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HEAT TREATING NITROGEN IMPLANTED 
GATE ELECTRODE LAYER FOR 

IMPROVED GATE ELECTRODE ETCH 
PROFILE 

TECHNICAL FIELD 

The present invention relates to a method of manufactur 
ing a semiconductor device comprising a gate electrode With 
substantially parallel side surfaces. The present invention is 
particularly applicable for producing high density semicon 
ductor devices With design features of 0.25 microns and 
under, increased transistor and circuit speeds and improved 
reliability. 

BACKGROUND ART 

Current demands for high density and performance asso 
ciated With ultra large scale integration require submicron 
features of about 0.25 microns and under, increased transis 
tor and circuit speeds and improved reliability. Such 
demands for increased density, performance and reliability 
require formation of device features With high precision and 
uniformity. 
As integration increases and device feature siZe decreases, 

the thickness of gate dielectric layers decreases. As device 
feature siZes shrink to 0.25 microns and under, the gate 
dielectric layer thickness is reduced to beloW about 80 A, 
thereby generating various problems, such as impurity pen 
etration through the gate dielectric layer into the semicon 
ductor substrate With consequential shorting out of the 
transistor and/or otherWise decreasing device reliability. For 
example, When forming P-channel MOS transistors, boron is 
typically implanted into the gate electrode layer before 
etching to form the gate electrode. Such implanted boron 
easily diffuses through a thin gate dielectric layer into the 
underlying silicon substrate and shorts out or shifts the 
transistor. 
A conventional approach in addressing such an impurity 

penetration problem comprises implanting nitrogen into the 
gate electrode layer before forming the gate electrode by 
conventional photolithographic and etching techniques. For 
example, adverting to FIG. 1, a gate dielectric layer 11, such 
as a silicon dioxide layer, is formed at a thickness less than 
about 80 A on semiconductor substrate 10, typically silicon 
doped With an appropriate impurity, such as an N-type 
impurity. A conductive layer 12, such as polycrystalline 
silicon, is formed on gate dielectric layer 11 and serves as the 
gate electrode layer. In order to suppress subsequent dopant 
penetration through gate dielectric layer 11, such as boron 
penetration, nitrogen ions are implanted into gate electrode 
layer 12, as indicated by arroWs 14, at a dosage of about 
1><1013 atoms cm'2 to about 1><1016 atoms cm_2. Such high 
nitrogen implantation dosages cause crystallographic dam 
age to gate electrode layer 12 and consequential amorphiZa 
tion of an upper portion thereof indicated by “x” marks 15. 
Such a nitrogen induced amorphous region can extend 
through about ?fty percent of the thickness of polycrystal 
line silicon layer 12. 

It Was found that the nitrogen induced amorphous portion 
exhibits etching characteristics different from the remaining 
crystalline portion of gate electrode layer 12. Upon masking 
and etching to form gate electrode 22 on semiconductor 
substrate 10 With gate dielectric layer 21 therebetWeen, as 
shoWn in FIG. 2, the side surfaces of gate electrode 22 are 
neither substantially parallel to one another nor substantially 
perpendicular to the upper surface of semiconductor sub 
strate 10, as desired for optimum performance and reliabil 
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2 
ity. Instead, as shoWn in FIG. 2, the side surfaces 23 of 
etched gate electrode 22 are concave forming an hourglass 
type pro?le. Such an etch pro?le could cause transistor 
performance degradation, e.g., transistor drive current non 
uniformities and asymmetry. 

Thus, the conventional solution to the problem of impu 
rity penetration through thin gate dielectric layers compris 
ing remedial nitrogen ion implantation is problematic With 
respect to the etch pro?le of the subsequently patterned gate 
electrode. Accordingly, there exists a need for a method of 
manufacturing a semiconductor device Wherein impurity 
penetration through a thin gate dielectric layer is prevented 
by nitrogen ion implantation Without adverse impact on the 
etch pro?le of the subsequently formed gate electrode. 

DISCLOSURE OF THE INVENTION 

An object of the present invention is a method of manu 
facturing a semiconductor device comprising a gate elec 
trode With substantially parallel side surfaces While prevent 
ing impurity penetration through the gate dielectric layer. 

Another object of the present invention is a method of 
manufacturing a semiconductor device having design fea 
tures of up to about 0.25 microns and comprising a 
P-channel MOS transistor and a gate electrode With sub 
stantially parallel side surfaces, While preventing boron 
penetration through the gate dielectric layer. 

Additional advantages and other features of the invention 
Will be set forth in part in the description Which folloWs and 
in part Will become apparent to those having ordinary skill 
in the art upon examination of the folloWing or may be 
learned from the practice of the invention. The objects and 
advantages of the invention may be realiZed and obtained as 
particularly pointed out in the appended claims. 

According to the present invention, the foregoing and 
other objects are achieved in part by a method of manufac 
turing a semiconductor device, Which method comprises: 
forming a conductive layer on an upper surface of a semi 
conductor substrate With a dielectric layer therebetWeen; 
implanting nitrogen atoms into the conductive layer; heat 
treating the nitrogen implanted conductive layer; and etch 
ing the heat treated nitrogen implanted layer to form a gate 
electrode. 

Another aspect of the present invention is a method of 
manufacturing a semiconductor device, Which method com 
prises: forming a polycrystalline silicon gate electrode layer 
on an upper surface of a semiconductor substrate With a gate 
dielectric layer therebetWeen; implanting nitrogen atoms 
into the polycrystalline silicon gate electrode layer at a 
dosage suf?cient to amorphiZe an upper portion of the 
polycrystalline silicon gate electrode layer; heat treating the 
nitrogen implanted polycrystalline silicon layer to restore 
crystallinity to the amorphiZed upper portion; and etching 
the heat treated nitrogen implanted polycrystalline silicon 
layer to form a gate electrode With substantially parallel side 
surfaces. 

Additional objects and advantages of the present inven 
tion Will become readily apparent to those skilled in this art 
from the folloWing detailed description, Wherein only the 
preferred embodiment of the invention is shoWn and 
described, simply by Way of illustration of the best mode 
contemplated for carrying out the invention. As Will be 
realiZed, the e invention is capable of other and different 
embodiments, and its several details are capable of modi? 
cations in various obvious respects, all Without departing 
from the invention. Accordingly, the draWings and descrip 
tion are to be regarded as illustrative in nature, and not as 
restrictive. 
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BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 schematically illustrates conventional methodol 
ogy involving nitrogen implantation into a gate electrode 
layer. 

FIG. 2 schematically illustrates the undesirable formation 
of a gate electrode With concave side surfaces attendant 
upon conventional practices. 

FIG. 3 schematically illustrates a gate electrode formed in 
accordance With the present invention having an improved 
etch pro?le. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

The present invention addresses the problematic etch 
pro?le resulting from nitrogen ion implantation into a gate 
electrode layer to prevent subsequent penetration of the 
underlying gate dielectric layer by impurity atoms, such as 
boron When forming a P-channel CMOS transistor. Increas 
ing demands for densi?cation and miniaturiZation require 
shrinkage of feature siZes to 0.25 microns and under. Such 
reduced design features require the formation of gate dielec 
tric layers, such as silicon dioxide, having a thickness less 
than about 80 A, eg about 30 A to about 70 Such thin 
gate dielectric layers are easily penetrated by impurity atoms 
subsequently introduced in forming transistor gate 
electrodes, e.g., penetration by boron atoms When forming a 
P-channel transistor. The conventional remedial approach to 
such gate dielectric impurity penetration comprises intro 
ducing nitrogen atoms at high dosages of about 1><1013 
atoms cm'2 to about 1><101° atoms cm'2 causing amorphiZa 
tion of up to about 50% of the thickness of polycrystalline 
silicon gate electrode layer 12, as shoWn in FIG. 1. Such 
amorphiZation alters the etching characteristics of polycrys 
talline silicon gate electrode layer 12 so that, after subse 
quent masking and etching to form gate electrode 22 (FIG. 
2), the side surfaces 23 are neither substantially parallel to 
one another nor substantially perpendicular to the upper 
surface of semiconductor substrate 10. Instead, the side 
surfaces 23 of gate electrode 22 are concave, i.e., exhibit an 
hourglass structure, thereby adversely impacting device per 
formance. 

The present invention addresses and solves the gate 
electrode etch pro?le problem stemming from nitrogen 
induced amorphiZation, thereby enabling the use of nitrogen 
ion implantation to prevent subsequent impurity penetration 
through thin gate dielectric layers While maintaining a 
desirable etch pro?le for the gate electrode so that the etched 
gate electrode has substantially parallel side surfaces and/or 
side surfaces Which are substantially perpendicular to the 
upper surface of the semiconductor substrate. In accordance 
With the present invention, a gate electrode layer, e.g., 
polycrystalline silicon, is formed on a semiconductor sub 
strate With a thin gate dielectric layer therebetWeen. As in 
conventional practices, the gate electrode layer is subjected 
to nitrogen implantation at a dosage of about 1><1013 atoms 
cm'2 to about 1><101° atoms cm_2. Consequently, an upper 
portion of polycrystalline silicon gate electrode layer is 
amorphiZed, thereby altering the etching characteristics of 
the gate electrode layer. HoWever, the present invention 
departs from such conventional practices by performing a 
heat treatment step after nitrogen ion implantation and 
before etching the gate electrode layer to form the gate 
electrode. The heat treatment step is performed under con 
ditions to restore sufficient crystallinity to the amorphiZed 
upper portion of the polycrystalline silicon gate electrode 
layer to enable subsequent etching of the polycrystalline 
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4 
silicon gate electrode layer to form a gate electrode having 
side surfaces Which are substantially parallel to one another 
and, preferably, substantially perpendicular to the upper 
surface of the semiconductor substrate. Thus, in accordance 
With the present invention, heat treatment is strategically 
performed after the amorphiZing nitrogen ion implantation 
to restore suf?cient crystallinity to enable formation of a gate 
electrode exhibiting an improved etch pro?le. 
An embodiment of the present invention is schematically 

illustrated in FIG. 3, Wherein gate electrode 32 is formed on 
semiconductor substrate 10 With gate dielectric layer 31 
therebetWeen, employing methodology paralleling conven 
tional practices, but differing by strategically heat treating 
after nitrogen ion implantation and before patterning the 
gate electrode by conventional photolithographic and etch 
ing techniques. The strategically performed heat treatment 
step of the present is conducted under conditions to restore 
suf?cient crystallinity, preferably to restore substantially 
pre-nitrogen implantation crystallinity, so that the resulting 
etched gate electrode has substantially parallel side surfaces 
33 Which are also substantially perpendicular to the upper 
surface of the semiconductor substrate 10. It Was found that 
the strategically performed heat treatment after nitrogen 
implantation and prior to etching does not adversely affect 
the ability of the implanted nitrogen to substantially prevent 
subsequent impurity penetration, e.g. boron penetration, 
through the thin gate dielectric layer. 

In an embodiment of the present invention, a silicon 
dioxide gate dielectric layer, having a thickness of about 30 
A to about 70 A, is formed on a silicon semiconductor 
substrate containing an N-type impurity. A polycrystalline 
silicon gate electrode layer is formed on the silicon dioxide 
gate dielectric layer. Nitrogen ions are implanted into the 
polycrystalline gate electrode layer at a suf?cient dosage to 
prevent subsequent impurity (boron) penetration through the 
silicon dioxide gate dielectric layer, e.g., at a nitrogen ion 
implantation dosage of about 1><1013 atoms cm'2 to about 
1><101° atoms cm_2. As a result of such nitrogen ion 
implantation, a substantial upper portion of the polycrystal 
line silicon gate electrode layer is amorphiZed, thereby 
altering its etching characteristics. According to the present 
invention, heat treatment is conducted under conditions 
Which restore suf?cient crystallinity to the amorphiZed upper 
portion of the polycrystalline silicon gate electrode layer to 
enable subsequent etching to form a gate electrode having 
substantially parallel side surfaces and/or side surfaces sub 
stantially perpendicular to the upper surface of the semicon 
ductor substrate. Given the disclosed objective of restoring 
suf?cient crystallinity to improve the subsequently patterned 
gate electrode etch pro?le, one having ordinary skill in the 
art can easily optimiZe the relevant heat treatment param 
eters to achieve that objective. For example, it has been 
found suitable to heat treat the nitrogen implanted polycrys 
talline silicon layer at a temperature of about 600° C. to 
about 1,000° C., such as about 700° C. to about 900° C., in 
a nonreactive atmosphere. During actual testing, it Was 
found that, after nitrogen ion implantation at a dosage of 
about 1><1015 atoms cm_2, a rapid thermal anneal at a 
temperature of about 850° C. for about 30 seconds in a 
nitrogen atmosphere containing about 10 volume percent 
oxygen Was effective to restore suf?cient crystallinity to the 
amorphiZed upper portion of a polycrystalline silicon gate 
electrode layer to enable subsequent patterning by conven 
tional photolithography and etching techniques to form a 
gate electrode With side surfaces substantially parallel to one 
another and substantially perpendicular to the upper surface 
of the semiconductor substrate. A gate electrode having a 
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similar desirable etch pro?le Was obtained after nitrogen ion 
implantation at a dosage of about 1><1015 atoms cm-2 by heat 
treating at a temperature of about 750° C. for about 30 
minutes in a nitrogen atmosphere. 

The present invention advantageously enables the use of 
conventional nitrogen implantation to prevent impurity pen 
etration through thin gate dielectric layers While avoiding 
the adverse impact on the side surfaces of a subsequently 
patterned gate electrode by etching. In accordance With the 
present invention, a heat treatment step is strategically 
performed after nitrogen ion implantation and prior to 
etching, thereby enabling the formation of a gate electrode 
having an improved etch pro?le, e.g., a gate electrode With 
substantially parallel side surfaces and/or substantially per 
pendicular side surfaces With respect to the upper surface of 
the semiconductor substrate. 

In the previous descriptions, numerous speci?c details are 
set forth, such as speci?c materials, structures, chemicals, 
processes, etc., in order to provide a thorough understanding 
of the present invention. HoWever, as one having ordinary 
skill in the art Would recogniZe, the present invention can be 
practiced Without resorting to the details speci?cally set 
forth. In other instances, Well knoWn processing structures 
have not been described in detail in order to not unneces 
sarily obscure the present invention. 

The dielectric and conductive layers utiliZed in manufac 
turing a semiconductor device in accordance With the 
present invention can be deposited by conventional deposi 
tion techniques. For eXample, metalliZation techniques such 
as various types of chemical vapor deposition (CVD) 
processes, including loW pressure chemical vapor deposition 
(LPCVD) and enhanced chemical vapor deposition (ECVD) 
can be employed. 

The present invention enjoys applicability in the manu 
facture of semiconductor devices comprising design features 
of 0.25 microns and under, With increased transistor and 
circuit speeds and improved reliability. The present inven 
tion is applicable to the formation of any of various types of 
semiconductor devices and, hence, details have not been set 
forth herein in order to avoid obscuring the thrust of the 
present invention. In practicing the present invention, con 
ventional photolithographic and etching techniques are 
employed and, hence, the details of such techniques have not 
been set forth herein in detail. 

Only the preferred embodiments of the invention and but 
a feW eXamples of its versatility are shoWn and described in 
the present disclosure. It is to be understood that the inven 
tion is capable of use in various other combinations and 
environments and is capable of changes or modi?cations 
Within the scope of the inventive concept as expressed 
herein. 
What is claimed is: 
1. A method of manufacturing a semiconductor device, 

Which method comprises: 
forming a polycrystalline silicon layer on an upper surface 

of a semiconductor substrate With a dielectric layer 

therebetWeen; 
implanting nitrogen atoms into the polycrystalline silicon 

layer at a dosage suf?cient to amorphiZe an upper 
portion of the polycrystalline silicon layer; 

heat treating said nitrogen implanted polycrystalline sili 
con layer under conditions suf?cient to restore crystal 
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6 
linity to the amorphiZed upper portion of the polycrys 
talline silicon layer; and 

etching the heat treated nitrogen implanted layer to form 
a gate electrode, Wherein said heat treating improves 
the etch pro?le of the gate electrode. 

2. The method according to claim 1, comprising implant 
ing nitrogen at a dosage suf?cient to amorphiZe the upper 
portion extending up to about 50% of the polycrystalline 
silicon gate electrode layer toWard the upper surface of the 
semiconductor substrate. 

3. The method according to claim 1, comprising: 
etching the polycrystalline silicon layer to form a gate 

electrode having substantially parallel side surfaces. 
4. The method according to claim 3, comprising etching 

the polycrystalline silicon layer to form a gate electrode 
having side surfaces substantially perpendicular to the upper 
surface of the semiconductor substrate. 

5. The method according to claim 3, comprising heat 
treating the nitrogen implanted polycrystalline silicon layer 
at a temperature of about 600° C. to about 1,000° C. 

6. The method according to claim 5, comprising heat 
treating the nitrogen implanted polycrystalline silicon layer 
at a temperature of about 850° C. for about 30 seconds in an 
atmosphere comprising nitrogen and about 10 volume per 
cent oXygen. 

7. The method according to claim 5, comprising heat 
treating the nitrogen implanted polycrystalline silicon layer 
at a temperature of about 750° C. for about 30 minutes in a 
nitrogen atmosphere. 

8. The method according to claim 1, further comprising: 
forming a mask on the nitrogen implanted polycrystalline 

silicon layer after heat treating; and 
etching the heat treated masked polycrystalline silicon 

layer to form the gate electrode. 
9. The method according to claim 1, Wherein the semi 

conductor substrate comprises an N-type impurity. 
10. The method according to claim 9, further comprising 

forming P-impurity type source/drain regions in the semi 
conductor substrate on opposite sides of the gate electrode to 
form a P-channel MOS. 

11. The method according to claim 1, comprising: 
implanting nitrogen under conditions suf?cient to amor 

phiZe an upper portion of the polycrystalline silicon 
layer; 

heat treating to restore sufficient crystallinity to the amor 
phiZed upper portion to enable formation of a gate 
electrode having substantially parallel side surfaces 
upon etching the polycrystalline silicon ?lm; and 

etching the polycrystalline silicon ?lm to form a gate 
electrode having substantially parallel side surfaces. 

12. The method according to claim 11, comprising etching 
the heat treated polycrystalline silicon ?lm to form a gate 
electrode having side surfaces substantially perpendicular to 
the upper surface of the semiconductor substrate. 

13. The method according to claim 1, Wherein the dielec 
tric layer has a thickness less than about 60 

14. The method according to claim 1, comprising heat 
treating the nitrogen implanted polycrystalline silicon layer 
before depositing any layer thereon. 

* * * * * 
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