is a carbon-free precursor Which is a ?rst 
precursor, and the method further comprises introducing a 
second precursor in one cycle, Wherein the second precursor 
is different from the ?rst precursor and comprises a SiiN, 
CiH, or NiH bond in its molecule. 




