
US 2010O270601A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2010/0270601 A1 

Udayakumar et al. (43) Pub. Date: Oct. 28, 2010 

(54) SEMICONDUCTOR DEVICE HAVING Publication Classification 
REDUCED SINGLE BIT FAILS ANDA (51) Int. Cl 
METHOD OF MANUFACTURE THEREOF HOIL 27/08 (2006.01) 

(75) Inventors: Kezhakkedath R. Udayakumar, 
Dallas, TX (US); Ted S. Moise, (52) U.S. Cl. ................................. 257/295; 257/E27.084 
Dallas, TX (US); Qi-Du Jiang, 
Plano, TX (US) (57) ABSTRACT 

Correspondence Address: 
TEXAS INSTRUMENTS INCORPORATED One aspect of the invention provides a method of manufac 

turing a FeRAM semiconductor device having reduce single 
ity's 3999 bit fails. This aspect includes forming an electrical contact 

9 within a dielectric layer located over a semiconductor sub 
Strate and Orn1ng a first barr1er aver OVer the d1electricaVer (73) Assignee: TEXAS INSTRUMENTS d forming a first barrier lay he dielectric lay 

INCORPORATED, Dallas, TX and the electrical contact. The first barrier layer is formed by 
(US) depositing multiple barrier layers and densifying each of the 

barrier layers after its deposition. This forms a stack of mul 
TNO. 9 t1ple barrier averS OT a Same elemental COmoOS1t1On. The 21) Appl. N 12/828,978 iple barrier lay f 1 1 position. Th 

method further includes forming a second barrier layer over 
(22) Filed: Jul. 1, 2010 the first barrier layer and forming a lower capacitor electrode, 

a ferroelectric dielectric layer over the lower capacitor, and 
forming an upper capacitor electrode over the ferroelectric 

(62) Division of application No. 1 1/845,834, filed on Aug. dielectric layer. A device made by this method is also pro 
Related U.S. Application Data 

28, 2007, now Pat. No. 7,772,014. vided herein. 

100 175 
150-N 170 ? 

////// 
157-AN 

777 7777V 

130 

110 

  



Patent Application Publication Oct. 28, 2010 Sheet 1 of 7 US 2010/0270601 A1 

130 

230 

210 

23S3% 
FIG. 2A 

  

  

  



Patent Application Publication Oct. 28, 2010 Sheet 2 of 7 US 2010/0270601 A1 

250 

230 

228 243 248 
210 

FIG. 2B 

VYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 250 

230 

228 243 248 
210 

FIG. 2C 

  



Patent Application Publication Oct. 28, 2010 Sheet 3 of 7 US 2010/0270601 A1 

FIG. 2D 

1OOOOO 

1OOOO 

1000 

NUMBER 
OF BIT 

100 

10 

DATA"1" BIT LINE LEVEL (mV) 

FIG. 3 

  



Patent Application Publication Oct. 28, 2010 Sheet 4 of 7 US 2010/0270601 A1 

200 

YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 

210 

W2, 
r a Ya Y 

210 

  

  



Patent Application Publication Oct. 28, 2010 Sheet 5 of 7 US 2010/0270601 A1 

? 
44% 610 N N 
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 

W32 2 Z a 6K 

N. 2 N 
FIG. 6 

230 

210 

230 2 
NYNY 1. a 1 /\1\SY 422 /1 

S. S. 

  

    

  

  

  

  

    

  



Patent Application Publication Oct. 28, 2010 Sheet 6 of 7 US 2010/0270601 A1 

2OO 

YYYYYYYYYYYYYYYYYYYYYYYYaYa YaYYYYYYYYYYYYYYYYYYYYYYYYYaYa YaYa YYYYYYYa 

230 

230 230 

210 

23S3% 
FIG. 9 

  

  





US 2010/0270601 A1 

SEMCONDUCTOR DEVICE HAVING 
REDUCED SINGLE BIT FAILS ANDA 

METHOD OF MANUFACTURE THEREOF 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This is a division of U.S. application Ser. No. 
1 1/845,834, filed on Aug. 28, 2007, the entire disclosure of 
which is hereby incorporated by reference. 

TECHNICAL FIELD 

0002 The disclosure is directed, in general, to a method of 
manufacturing a semiconductor device and more specifically 
to a semiconductor device having reduced single bit fails and 
a method of manufacture thereof. 

BACKGROUND 

0003. Demand for electronic devices that include non 
Volatile memory, such as ferroelectric random access 
memory (FeRAM), has greatly increased. FeRAMS utilize a 
ferroelectric material. Such as strontium bismuth tantalate 
(SBT) or lead zirconate titanate (PZT), as a capacitor dielec 
tric situated between a lower electrode and an upper elec 
trode. Both read and write operations can be performed on a 
FeRAM. FeRAMs also often include a titanium nitride (TiN) 
barrier layer that servers to inhibit diffusion of atoms from the 
SBT or PZT ferroelectric layers to the underlying contact or 
interconnect structure. 
0004 FeRAMS, however, can suffer from bit failure. A bit 
typically consists of a FeRAM capacitor electrically con 
nected, typically by a contact plug, to a transistor. These 
“bits' are connected to a bit line. During testing, the charge on 
the FeRAM capacitor is transferred to the bit line. The trans 
ferred charge induces a Voltage on the bit line, which is then 
detected by a comparator. If the voltage falls within the range 
assigned to a '1', then the comparator outputs a logical '1'. 
Conversely, if the Voltage falls within the range assigned to a 
“0”, then the comparator outputs a logical “0”. If the bit line 
voltage of a defective bit deviates and falls outside of the 
assigned range, the comparator may output an incorrect 
value. When this condition exists, a bit failure occurs. Such bit 
failures are undesirable because they can affect the overall 
yield and reliability of the device. 

SUMMARY 

0005. In one embodiment of the invention there is pro 
vided a method of manufacturing a semiconductor device. 
This embodiment comprises forming transistors over a semi 
conductor Substrate, forming a pre-metal dielectric layer over 
the transistors, forming electrical contacts in the pre-metal 
dielectric layer that electrically contact the transistors, and 
forming ferroelectric random access memory (FeRAM) 
capacitors over the dielectric layer. The formation of the 
FeRAM capacitors includes forming a first barrier layer over 
the electrical contact and the pre-metal dielectric layer by 
conducting deposition and densification of the titanium 
nitride layer, which forms a stack of multiple titanium nitride 
layers. A second barrier layer is formed over the first barrier 
layer, and the second barrier layer has an elemental compo 
sition different from the first barrier layer. A lower capacitor 
electrode is formed over the second barrier layer, and a fer 
roelectric dielectric layer comprising lead, Zirconium and 
titanium is formed over lower capacitor. This embodiment 
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further includes forming an upper capacitor electrode over the 
ferroelectric dielectric layer, forming interlevel dielectric lay 
ers over the FERAM capacitors, and forming interconnects 
over and within the interlevel dielectric layers to interconnect 
the transistors and capacitors. 
0006 Another embodiment provides a method of manu 
facturing ferroelectric random access memory (FeRAM) 
capacitors. This embodiment includes forming an electrical 
contact within a dielectric layer located over a semiconductor 
Substrate and forming a first barrier layer, comprising a stack 
of multiple barrier layers, over the dielectric layer and the 
electrical contact by depositing each of the barrier layers and 
densifying each of the barrier layers after its deposition. The 
same deposition process is used to form each of the layers. 
The method further includes forming a second barrier layer 
over the first barrier layer, forming a lower capacitor electrode 
over the second barrier layer, forming a ferroelectric dielec 
tric layer over the lower capacitor, and forming an upper 
capacitor electrode over the ferroelectric dielectric layer. 
0007. In another embodiment, there is provided a semi 
conductor device. The device comprises transistors located 
over a semiconductor Substrate, a pre-metal dielectric layer 
located over the transistors, electrical contacts located in the 
pre-metal dielectric layer that electrically contact the transis 
tors and a ferroelectric random access memory (FeRAM) 
capacitors located over the pre-metal dielectric layer. The 
FeRAM capacitors include a first barrier layer located over 
the electrical contacts and the pre-metal dielectric layer, 
wherein the first barrier layer is a stack of multiple barrier 
layers having a same elemental composition and have inter 
faces located therebetween. The device further includes a 
second barrier layer located over the first barrier layer that has 
an elemental composition different from the first barrier layer. 
A lower capacitor electrode is located over the second barrier 
layer, a ferroelectric dielectric layer is located over the lower 
capacitor, and an upper capacitor electrode is located over the 
ferroelectric dielectric layer. Interlevel dielectric layers are 
located over the FERAM capacitors, and interconnects are 
located over and within the interlevel dielectric layers that 
interconnect the transistors and capacitors. 

BRIEF DESCRIPTION OF DRAWINGS 

0008. The disclosure is described with reference to 
example embodiments and to accompanying drawings, 
wherein: 
0009 FIG. 1 illustrates a semiconductor device that can be 
made using the principles of the invention; 
0010 FIGS. 2A-2D and 4-9 illustrate various fabrication 
steps used to construct the semiconductor device of FIG. 1; 
0011 FIG. 3 compares graphs of Numbers of Bits versus 
Data Bit “1” line voltage of wafers having conventional 
FeRAM devices formed thereon with wafers having FeRAM 
devices formed thereon using the principles of embodiments 
of the invention; 
0012 FIG. 10 illustrates an integrated circuit (IC) incor 
porating the semiconductor device of FIG. 1. 

DETAILED DESCRIPTION 

0013 FIG. 1 illustrates one embodiment of a ferroelectric 
random access memory (FeRAM) device 100 constructed 
according to certain embodiments of the invention. In the 
embodiment illustrated in FIG. 1, the FeRAM 100 includes a 
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substrate 110. A well region 115 is located within the sub 
strate 110, and a transistor 120 is located over the substrate 
110. 
0014. The transistor 120 may be conventionally formed 
over the substrate 110 and may include a gate oxide 123 that 
is located over the substrate 110, as well as a gate electrode 
125 located over the gate oxide 123. Sidewall spacers flank 
both sides of the gate electrode 125 and gate oxide 123. The 
transistor 120 may further include conventional source/drain 
regions 128 located within the substrate 110. The source/ 
drain regions 128 may each include a lightly doped extension 
implant as well as a higher doped source/drain implant. 
0015. In the illustrated embodiment, a pre-metal dielectric 
layer 130 is located over the transistor 120. The pre-metal 
dielectric layer 130 may be any insulative material known for 
use in a semiconductor device. As used herein, the pre-metal 
dielectric layer 130 is the dielectric layer on which metal 
interconnects lines may be or are formed. Any dielectric 
layers deposited Subsequent to the pre-metal dielectric layer 
130 are considered to be interlevel dielectric layers for pur 
poses herein. Located within the pre-metal dielectric layer 
130 is an interconnect 140, such as a contact plug. The inter 
connect 140 may include an optional barrier layer 143 and a 
conductive plug 148. The conductive plug 148 may comprise 
tungsten and the barrier layer 143 may comprise a Ti/TiN 
stack. Other materials, however, could be used. The intercon 
nect 140 optimally contacts the drain region of the source/ 
drain regions 128. The interconnect 140 may be of different 
types, including a damascene for dual damascene configura 
tion. 
0016. A ferroelectric capacitor 150, such as a FeRAM 
capacitor, is located over transistor 120 and contacts the inter 
connect 140. The ferroelectric capacitor 150 in the embodi 
ment of FIG. 1 includes a first barrier layer 155 that is a stack 
of multiple layers located over interconnect 140 and the pre 
metal dielectric layer 130. In one embodiment, the stack may 
include two to six or more layers, and in a more specific 
embodiment, it includes four layers. This embodiment also 
includes a second barrier layer 157 that has a different 
elemental composition different from the multi-layered bar 
rier layer 155; that is, all of the atomic elements in the first and 
second layers 155, 157 are not the same. For example, each of 
the layers in the first barrier layer 155 may have an elemental 
composition that contains titanium and nitrogen, while the 
second barrier 157 may have an elemental composition that 
contains titanium, aluminum, and nitrogen. These elements 
are given as examples, and it should be understood that other 
elemental combinations used for barrier purposes in semicon 
ductor devices may also be used. Moreover, other embodi 
ments include instances where the elemental composition of 
both the first and second barrier layers 155, 157 is the same, 
excluding any impurities or trace elements. The stack of the 
first barrier layer 155 provides benefits over conventional 
ferroelectric capacitors, as discussed in more detail below. 
0017. The ferroelectric capacitor 150 further includes a 
lower electrode 160, which may include more than one layer, 
located over the second barrier layer 157. Conventional pro 
cesses may be used to form the electrode layer 160, and it may 
comprise a number of different materials while staying within 
the scope of the invention. For example, the electrode 160 
may comprise iridium or noble metals. 
0018. A ferroelectric dielectric layer 165 is located over 
the lower electrode and in one embodiment, may comprise a 
perovskite material, such as lead zirconate titanate (PZT), 
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strontium bismuth tantalate (SBT) or other similar materials. 
Located over the ferroelectric dielectric layer 165 is an upper 
electrode 170, which may have the same composition as the 
lower electrode 160, or it may include an oxide of the metal 
that comprises the electrode. For instance, the lower electrode 
160 may be iridium, while the upper electrode 170 may 
include both iridium and iridium oxide. 
(0019. A protective layer 175 that is located over the elec 
trode 170 may also be included in the structure. It should be 
noted that other layers may also be included in the ferroelec 
tric capacitor 150, as design may require and is not limited to 
the illustrated embodiment. 
(0020. The multi-layered barrier layer 155 provides ben 
efits over conventional devices. For example, it has been 
found that the multi-layered barrier layer 155 reduces blister 
ing that occurs as a result of the barrier layer being deposited 
over the interconnect 140. In conventional processes, a single 
barrier layer is typically used and formed over the pre-metal 
dielectric layer and the interconnect or contact plug. In Such 
instances, the upper portion of the contact plug may have a dip 
in its center, which can cause blistering of the barrier layer. It 
has been found that forming the barrier layer 155 in separate, 
multiple layers by cycling deposition and densification pro 
cesses, reduces blistering of the barrier layer 155. Further 
more, and as equally beneficial, it has been unexpectedly 
found that forming the barrier layer 155 in this way also 
reduces bit fails within the device. This is beneficial because 
reduced bit fails increase both yield and reliability of the 
device. 

0021 FIGS. 2A-2D and 4-9 illustrate views of selected 
manufacturing steps instructing how one might, in one 
embodiment, manufacture a FeRAM 100 depicted in FIG. 1. 
The FeRAM 200 of FIG. 2A includes a Substrate 210. The 
Substrate 210 may be a doped region of a semiconductor 
wafer or a layer located over the wafer (e.g., epitaxial layer). 
A transistor 220, which may be conventionally designed and 
fabricated, is located over the substrate 210. As used here, the 
word “over includes those instances where any portion of the 
transistor 220 is supported by or formed in the substrate 210. 
The transistor 220 includes a gate dielectric 223, a gate elec 
trode 225 (e.g., polycrystalline silicon doped either p-type or 
n-type with a silicide formed on upper or a metal Such as 
titanium, tungsten, TiN, tantalum, TaN), and side wall insu 
lators. Source/drain regions 228 are preferably implanted 
using conventional dopants and processing conditions. 
Lightly doped drain extensions as well as pocket implants 
may also be utilized. In addition, the source/drain regions 228 
may be silicided (preferably with titanium, cobalt, nickel, 
tungsten or other conventional silicide material). 
0022. A pre-metal dielectric layer 230, which may be con 
ventionally formed, is located over the entire substrate 210 
and over the transistor 220, which includes those instances 
where the layer 230 is located directly on the substrate 210 
and the transistor. The pre-metal dielectric layer 230 may be 
comprised of a number of dielectric materials, such silicon 
oxide, carbides, nitrides, or low-K polymer materials, all of 
which are well known, and one or more layers. 
0023. Located within the dielectric layer 230 is an inter 
connect 240, such as a contact plug, that contacts and makes 
electrical contact with the transistor 220 and is thus associ 
ated therewith. To form the interconnect 240 the dielectric 
layer 230 is patterned and etched to form an opening for 
contact to the substrate 210. An optional barrier layer 243 
may be formed to line the opening. The opening is then filled 
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with one or more conductive materials, such as a conductive 
plug 248 (e.g., tungsten, molybdenum, titanium, titanium 
nitride, tantalum nitride, metal silicide, such as Ti, Ni or Co., 
copper or doped polysilicon). Often during the conductive 
plug's formation, a dip can form in the upper Surface of the 
plug. The presence of this dip can cause blistering of Subse 
quently deposited FeRAM capacitor barrier layers, which lie 
over both the dielectric layer 230 and the conductive plug 
248. Thus, it is beneficial to provide a barrier layer that does 
not blister and one that provides reduced bit fails. 
0024 FIG. 2A further illustrates the deposition of a first 
barrier layer 250, one of which forms the barrier stack 155 of 
FIG. 1. The layer 250 may be deposited using an enhanced 
chemical vapor deposition process, such as a Metal Organic 
Chemical Vapor Deposition (MOCVD) process. In one 
embodiment, MOCVD may be used to deposit the layer 250, 
an example of which may be a titanium nitride layer. One 
embodiment includes cycling layer deposition and densifica 
tion steps. A general example of the process proceeds as 
follows. After the semiconductor wafer is transferred to the 
CVD chamber, it sits on the heater that is held at about 450° 
C. The temperature is allowed to stabilize at a deposition 
temperature ranging from about 340°C. to about 540° C. 
Other diluent gases, e.g., helium and nitrogen, are introduced 
into the CVD chamber at flow rates ranging from about 200 
sccm to about 400 scom, and the chamber pressure is stabi 
lized to a pressure ranging from about 0.8 Torr to about 2 Torr. 
A metal organic precursor, such as tetrakis(dimethylamido) 
titanium (TDMAT), is introduced with helium as a carrier gas 
into the chamber to begin film deposition at a flow rate rang 
ing from about 190 sccm to about 250 sccm. Other materials, 
Such as tantalum silicon nitride, silicon nitride, titanium sili 
con nitride, tantalum nitride, hafnium nitride, Zirconium 
nitride, or chromium nitride, may be used in place of the 
TDMAT. The deposition ends when the precursor gas flowing 
to the chamber is stopped or Substantially stopped such that 
deposition is no longer occurring. In certain embodiments, 
the as-deposited layer 250 is amorphousand where TDMAT 
is used, the layer 250 may be an amorphous TiNXCyHZlayer. 
The deposition time will depend on the targeted thickness. 
0025. Following the deposition, the wafer remains in the 
chamber for the densification process. Nitrogen and hydro 
gen gases are introduced at rates ranging from about 200 sccm 
to about 600 sccm for nitrogen and about 0.sccm to about 500 
sccm for hydrogen and the chamber pressure is stabilized. 
The plasma is introduced to the chamber by using a radio 
frequency power ranging from about 500 watts to about 880 
watts to begin densification of the layer 250. 
0026. It should be noted that the thickness of each of the 
layers of the barrier layer 155 (FIG. 1) may vary, and the 
layers thickness prior to densification is referred to herein as 
a pre-densification thickness, and the thickness of these layers 
after densification is referred to herein as a post-densification 
thickness. For example, in one embodiment, the layer 250 is 
deposited to a pre-deposition thickness of about 75 ang 
stroms. During the densification process, the layer's 250 
thickness may decrease by as much as 50% to about 40 
angstroms due to the fact that the plasma densification 
reduces impurity components, e.g., carbon and oxygen, and 
the layer 250 is transformed into polycrystalline form. In the 
fabrication test samples, a post-densification thickness of 40 
angstroms achieved after a 35 second densification plasma 
process showed good improvement in the reduction of impu 
rity content and reduction in blistering and an unexpected 
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reduction in fail bit rates. It is believed that this thickness 
allows the plasma used in Subsequent densification steps to 
penetrate through the newly deposited film into any previ 
ously deposited films of the stack and achieved the observed 
beneficial improvements. 
0027. Following the densification of layer 250, another 
deposition cycle is conducted to form a second barrier layer 
251 over the first barrier layer 250, as shown in FIG. 2B. As 
with the first barrier layer 250, the second barrier layer 251 is 
deposited using deposition and densification cycles. The 
deposition and densification cycles may be the same as those 
used to form layer 250 or they be different as to time, process 
conditions, or materials used. Moreover, the same above 
discussed deposition and densification processes used to form 
layer 250 may also be used to form barrier layer 251. Even in 
those embodiments where the deposition and densification 
processes are the same for each layer, the atomic percentages 
of the impurities in layer 251 that result from the deposition 
may vary from layer 250. This can occur when impurities 
from layer 251 diffuse into layer 250 during the deposition 
and densification of layer 251, thereby changing the impurity 
concentration, which can also form an impurity gradient 
within layer 251. This provides a compositional modulation 
that may also be another reason for the reduction in bit fail 
U.S. 

0028. Following the densification of layer 251, another 
deposition cycle is conducted to form a third barrier layer 252 
over the second barrier layer 251, as shown in FIG. 2C. As 
with the first and second barrier layers 250, 251, the third 
barrier layer 252 is deposited using deposition and densifica 
tion. Moreover, the same above-discussed deposition and 
densification processes used to form layers 250 and 251 may 
also be used to form barrier layer 252, or they may be differ 
ent. Also, even if the same deposition and densification pro 
cesses are used, the atomic percentages of the impurities in 
layer 252 that result from the deposition and densification 
may vary from layer 251 for the same reasons noted above, 
thereby changing the impurity concentration, which can also 
form an impurity gradient within layer 252. This provides a 
compositional modulation in layer 252 that may also be a 
reason for the reduction in bit failures. 

0029. Following the densification of layer 252, another 
deposition cycle is conducted to form a fourth barrier layer 
253 over the third barrier layer 252, as shown in FIG. 2D. As 
with the first, second, and third barrier layers 250, 251, 252, 
the fourth barrier layer 253 is deposited using a deposition 
process followed by a densification step. Moreover, the same 
above-discussed deposition and densification processes used 
to form layers 250, 251, and 252 may also be used to form 
barrier layer 253, or they may be different. Also, even if the 
same deposition and densification processes are used, the 
atomic percentages of the impurities in layer 253 that result 
from the deposition and densification may vary from layer 
250, 251, and 252 for the same reasons noted above, thereby 
changing the impurity concentration, which can also forman 
impurity gradient within layer 253. This provides a compo 
sitional modulation in layer 253 that may also be a reason for 
the reduction in bit failures. In this embodiment, barrier layers 
250, 251, 252, and 253 collectively form a first barrier layer 
254 for a FeRAM capacitor. 
0030 Test results show that the densification process of 
the thinner films provides a larger reduction in impurities than 
offered by conventional processes. For example, when a con 
ventional single 100 angstrom thick barrier layer was formed, 
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the average carbon and oxygenatomic percent (i.e., percent 
age of the number of atoms) content within the layer was 
about 7.4% and 12.8% respectively. Moreover, this film had a 
higher resistivity of about 501 micro ohms centimeter. In 
contrast, the multi-layered barrier layer provided by embodi 
ments covered by the invention showed improvements in both 
impurity content and resistivity. For example, in one embodi 
ment that included two barrier layers, the Stack had an average 
atomic percent of carbon of less than about 4.5% and an 
average atomic percent of oxygen of less than about 2.4% 
where each of the two layers had a post-densification thick 
ness of about 40 angstroms. The resistivity of this stack was 
about 269 micro ohms centimeter. In another embodiment 
that included four deposited layers, the stack had an average 
atomic percent of carbon of less than about 3.3% and an 
average atomic percent of oxygen of less than about 1.0%, 
where each of the four layers had a post-densification thick 
ness of about 40 angstroms. The resistivity of this stack was 
about 183 micro ohms centimeter. The reduced impurity con 
tent within the stacked barrier layer is believed to be another 
reason for the reduced bit failure within the device. 

0031. The embodiment discussed above shows four dif 
ferent layers comprising the first barrier layer 254. However, 
it should be understood that the first barrier layer 254 may be 
comprised of any number of multiple layers. For example, the 
first barrier layer 254 may be comprised of two to six indi 
vidual layers, or more in other embodiments. 
0032. Another benefit of the invention is that the deposi 
tion and densification cycles form interfaces between the 
various layers of the first barrier layer 254, represented as the 
solid lines located between each of the layers 250 through 
253. It is believed that these interfaces provide an enhanced 
barrier to limit the diffusion of elements (e.g., lead, zirco 
nium, oxygen) out of the ferroelectric capacitor layer 610. It 
also provides an enhanced barrier to limit diffusion of metal 
elements from the contacts into the ferroelectric capacitor, 
both of which can degrade the ferroelectric properties. 
0033. A layer, as used herein, is a portion of a material that 

is terminated by an interface. An interface is a region having 
a discontinuity of characteristics of the material. Such as, e.g., 
density, conductivity, permittivity, or permeability. An inter 
face may be with respect to a different material orphase, or to 
a nominally identical material. In some cases the discontinu 
ity may result from physical relaxation of the material in close 
proximity to the interface to reduce the free energy of a 
surface after formation of the layer. Relaxation may include, 
e.g., changes of distances between atoms, or rearrangement 
of atomic bonds to reduce dangling bonds at the Surface. A 
buried interface may be present between multiple layers of a 
nominally identical material where formation of an underly 
ing layer ends and formation of an overlying layer begins after 
a period of time during which relaxation of the surface of the 
underlying layer occurs. The buried interface may be detected 
by, e.g. transmission electron microscopy, and may present 
itself as, e.g., dislocations in a crystalline material, or a line of 
differing electron transmission contrast. 
0034. As discussed above, the first barrier layer 254, as 
provided herein, shows an unexpected improvement over 
using a single layer as the barrier layer. In experiments that 
were conducted comparing a single 100 angstrom barrier 
layer to the multi-layer barrier layer comprising two or more 
layers, the bit fails rates were unexpectedly improved. This 
improvement is shown in FIG. 3. 
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0035 FIG. 3 compares three different wafers having 
FeRAM capacitors thereon fabricated using a single 100 ang 
strom barrier layer. These wafers are represented by the 
graphs designated 305,310, and 315 and were compared to 
four different wafers having FeRAM capacitors thereon fab 
ricated using the principles of the invention. The wafers con 
taining the FeRAM capacitors fabricated in accordance with 
the embodiments discussed herein are represented by the 
graphs designated 320, 325, 330, and 335. In the samples, bit 
failures occurred when the voltage on the “1” bit line fell 
below about 50 mV. Each of the FeRAM capacitors and 
associated transistor, which is the transistor to which the 
capacitor is electrically connected, formed a bit that was 
connected to a bit line. Each of the wafers contained a total 
population of these bits that had a wherein a bit with the 
lowest data “1” value had a polarization that is within 40% of 
the data “1” peak polarization. As seen in FIG. 3, the wafers 
320, 325, 330, and 335 showed a reduction in the number of 
bit failures when compared to wafers 305,310, and 315. In 
fact, there were virtually no bit failures. When the devices 
were made in accordance with the principles of the invention 
as represented by the embodiments discussed herein, an 
unexpected improvement occurred in the number of bit fail 
ures as compared to conventionally formed devices. 
0036) A second, optional barrier layer 410 may be conven 
tionally formed over the first, stacked barrier layer 254, as 
shown in FIG. 4. In one embodiment that includes the second 
barrier layer 410, the second barrier layer has an elemental 
composition that is difference from the layers of the first 
barrier layer 254; that is the second barrier layer 410 contains 
elemental atoms that are not in the first barrier layer 254, 
excluding depositional impurities. For example, the second 
barrier layer 410 may be comprised of titanium aluminum 
nitride, titanium aluminum, hafnium aluminum nitride, tan 
talum aluminum nitride or chromium aluminum nitride, 
while the first barrier layer 254 may comprise titanium 
nitride, tantalum nitride, hafnium nitride or chromium 
nitride. In another embodiment, however, the second barrier 
layer 410 may have the same elemental composition, exclud 
ing impurities, as the first barrier layer 254. In addition, in 
certain embodiments, the second barrier layer 410 may also 
be formed in the same manner as the first barrier layer 254. 
The thickness of this layer may be about 500 angstroms or 
more (e.g., 1000 angstroms or greater). 
0037 FIG. 5 illustrates the device 200 of FIG. 4 after the 
formation of a lower electrode 510 over the optional second 
barrier layer 410. The lower electrode 510, in one embodi 
ment, may be a single layer or may comprise more than one 
layer. Conventional process may be used to form the lower 
electrode 510 and may have a thickness ranging from about 
200 angstroms to about 1000 angstroms. In one embodiment, 
the lower electrode layer 510 is stable in oxygen and may 
comprise a noble metal such as Ir, Ru, or Pd. 
0038 FIG. 6 illustrates the device of FIG. 5 after the 
formation of a ferroelectric dielectric layer 610 over the lower 
electrode 510. The ferroelectric dielectric layer 610 may have 
a thickness of about 750 angstroms, though the thickness may 
vary, depending on design. The dielectric layer 610 may 
comprise a wide range of ferroelectric materials. For 
example, the dielectric layer 610 may comprise materials, 
such as lead zirconate titanate (PZT); doped PZT with donors 
(Nb, La, Ta), acceptors (Mn, Co, Fe, Ni, Al), and/or both; PZT 
doped and alloyed with Sr TiO, BaTiO or CaTiO. Alterna 
tively, the dielectric layer 610 may comprise strontium bis 
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muth tantalate (SBT) and other layered perovskites such as 
strontium bismuth niobate tantalate (SBNT); or bismuth 
titanate; BaTiO: PbTiO, or Bi-TiO. 
0039. In one specific embodiment, the dielectric layer 610 
comprises PZT because it has the highest polarization and the 
lowest processing temperature of the aforementioned mate 
rials. In addition, the preferred Zr(Ti composition is around 
25/75, respectively, in order to obtain good ferroelectric 
Switching properties (large Switched polarization and rela 
tively square-looking hysterisis loops). Alternatively, Zr/Ti 
compositions of approximately 65/35 may be used to maxi 
mize uniformity in capacitor properties. The donor dopant 
may improve the reliability of the PZT by helping to control 
the point defect concentrations. 
0040 Conventional deposition processes, such as 
MOCVD may be used to deposit the ferroelectric dielectric 
layer 610, and it may be deposited in either a single crystal 
line/poly-crystalline state or it can be deposited in an amor 
phous phase at low temperatures and then crystallized using a 
post-deposition anneal. This is commonly done for Bi ferro 
electric films. The post deposition crystallization anneal can 
be performed immediately after deposition or after later pro 
cess steps such as electrode deposition or post capacitor etch 
anneal. The MOCVD PZT approach results in a poly-crys 
talline film completely formed using temperatures of about 
500 EC or less. 

0041 FIG. 7 illustrates the device 200 of FIG. 6 after 
forming an upper electrode 710 over the ferroelectric dielec 
tric layer 610. Conventional processes and materials may be 
used to form the upper electrode 710. The upper electrode 710 
may be a single layer or may also include an oxide layer. 
When present, the oxide layer may comprise an oxide of the 
metal used to form the upper electrode 710. For example, the 
upper electrode 710 may comprise a noble metal, such as 
iridium, while the oxide layer may be iridium oxide. 
0042 FIG. 8 illustrates the device 200 of FIG. 7 after the 
formation of a protective layer 810. The protective layer 810 
may comprise a material which is thick enough to retain its 
integrity during a Subsequent etch process. The protective 
layer 810 may have a thickness ranging from about 500 
angstroms to about 5000 angstroms and may comprise 
TiAIN, TiN, Ti, TiO, Al, AlO, AIN. TiAl, TiAlO, Ta, TaO, 
TaN, Cr, CrN, CrO, Zr, ZrO, ZrN, Hf, HfN, Hfo, silicon 
oxide, low-k dielectric, or any stack or combination thereof. 
An example of the protective layer 810 is a deposited SiO, on 
a TiAIN or TiN layer. The protective layer 810 thickness is 
controlled by the etch process and the relative etch rates of the 
various materials, the thicknesses of the etched layers, the 
amount of overetch required, and the desired remaining pro 
tective layer 810 thickness after etching all of the layers. 
0043. The protective layer 810 may or may not be removed 
after the etching of the capacitor stack. If the protective layer 
810 is not removed, then it is preferable to form it of a 
conductive material. However, a non-conductive or semicon 
ductive material may be used, but the interconnection to the 
upper electrode 710 may beformed through this layer to make 
direct connection to the second electrode 710. 
0044 FIG. 9 illustrates the FeRAM device 200 of FIG. 8 
after defining the first barrier layer 254, the second optional 
barrier layer 410, the lower electrode 510, the ferroelectric 
dielectric layer 610, the upper electrode 710 and the protec 
tive layer 810 to form a ferroelectric capacitor 910. Conven 
tional processes may be used to define the ferroelectric 
capacitor 910. Using such conventional processes may form 
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steep sidewalls as shown in FIG.9. Thus, a sidewall diffusion 
barrier, not shown, may be formed on the completed ferro 
electric capacitor 910 prior to the formation of another inter 
level dielectric thereover. The sidewall diffusion barrier 
allows for the misalignment of the interconnect without short 
ing the capacitor, it protects the capacitor from the diffusion 
of most Substances into the capacitor and protects the rest of 
the structures from the out-diffusion of substances from the 
capacitor. The sidewall diffusion barrier often comprises two 
layers, but the sidewall diffusion barrier may be comprised of 
more or fewer layers and stay within the scope of the present 
invention. The first layer may comprise AlO, Ta-Os, AlN. 
TiO, ZrO, Hf), or any stack or combination thereof; and 
the second layer may comprise silicon nitride, AlN, or any 
stack or combination thereof. 
004.5 FIG. 10 illustrates an IC 1000 incorporating the 
ferroelectric capacitor 910 and associated transistor 220 as 
discussed above. The IC 1000 may also include devices, such 
as transistors 1005 used to form CMOS devices, BiCMOS 
devices, Bipolar devices, as well as capacitors or other types 
of devices. The IC 1000 may further include passive devices, 
Such as inductors or resistors, or it may also include optical 
devices or optoelectronic devices. Those skilled in the art are 
familiar with these various types of devices and their manu 
facture. In the embodiment illustrated in FIG. 10, the IC 1000 
includes the ferroelectric capacitor 910 having a pre-metal 
dielectric layer 1020 located thereunder and interlevel dielec 
tric layers 1022 located thereover. Additionally, interconnect 
structures 1030. Such as damascene or dual damascene inter 
connects, are located within the dielectric layers 1022 to 
interconnect various devices. Specifically, interconnect struc 
ture 1025 connects the ferroelectric capacitor 910 to source/ 
drain regions of its associated transistor 220. 
0046 Those skilled in the art to which the disclosure 
relates will appreciate that other and further additions, dele 
tions, Substitutions, and modifications may be made to the 
described example embodiments, without departing from the 
disclosure. 

What is claimed is: 
1. A semiconductor device, comprising: 
transistors located over a semiconductor Substrate; 
a pre-metal dielectric layer located over the transistors; 
electrical contacts located in the pre-metal dielectric layer 

that electrically contact the transistors; 
ferroelectric random access memory (FeRAM) capacitors 

located over the pre-metal dielectric layer, including: 
a first barrier layer located over the electrical contacts 

and the pre-metal dielectric layer, wherein the first 
barrier layer is a stack of multiple barrier layers hav 
ing a same elemental composition and interfaces 
located therebetween; 

a second barrier layer located over the first barrier layer, 
the second barrier layer having an elemental compo 
sition different from the first barrier layer; 

a lower capacitor electrode located over the stack; 
a ferroelectric dielectric layer located over the lower 

capacitor, and 
an upper capacitor electrode located over the ferroelec 

tric dielectric layer; 
interlevel dielectric layers located over the FERAM 

capacitors; and 
interconnects located over and within the interlevel dielec 

tric layers that interconnect the transistors and capaci 
tOrS. 
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2. The semiconductor device of claim 1, wherein the stack 
is a titanium nitride stack of barrier layers and has an atomic 
percent of carbon of less than about 4.5% and an atomic 
percent of oxygen of less than about 2.4% and includes two or 
more layers. 

3. The semiconductor device of claim 1, wherein the stack 
has an atomic percent of carbon of less than about 3.3% and 
an atomic percent of oxygen of less than about 1.0% and 
includes 4 or more barrier layers, each having a thickness of 
about 40 angstroms. 
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4. The semiconductor device of claim3, wherein the stack 
has a resistivity of about 183 microhm-centimeter. 

5. The semiconductor device of claim 1, wherein each of 
the FeRAM capacitors and associated transistor forms a bit 
and a total population of the bits has a polarization in micro 
coulombs/cm associated therewith and whereina bit with the 
lowest data “1” value has a polarization that is within 40% of 
the data “1” peak polarization. 

c c c c c 


