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ABSTRACT 

An SRAM in a CMOS integrated circuit is subjected to 
stress on the channels of its transistors; compressive stress 
on the pull-up and pass gate transistors and tensile stress on 
the pull-down transistors in a version designed to improve 
stability; and compressive stress on the pull-up transistors 
and tensile stress on the pull-down and pass gate transistors 
in a version designed to reduce the cell siZe and increase 
speed of operation. 
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STRUCTURE AND METHOD TO IMPROVE SRAM 
STABILITY WITHOUT INCREASING CELL AREA 

OR OFF CURRENT 

BACKGROUND OF INVENTION 

[0001] The ?eld of the invention is that of integrated 
circuit SRAMs. 

[0002] The shrinking of MOSFET dimensions for high 
density, loW power and enhanced performance requires 
reduced poWer supply voltages. As a result, dielectric thick 
ness and channel length of the transistors are scaled With 
poWer supply voltage. 

[0003] HoWever, SRAM stability is severely impacted by 
this scaling. Small mismatches in the devices during pro 
cessing can cause the cell to favor one of the states, either 
a 1 or a 0. Mismatches can result from dislocations betWeen 
the drain and the source or from dopant implantation or 
thermal anneal temperature ?uctuation. 

[0004] The SRAM cell stability determines the soft-error 
and the sensitivity of the memory cell to variations in 
process and operating conditions. One important parameter 
for the stability is called “beta ratio”, Which is the ratio 
betWeen pull-doWn transistor drive current and pass-gate 
transistor drive current. Higher beta ratio results in better 
stability. HoWever, it also results in a larger cell siZe. There 
is a trade-off betWeen the cell area and the stability of the 
cell. 

[0005] The art could bene?t from a method to compensate 
and desensitiZe the parameters of small transistors to process 
?uctuations. 

SUMMARY OF INVENTION 

[0006] The invention relates to a SRAM memory cell 
providing increased stability While maintaining the same cell 
area. 

[0007] A feature of the invention is the application of 
compressive stress to the pass-gate transistors and tensile 
stress to the pull-doWn transistors, thereby adjusting the 
SRAM parameters to increase stability. 

[0008] Another feature of the invention is forming the 
compressive stress by depositing an etch stop layer With 
parameters that produce the desired stress in operation. 

[0009] Another feature of the invention is forming the 
tensile stress by implanting the etch stop layer With ions that 
convert the compressive stress to tensile stress. 

[0010] Another feature of the invention is reducing the 
area of the cell While maintaining the same beta ratio. 

BRIEF DESCRIPTION OF DRAWINGS 

[0011] FIG. 1 illustrates variation in NFET Vt as a func 
tion of the stress in a nitride etch stop layer. 

[0012] FIG. 2 illustrates the relation betWeen a Vt shift 
and a drive current change. 

[0013] FIG. 3 illustrates that NFET drive current can be 
increased When a tensile nitride is applied as an etch stop 
layer and decreased When the stress is compressive. 
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[0014] FIG. 4 illustrates a layout of an SRAM cell for use 
With the invention. 

[0015] FIG. 5 illustrates a cross section of a pass transistor 
and a pull-doWn transistor that Will receive a stress layer 
according to the invention. 

[0016] FIG. 6 illustrates implantation of halo and eXten 
sion implants. 

[0017] FIG. 7 illustrates formation of a second spacer to 
de?ne the location of Source/Drain implants. 

[0018] FIG. 8 illustrates formation of silicide over the 
gate and S/D of the transistors. 

[0019] FIG. 9 illustrates deposition of the nitride com 
pressive/etch stop layer. 

[0020] FIG. 10 illustrates implantation of ions into the 
stress layer over the pull-doWn transistors. 

[0021] FIG. 11 illustrates a top vieW of the mask for the 
implantation. 
[0022] FIG. 12 illustrates the difference in stress after an 
anneal according to the invention. 

[0023] FIG. 13 illustrates deposition of interlayer dielec 
tric over the transistors. 

[0024] FIG. 14 illustrates the transistors after the forma 
tion of a contact. 

DETAILED DESCRIPTION 

[0025] The present invention is directed at providing an 
improved SRAM memory cell With: a) increased stability 
While maintaining the same cell area; or b) reducing the cell 
area While providing the same stability. 

[0026] FIG. 4 shoWs a top vieW of an SRAM cell 100 
suitable for use With the invention. The SRAM memory cell 
has a common layout, comprising tWo cross-coupled invert 
ers in a symmetric and complementary arrangement, Where 
each of the inverters is connected With a pass gate NFET 
transistor. The Wafer is illustratively p-type, With an N-Well 
20 for the PFETs 112 and 122 at the top of the Figure. PFETs 
112 and 122 are formed in active area 25 in the N-Well. 

[0027] In the loWer portion of the Figure, active area 35 
holds the tWo pull-doWn NFETs 114 and 124 and the 
corresponding pass gates (or NFET pass transistors) 116 and 
126. Transistors 112 and 114 form one inverter and transis 
tors 122 and 124 form the other. The cross connections 
betWeen the tWo inverters are not shoWn to simplify the 
draWing. Node 115 formed from a polysilicon (poly) strip is 
used to form the gates of the ?rst inverter. Similarly, node 
125 is used to form the gates of the second inverter. Poly 
strip 135 is used to form the gates of the pass transistors 116 
and 126. 

[0028] By changing the stress level in the Si3N4 etch stop 
layer, one can increase pull-up PFET drive current. A 
compressive stress nitride etch stop layer Will induce com 
pressive stress in the transistor channel, Which Will increase 
the hole mobility and therefore increase the PFET drive 
current. The compressive stress Will also reduce the PFET 
Vt, Which Will also increase the PFET drive current. 

[0029] Increasing the stress over the small normal 
amounts found in standard processing increases the pass 
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gate NFET threshold voltage (and therefore decreases its 
drive current). The pull-doWn NFETs of each inverter Within 
the memory cell have a tensile stress, Which increases the 
threshold voltage (and therefore produces a loWer drive 
current). 
[0030] The result of changing the stress of these tWo 
NFETs is that the SRAM cell becomes more stable because 
the beta ratio is increased. Changing only one of the tWo 
types of NFET (pass-gate or pull-doWn) Would produce a 
bene?cial change, but changing them both is preferred. 

[0031] Both transistors having compressive stress and 
those having tensile stress Will be referred to in the claims 
as “stressed transistors”, meaning that the magnitude of 
stress in both types of transistor is signi?cantly different 
from the amount of stress considered acceptable for normal 
transistors in that technology. 

[0032] Those skilled in the art Will appreciate that pro 
cesses are designed such that the stresses that are inevitably 
produced in a transistor have effects on the operating param 
eters of the transistor that are Within the acceptable range for 
the circuits being formed. There are alWays ?uctuations in 
the transistor performance re?ecting, in part, ?uctuations in 
the manufacturing process. Circuit designers have adapted 
to these ?uctuations and design the circuit to perform Within 
a range of tolerable parameters. 

[0033] The memory cell may be made either from bulk 
silicon, or from a semiconductor-on-insulator technology. 

[0034] FIG. 1 illustrates the effect of stress on Vt for 
NFETs. When a compressive nitride is applied to the pass 
gate transistor, its threshold voltage (Vt) increases (nomi 
nally by 30 mV in the illustrative example). This comparison 
is made betWeen the three sets of points—Compressive, 
LoW Stress and Tensile that Were made With a layer of nitride 
covering (enclosing) the transistors. The nominal Vt for an 
NFET in that technology is about 0.3V. 

[0035] The nitride Was deposited by Plasma Enhanced 
Chemical Vapor Deposition (PECVD) on a Wafer at 400 
degrees C. With RF poWer at 900 Watts in a tool from 
Applied Materials, Inc. Other deposition tools Will have 
different preferred poWers and the process parameters Will 
be set empirically in light of the transistor dimensions, the 
nitride thickness and other relevant factors. Those skilled in 
the art Will be aWare that the net stress on the transistor body 
Will depend on many factors, including the thermal history 
of the circuit. 

[0036] The increase of the Vt brings its drive current doWn 
(by 20% for the example illustrated, in Which the Vt changed 
by 30 mV). 
[0037] FIG. 2 illustrates the relationship betWeen Vt and 
the drive current for the illustrative example, Which Was an 
NFET having a 45 nm line Width technology. Other pro 
cesses Will have different relationships betWeen Vt and drive 
current. 

[0038] On the other hand, as illustrated in FIG. 3, tensile 
stress applied on the pull-doWn gate increases its drive 
current (by 11% for this case). These data Were taken by 
comparing NFETs of the same siZe With a compressive 
nitride layer (the left line) and tensile stress (the right line). 
[0039] The data shoWn in FIG. 3 result in a increase of the 
SRAM beta ratio from 2.1 Without the stress application to 
2.9. This higher beta ratio is achieved Without increasing the 
cell area. 
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[0040] In addition to the signi?cant advantage of greater 
stability of the SRAM cell, there are tWo other advantages: 

[0041] 1. The SRAM off current is maintained, While 
other stability-enhancing methods method such as 
channel counter doping Will increase the transistor off 
current. 

[0042] 2. The Beta ratio is tunable at a later stage of the 
manufacturing process, Which permits compensation 
for process variations. 

[0043] If, in a particular technology and circuit, the SRAM 
stability is adequate, the invention may be applied to main 
tain the same beta ratio, but shrink the cell siZe, by decreas 
ing the pull-doWn and pass gate transistor Width. Since the 
pull-doWn Width is decreased, the pull-up Width may be 
decreased also. Using the same example quoted above, one 
can reduce cell area by 5-15%, depending on the scaling 
method. 

[0044] FIG. 3 shoWs data for compressive and tensile 
stress applied to a typical NFET. NFET drive current can be 
increased When a tensile nitride is applied as the etch stop 
layer, and decreased When a compressive nitride is used. 
PFET drive current behaves in the opposite Way. The vertical 
axis is IOn in units of mA/micron. 

[0045] FIG. 5 illustrates a cross-section along the 5-5 
direction in the SRAM layout of FIG. 4, shoWing tWo 
transistors, pass gate 208 and pull-doWn transistor 210, each 
having a poly gate and an off-set spacer built on Si substrate 
10. The transistor construction is conventional, With gate 
dielectric 206 separating the body in the Wafer from gate 
202. Spacers 204 have a thickness set to de?ne the offset 
distance betWeen the source and drain (S/D) and the tran 
sistor body. 

[0046] FIG. 6 shoWs the conventional extension and halo 
implantation being performed after off-set spacer is formed. 
The loW-doped drain extension Will be located outside the 
region de?ned by the offset spacers 204. For NFETs, the 
implant species is P or As. The implant energy and dosage 
are set by the process parameters for the particular technol 
ogy being implemented and do not change When the inven 
tion is practiced. 

[0047] FIG. 7 shoWs a set of second spacers 212 being 
formed, folloWed With P or As source/drain implants. The 
Width of the second spacer is set to de?ne the length of the 
loW-doped drain extension. The source and drain are formed 
outside the region de?ned by the second spacers 212. In this 
vieW, the entire area betWeen the transistors Will be 
implanted. Other transistors Will have the outer extent of the 
S/D de?ned by a mask. 

[0048] FIG. 8 shoWs the result of forming a silicide on the 
exposed silicon of the source, drain and gate. Silicide 214 is 
formed on the surface. Area 222 beloW the surface repre 
sents the implanted area of the source and drain. 

[0049] FIG. 9 shoWs the result of depositing 40 nm of a 
compressive nitride (Si3N4) etch stop layer 230. Ordinarily, 
a process sequence Will have parameters that are chosen to 
reduce stress, since silicon is pieZo-electric and stress in the 
transistor body Will affect the operating parameters. 

[0050] In this case, a particular stress is desired, as 
described beloW. The nitride is deposited at an elevated 
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temperature and the difference in coefficient of thermal 
expansion Will cause stress to be exerted on the enclosed 
material Within the generally hemispherical shell formed by 
the nitride. Arrows 232 indicate the desired net horiZontal 
compressive stress eXerted on the transistor body. The term 
compressive stress and tensile stress refer to the horiZontal 
component in the transistor body. There Will be components 
of the stress in other directions, e.g. vertical, but they are not 
relevant to the invention. 

[0051] Ordinarily, process parameters are selected to 
reduce stress. Those skilled in the art Will appreciate that the 
desired amount of stress can be applied to the body by a 
combination of adjusting the plasma poWer density during 
deposition, increasing the thickness of the nitride ?lm and/or 
reducing the gate spacer thickness to bring the nitride closer 
to the transistor channel. 

[0052] The process designer Will specify the thickness of 
layer 230 in connection With typical manufacturing 
tradeoffs. In general, a thicker layer Will eXert greater stress. 
Since the layer is an etch stop, it must be at least thick 
enough to protect the underlying ?lms during the etch 
process. 

[0053] FIG. 10 shoWs a photo resist blocking mask 5 
patterned to eXpose the pull-doWn transistors 114 and 124 of 
the cell. These transistors are implanted in layer 230 to 
change the type of stress from compressive to tensile. The 
implantation is performed using ions such as Ge, Ar, N, or 
Xe. AloW temperature anneal, illustratively 500-600 degrees 
C degrees for 30 seconds is performed to set the stress. 

[0054] The anneal is at a loWer temperature than the 
anneals that activate dopants in silicon, so that this anneal 
Will not have a signi?cant effect on previous implants (if 
any). The function of this anneal is to restore broken bonds 
in the nitride that Were broken by ion implantation (Si—N, 
Si—H and Si—NH bonds). The nitride becomes neutral in 
stress after the implantation. Re-establishing the broken 
bonds produces the desired tensile stress. 

[0055] FIG. 11 shoWs a top vieW of the photo resist 
pattern, With the pass transistors 116 and 126 covered by 
resist 5, With resist 5‘ covering the PFET transistors 112 and 
122. The mask alignment is non-critical, since more or less 
coverage of the silicide outside the transistors does not 
matter. 

[0056] FIG. 12 shoWs the result after the anneal, With pass 
gate 208 having compressive stress and pull-doWn transistor 
210 having tensile stress. The implant dosage Will be enough 
to compensate for the compressive stress of layer 230 and to 
contribute the desired amount of tensile stress. The amount 
of doping and the parameters of the anneal Will be set 
empirically to produce the desired result. In the eXample 
illustrated, 1><1015 ions/cm2 of Ge Were implanted. ArroWs 
232 represent the compressive stress and arroWs 237 repre 
sent the tensile stress. The implant voltage Will be set to 
produce coverage of layer 230, Without signi?cant penetra 
tion into the transistor body. The source and drain are not 
signi?cantly affected by the magnitude of this implant. 

[0057] FIG. 13 shoWs the result of depositing an inter 
layer dielectric 7 such as oXide or BPSG. The difference in 
coef?cient of thermal eXpansion betWeen oXide and nitride 
(and the other materials present) Will cause stress to be 
eXerted on all the transistors. This stress Was present in the 
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prior art and the methods of adjusting transistor parameters 
such that the desired transistor performance is achieved in 
operation are Well knoWn to those skilled in the art. 

[0058] Dielectric 7 Will be etched to form contact aper 
tures in a conventional etch that is stopped by layer 230 or 
235. 

[0059] FIG. 14 shoWs the result of forming a metal 
contact 117‘ to the eXternal node connecting the pass gate to 
the rest of the circuit (i.e. to a sense ampli?er) and the gates 
of the inverter formed by transistors 112 and 114. 

[0060] The preceding discussion has dealt With the tWo 
transistors on line 5-5 for convenience of illustration. The 
same process Will preferably be applied to the transistors 
126 and 124 of the other inverter. 

[0061] Those skilled in the art Will appreciate that other 
materials may be substituted for those described above in 
order to produce the same effect. Layer 230 need not be 
nitride and it need not function as an etch stop layer. The 
practice of the invention is not restricted to silicon and other 
semiconductors, such as SiGe and Ge may be used. The 
invention may be practiced With either bulk Wafers or in a 
Wafer having a semiconductor layer separated from a bulk 
substrate (e.g. silicon on insulator). 

[0062] The method of converting compressive stress to 
tensile stress illustrated is preferred, but another material 
having a tensile stress, such as PECVD nitride might be 
deposited in a separate step; or the same material might be 
used, but deposited in a separate step With parameters such 
that the stress is tensile during circuit operation. 

[0063] Those skilled in the art Will appreciate that the 
terms compressive and tensile are relative and refer to the 
difference betWeen those stresses and normal stress in the 
transistor. Normal stress in the transistor Will be referred to 
in the claims as “unstressed”, since the stress according to 
the invention is relative to the normal magnitude. For 
eXample, the normal stress could be compressive, With the 
“compressive” stress having a greater magnitude and the 
“tensile” stress also being compressive, but With a smaller 
magnitude. 
[0064] The circuit designer may choose to put doWn the 
stress material only on SRAM cells, With other NFETs being 
left With Whatever materials are part of the standard process 
being used, eg nitride deposited at a standard temperature 
that does not signi?cantly stress the NFETs. Alternatively, 
the designer may choose to put doWn the stress nitride on all 
NFETs and therefore stress all the NFETs, With compensat 
ing adjustments to the threshold implant, transistor siZe or 
other parameters to deliver the desired electrical perfor 
mance. 

Pull-up Pull-down Pass Gate 

Compressive X X Better stability 
Tensile X 
Compressive X Smaller size, 
Tensile X X faster 

[0065] Table 1 illustrates options available for the various 
transistor types in the SRAM cell-Pull-up (PFET), Pull 
doWn (NFET) and Pass gate (NFET). 
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[0066] While the invention has been described in terms of 
a single preferred embodiment, those skilled in the art Will 
recognize that the invention can be practiced in various 
versions Within the spirit and scope of the following claims. 

What is claimed is: 
1-11. (canceled) 
12. A method of forming an SRAM cell in an integrated 

circuit having ?rst and second pull-doWn and ?rst and 
second pull-up transistors connected as cross-coupled 
inverters having ?rst and second input nodes connected to 
?rst and second pass gate transistors, comprising the steps 
of: 

forming said transistors in a semiconductor substrate; 

depositing a ?rst layer of dielectric material over at least 
one of said pass gate transistors at a deposition tem 
perature such that said at least one pass gate transistor 
is subject to a compressive magnitude of compressive 
stress in operation, said magnitude of compressive 
stress being adapted to raise the threshold voltage of 
said at least one pass gate transistor; and 

applying stress to at least one of said pull-doWn transistors 
connected to said at least one pass gate transistor such 
that said at least one pull-doWn transistor is subject to 
a tensile magnitude of tensile stress in operation, said 
magnitude of tensile stress being adapted to loWer the 
threshold voltage of said at least one pull-doWn tran 
sistor. 

13. A method of forming an SRAM cell in an integrated 
circuit having ?rst and second pull-doWn and ?rst and 
second pull-up transistors connected as cross-coupled 
inverters having ?rst and second input nodes connected to 
?rst and second pass gate transistors, comprising the steps 
of: 

forming said transistors in a semiconductor substrate; 

depositing a ?rst layer of dielectric material over at least 
one of said pass gate transistors at a deposition tem 
perature such that said at least one pass gate transistor 
is subject to a compressive magnitude of compressive 
stress in operation, said magnitude of compressive 
stress being adapted to raise the threshold voltage of 
said at least one pass gate transistor; 

depositing a second layer of dielectric material over at 
least one of said pull-doWn transistors connected to said 
at least one pass gate transistor such that said at least 
one pull-doWn transistor is subject to a tensile magni 
tude of tensile stress in operation, said magnitude of 
tensile stress being adapted to loWer the threshold 
voltage of said at least one pull-doWn transistor. 

14. A method of forming an SRAM cell in an integrated 
circuit having ?rst and second pull-doWn and ?rst and 
second pull-up transistors connected as cross-coupled 
inverters having ?rst and second input nodes connected to 
?rst and second pass gate transistors, comprising the steps 
of: 

forming said transistors in a semiconductor substrate; 

depositing a ?rst layer of dielectric material over at least 
one of said pull-up transistors connected to said at least 
one pass gate transistor such that said at least one 
pull-up transistor is subject to a compressive magnitude 
of compressive stress in operation, said magnitude of 
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compressive stress being adapted to loWer the threshold 
voltage of said at least one pull-up transistor; and 

applying stress by ion implantation to at least one of said 
pull-doWn transistors connected to said at least one pass 
gate transistor such that said at least one pull-doWn 
transistor is subject to a tensile magnitude of tensile 
stress in operation, said magnitude of tensile stress 
being adapted to loWer the threshold voltage of said at 
least one pull-doWn transistor. 

15. A method according to claim 13, in Which said ?rst 
and second pull-doWn transistors have said magnitude of 
tensile stress and said ?rst and second pass gate transistors 
have said magnitude of compressive stress. 

16. A method of forming an SRAM cell in an integrated 
circuit having ?rst and second pull-doWn and ?rst and 
second pull-up transistors connected as cross-coupled 
inverters having ?rst and second input nodes connected to 
?rst and second pass gate transistors, comprising the steps 
of: 

forming said transistors in a semiconductor substrate; 

depositing a layer of dielectric material over at least one 
of said pull-up transistors at a deposition temperature 
such that said at least one pull-up transistor is subject 
to a compressive magnitude of compressive stress in 
operation, said magnitude of compressive stress being 
adapted to loWer the threshold voltage of said at least 
one pull-up transistor; and 

applying stress to at least one of said pull-doWn transistors 
connected to said at least one pull-up transistor such 
that said at least one pull-doWn transistor is subject to 
a tensile magnitude of tensile stress in operation, said 
magnitude of tensile stress being adapted to loWer the 
threshold voltage of said at least one pull-doWn tran 
sistor. 

17. A method of forming an SRAM cell in an integrated 
circuit having ?rst and second pull-doWn and ?rst and 
second pull-up transistors connected as cross-coupled 
inverters having ?rst and second input nodes connected to 
?rst and second pass gate transistors, comprising the steps 
of: 

forming said transistors in a semiconductor substrate; 

depositing a layer of dielectric material over at least one 
of said pull-up transistors at a deposition temperature 
such that said at least one pull-up transistor is subject 
to a compressive magnitude of compressive stress in 
operation, said magnitude of compressive stress being 
adapted to loWer the threshold voltage of said at least 
one pull-up transistor; 

depositing a second layer of dielectric material over at 
least one of said pull-doWn transistors connected to said 
at least one pull-up transistor such that said at least one 
pull-doWn transistor is subject to a tensile magnitude of 
tensile stress in operation, said magnitude of tensile 
stress being adapted to loWer the threshold voltage of 
said at least one pull-doWn transistor. 

18. Amethod according to claim 17, further comprising a 
step of depositing said second layer of dielectric material 
over at least one of said pass gate transistors connected to 
said at least one pull-up transistor such that said at least one 
pass gate transistor is subject to said tensile magnitude of 
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tensile stress in operation, said magnitude of tensile stress 20. A method according to claim 19, in Which said ?rst 
being adapted to loWer the threshold voltage of said at least and second pull-up transistors have said magnitude of corn 
one pass gate transistor. pressive stress. 

19. A method according to claim 16, in Which said ?rst 
and second pull-doWn transistors and said ?rst and second 
pass gate transistors have said magnitude of tensile stress. * * * * * 


