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Back-End Technology 

Ll.1 Introduction 
Back-end technology refers to the interconnect layers, contacts, vias and dielectric lay­
ers that wire the active devices into specific circuit configurations. Figure 11-1 is a 
schematic diagram taken from Chapter 2 showing these components in a typical inte­
grated circuit structure. Figure 11-2 is a SEM micrograph of an IBM circuit showing the 
back-end structure with the dielectric layers etched away, revealing the interconnects, 
contacts, and vias. Another SEM of this same chip was shown in Figure 1-12. The rela­
tive importance of back-end structures has greatly increased in recent years because the 
circuit delays associated with interconnects have not kept pace with the faster device 
speeds provided by scaled technologies. Thus much recent effort has been devoted to 
improving back-end technology and it is widely believed that these efforts will only ac­
celerate in the future. 

Interconnects can be either local or global. In general, local interconnects are the 
first, or lowest, level of interconnects. They usually connect gates, sources, and drains in 
MOS technology, and emitters, bases, and collectors in bipolar technology. In MOS 
technology a local interconnect, polycrystalline silicon, also serves as the gate electrode 
material. Silicided gates and silicided source/drain regions and materials like TiN and W 
can also act as local interconnects. Local interconnects can tolerate higher resistivities 
than global interconnects since they are not very long. But they must also, in most cases, 
be able to withstand higher processing temperatures because they are deposited earlier 
in the process flow than global interconnects. Global interconnects, mostly made of Al, 
are generally all the interconnect levels above the local interconnect level. They often 
cover large distances between different devices and different parts of the chip and 
therefore are always low-resistance metals. 

Ohmic contacts connect an interconnect with active regions or devices in the silicon 
substrate. A high-resistivity dielectric layer, usually silicon dioxide, separates the active 
regions from the first-level global interconnect, and electrical contact is made between 
the interconnect and the active regions in the silicon through openings in that dielectric 
layer. At the same time in the processing, contact can be made between the first-level 
global interconnect and the local interconnects, since they are also separated by that 
same dielectric layer. Connections between two levels of global interconnects are usu­
ally given a different name-vias. They are made through openings in the different lev­
els of the intermetal dielectrics (IMDs), which separate interconnects from each other 
and from the active areas and devices. The bottom dielectric layer through which the 
contacts are made is usually called the first-level dielectric. Examples of these structures 
are shown in Figures 11- 1 and 11- 2. 

681 
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- Chapter 11 Back-End Technology 

Global 
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lnterrnetal 
Dielectric 

Local 

Figure 11-1 Schematic cross section of back-end structure, showing interconnects, contacts, and 
vias, separated by dielectric layers (cross-hatched regions). 

Figure 11-2 SEM micrograph of an IBM circuit 
showing the interconnects with the dielectric layers 
etched away. Photograph courtesy of Integrated Circuit 
Engineering Corporation. 

It is easy to see why interconnect structures are becoming more important in overall 
chip performance. Consider the structure in Figure 11-3 [11.1]. The RC time delay of a 
signal propagating along such a line is to first order obtained by treating it as a distrib­
uted, unterminated transmission line. For such a system the time delay, T L, is approxi­
mately equal to 0.89RC where R is the line resistance and C is the total capacitance 
associated with the line [11.2). A more accurate analysis would include such elements as 
the load capacitance, driver resistance, and line inductance [11.3, 11.4, 11.5). However. 
the 0.89RC expression for the time delay which considers only the interconnect RC 
component is sufficient for our purposes. 
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Figure 11-3 Interconnect structure for RC analysis. The 
two lines on top are the metal interconnects of dimensions W, 
L, and H, sitting on a SiOi layer. There is also SiOi between and 
above the metal lines. (After I I I.I I.) 

The line resistance, in 0, of one of the interconnects is given by 

L 
R=p-

WH 
(11.1) 

where p is the interconnect resistivity, and L , W, and H are the interconnect length, 
width, and height, respectively. The total capacitance associated with the line is 

(11.2) 

where Xox and Ko, are the oxide thickness and dielectric constant, respectively, and eo is 
the permittivity of free space. The first term represents the line to substrate capacitance, 
Cs, and the second term the coupling capacitance between adjacent lines, C,. It is as­
sumed that the lines are surrounded by oxide on all sides. 

The total RC delay associated with the line is thus 

2( 1 1 ) 
TL = 0.89 • K1Ko,eopL Hxox + W L s (11.3) 

where K, is added to empirically account for fringing fields and other interconnects 
above and below the line in multilayer interconnect systems. K, is often taken to be = 2. 

Now we must consider what happens to the dimensions of the structure as the tech­
nology progresses. First, Ls and Ware often close to the minimum feature size Fm;n. As 
the technology progresses, Fmin gets smaller. The values of Ls and W may in fact be 
larger than the minimum feature size for some interconnect levels, but they still com­
monly scale with Fmin- Both Xox and H also shrink as Fnun shrinks in this ideal scaling 
scheme, keeping the aspect ratio, HIW, constant. In the original analysis by Saraswat 
and Mohammadi [11.1 ], it was assumed that Xox and H equaled 0.35Fmin and 0.25Fmin, re­
spectively. However, these thicknesses have not decreased as quickly as this in recent 
years, especially for the global interconnects. To keep the analysis simple, we assume 
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Ml{ I Chapter 11 Back-End Technology 

that Xox and H, as well as Ls and W, are all equal to FIJlJJJ., Thus Eq. (11.3) with K, equal 
to 2, becomes 

(11.4) 

For local interconnects, L usually also shrinks as Fmin shrinks. Therefore, the net re­
sult is that the RC time delay for local interconnects stays approximately constant ac­
cording to this scaling scheme. However, for global interconnects the length usually 
increases rather than shrinks. This is because the chip area of each new technology gen­
eration usually keeps increasing, forcing the global interconnects to increase in length 
to connect all the devices. The average length of the longest global interconnect in a cir­
cuit can be approximated by [11.1) 

(11.5) 

where A is the chip area. Inserting this into Eq. (11.4) finally leads to the following ex­
pression for the delay associated with global interconnects: 

(11.6) 

---------------------------------------------------------------------------------------------------------------------
Example Calculate the interconnect delay time according to Eq. (11.6) for the 
following conditions: Al interconnect (p = 3.0 X 10- 6 0 cm ), Si02 dielectric (Kox = 
3.9), area = 100 mm2, and the minimum feature size of 0.35 µm. 

Answer 

A 
TL = 0.89 • K 0 xe0 p (F . )2 

min 

- 14 - 1 -6 lcm
2 

= 0.89. 3.9. 8.86 x 10 Fem · 3.0 x 10 0 cm (0.35 x 10_ 4 cm)2 

= 7.5 X 10- 10 sec= 0.75 nsec 

---------------------------------------------------------------------------------------------------------------------

As technology progresses, Fmin shrinks and A usually gets larger. Both of these lead 
to an increase in the RC time delay in global interconnects. Even if A stays constant, the 
time delay will increase due to Fmin shrinking. Physically this occurs because as the in­
terconnect cross-sectional area decreases, R increases, but C does not decrease in pro­
portion because the dielectric thicknesses surrounding the line also decrease. Hence RC 
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Figure 11-4 Global interconnect and gate time delay versus chip area and minimum feature sizes, Pnun, for various interconnect materials. 
Interconnect delay corresponds to longest global interconnect in the circuit. (Updated from I 11. l J .) 

increases. Having A increase only exacerbates this problem. Figure 11-4 plots Eq. (11.6) 
as a function of chip area for different values of Fmin and different interconnect materi­
als, updated from the original figure in (11.1] to use the new expressions for Xox and H 
and to include the Fmin = 0.25 µm case. Cu is also included as a possible interconnect 
material in the 0.25-µm technology. The interconnect delay here is based on the longest 
global interconnect using Eq. (11.6), with minimum feature size dimensions and as­
suming that the driver or load elements do not contribute significantly to the overall 
time delay. Also plotted for comparison is a typical gate delay, Tg, for each minimum fea­
ture size, as measured in ring oscillator circuits. The gate delay is dependent only upon 
Frrun and not A and thus decreases as the minimum feature size decreases. It is obvious 
that for larger Fm;n's, the gate delay is generally large relative to the delay for Al global 
interconnects. (And one can also see why one would not want to use polysilicon as a 
global interconnect.) But for smaller minimum features and larger chip areas, the global 
interconnect delay becomes quite large compared to the gate delay and can have a large 
impact on the circuit performance. 

In 0.25 µm ( =Fmin) manufacturing technology, chip areas are typically 200--350 mm2 

(corresponding to a maximum global interconnect length of 7- 9 mm), and gate delays 
as measured in ring oscillators are generally about 30-70 picoseconds. The RC delay of 
the longest global interconnect line, with minimum feature size dimensions, by this 
analysis is about 3-5 nanoseconds for Al lines, or about 80 times the gate delay. This 
does not necessarily mean that circuit performance is totally dominated by the inter­
connects in today's integrated circuits. The specific circuit architecture, the exact 
heights, widths and lengths of the interconnect lines on the different levels, the driver 
and load components, and other circuit factors will determine the speed of the circuit 
and the relative importance of the front-end and back-end elements. What is important 

Page 7 of 37



■Ml Chapter 11 Back-End Technology 

are the trends that these and other analyses predict: While the gate delays will keep get­
ting smaller, the local interconnect delays will stay about the same, and the global in­
terconnect delays will get larger and have a larger impact on the circuit performance. 
Recent analysis by Bohr based on Intel's technology agree with the qualitative predic­
tions of this simple analysis [11.6, 11.7]. 

Each new technology generation in the NTRS represents a V2 reduction in feature 
size. This corresponds to a 2x increase in RC interconnect delay per generation for a 
given line length [Eq. (11.4)]. However, the metal line aspect ratio is not typically kept 
constant but is increased with each technology generation. This is primarily due to the 
fact that the metal line thickness has stayed rather constant in recent times rather than 
shrinking in order to keep the resistance lower. This means that the interconnect delay 
does not increase quite as fast as Eq. (11.4) predicts, but it is still increasing while the 
gate delay is decreasing. It has been estimated [11.6, 11.8] that in current CMOS tech­
nology with Al lines the delay due to the interconnects can be about 30-40% of the to­
tal circuit delay, up from about 15-20% just a generation previously. In the next 
technology generations, the interconnect delay could be more than 50% of the total cir­
cuit delay, emphasizing the importance of the back-end structures. 

As feature sizes shrink, the size of the contacts is also getting smaller. Since to first 
order the contact resistance, Re, is inversely proportional to the contact area, the im­
portance of the contacts increases as the circuit dimensions are shrunk. 

The specific projections for back-end technology given by the NTRS are shown in 
Table 11-1. A number of the qualitative observations made earlier are apparent in this 
table. Note the increasing numbers of wiring levels in the future and the increasing as­
pect ratios associated with interconnect lines as well as contacts and vias. Finally, notice 
the decreasing metal resistivity requirement which cannot be met by aluminum in the 
future, and the decreasing dielectric constant required for intermetal dielectrics, which 
cannot be met by SiO2. Clearly new materials will have to be introduced into back-end 

Table 11-1 Future projedions for back-end tedinology taken from the SIA NTRS (11.9] 

Year of First DRAM Shipment 1997 1999 2003 2006 2009 2012 

Minimum Feature Size, F,.. (nm) 250 180 130 100 70 50 

DRAM Bits/Chip 256M lG 4G 16G 64G 256G 

DRAM Chip Size (mm2
) 280 400 560 790 1120 1580 

MPU Chip Size (mm2) 300 360 430 520 620 750 

Wiring Levels-Logic 6 6-7 7 7-8 8-9 9 

Min Metal CD (run) 250 180 130 100 70 50 

Min Contact/Via CD nm 280/360 200/260 140/180 110/140 80/100 (J)/70 

Metal Aspect Ratio 1.8 1.8 2.1 2.4 2.7 3.0 

Contact Aspect Ratio (DRAM) 5.5 6.3 7.5 9 10.5 12 

Via Aspect Ratio (logic) 2.2 2.2 2.5 2.7 2.9 3.2 

Metal Resistivity (µ.0-cm) 3.3 2.2 2.2 2.2 < 1.8 < 1.8 

lnterlevel Metal Dielectric Constant 3.0-4.l 2.5-3.0 1.5-2.0 1.5-2.0 < 1.5 < 1.5 

Page 8 of 37



Historical Development and Basic Concepts -

structures to meet these objectives. Cu interconnects and "low K" dielectrics are the 
likely answer to these requirements. 

Metallization structures are also receiving increased attention because of failure and 
reliability issues. Failures are due to a variety of causes: stress-induced void formation 
in interconnect lines; hillock growth; unwanted chemical reactions and interdiffusion 
between layers; dopant diffusion and segregation; excessive roughening of films; corro­
sion; electromigration; and others. Many of these will be discussed in more detail later 
in the chapter. 

Finally it should be pointed out that in the schematic figures in this section we illus­
trated each metal or dielectric level as simple single-layer structures. In practice, each 
level or layer is often a multilayered structure itself. The trends to multilayered back­
end structures and the use of new processing techniques have been due to the ever­
increasing demands on both processing stability and electrical performance as the 
technology progresses. 

11.2 Historical Development and Basic Concepts 
The earliest integrated circuits in the 1960s consisted of aluminum lines connecting ac­
tive regions-transistors and resistors- in silicon. Silicon dioxide passivated the silicon 
surface and isolated the aluminum interconnects from those regions in the substrate 
where electrical contact was not wanted. Where contact was desired, openings in the ox­
ide were made so that the aluminum could come in contact with the silicon. Figure 11-
5 shows an early structure. 

Pure aluminum was thus used for both the contact material and the interconnect. 
Why aluminum? First, it has a low electrical resistivity at room temperature. (See Table 
11-2 for a listing and properties of commonly used interconnect materials). Second, it 
adheres well to silicon and silicon dioxide. Third, it makes good electrical contact to 
heavily doped Si. The latter two characteristics are related to the fact that the oxide of 
Al is very stable, more stable than SiO2. This means that if Al is deposited on top of 
Si 0 2, it will react with it even at low temperatures, forming a thin layer of AhOJ at the 
interface. This forms a glue layer, binding the Al to the Si 0 2. In the case of Al-to-Si con­
tacts, the Al will reduce any native Si oxide on top of the Si. Without this reaction, the 
ubiquitous native oxide on the silicon could prevent ohmic contact. Fortunately, the 
Al2O3 that is formed allows Al to diffuse through it into the Si, so that good ohmic con­
tact between the Al and Si is obtained. A fourth benefit of using Al is that its presence 

Silicon 

Figure 11-5 Early back-end structure with Al intercon­
nect making contact to highly doped Si active region. 
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11+1 Chapter 11 Back-End Technology 

11.2.1 Contacts 

Table 11-2 Properties of interconned materials 
Thin Olm resistivity 

Material (pOcm) Meltina point (°C) 

Al 2.7-3.0 660 
w 8-15 3410 

Cu 1.7-2.0 1084 
n 40-70 1670 
PtSi 28-35 1229 

TISh 13-16 1540 
WSh ~70 2165 

CoSh 15-20 1326 

NiSi 14-20 992 

TIN 50-150 ~2950 

T1JoW10 75-200 ~2200 
polysilicon (heavily doped) 450-1000 1417 

assists the annealing out of interface traps at the Si-Si02 interface, presumably by con­
verting H20 to free H, which passivates the traps. (See Chapter 6 where this process is 
described in more detail.) For all these reasons, contacts and interconnects made of alu­
minum were instrumental in the development of the first integrated circuits. 

It was not long, though, before problems arose. As the circuits became more compli­
cated, the structures became smaller, and the processing got more involved, new de­
mands were placed on the metallization schemes. As a result, new metallization 
strategies, materials, and structures were developed. Even today the evolution contin­
ues, as evidenced by the changing requirements for interconnects in Table 11-1. We will 
now follow this evolution from the early days of integrated circuit fabrication, first with 
the contacts, then with the interconnects, and finally with the dielectrics. 

Contacts provide low-resistance connections between the metal interconnects and ac­
tive device regions. Metal/semiconductor contacts can in general be rectifying (Schot­
tky) or ohmic. Figure 11-6 shows the band diagrams for these modes of current transfer 
through a contact. Because of the work function difference between the metal and 
semiconductor, <PB, a barrier exists at the interface. Nature provides a wide variety of 
metal work functions so in principle it should be possible to choose a metal which pro­
duces a small <!>B contact to silicon device regions. In practice, this is not generally pos­
sible, first because there are other requirements on which metals we may choose 
(resistivity, for example), and second, because surface states at the metal/semiconduc­
tor junction tend to pin the Fermi level deep in the silicon bandgap. This generally pro­
duces high <!>B contacts to N regions ( rectifying contacts) and relatively low <!>B ( ohmic) 
contacts top-type silicon. Figure 11-6(a) illustrates such contacts. 
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Figure 11-6 Band diagrams and 1-Y characteristics for 
metal/semiconductor junctions or contacts, illustrating differ­
ent modes of current transfer: (a) Schottky or rectifying con­
tact; (b) tunneling or ohmic contact. 

Thermionic emission, shown in Figure 11-6(a), in which thermal energy allows the 
carriers to surmount the barrier, does allow some current to flow over a Schottky barrier. 
The basic properties of Schottky diodes operating in this mode are similar to the PN 
diode described in Chapter 1 in Section 1.4.1. However, for most metals the barrier is too 
high to n-type Si, and not enough current can flow under normal operating conditions. 

The other way for the carriers to get past the barrier is to tunnel though it [Figure l 1-
6(b )]. If the silicon is heavily doped, the width of the barrier, defined by the depletion 
region,xd, becomes narrow enough that many of the carriers can quantum-mechanically 
tunnel through the barrier. Ohmic behavior, in which current can flow virtually unim­
peded in both directions through a contact, can thus be achieved. This occurs when the 
doping is greater than about 6 x 1019 cm- 3

• 

The specific contact resistivity, Pc, is defined as 

_ [aVMs] 
Pc = Af V.ws=O (11.7) 

where J is the current density across the metal/semiconductor interface and V Ms is the 
voltage across it. For a Schottky contact governed by thermionic emission over the bar­
rier, the current density is given by 

(11.8) 

where A* is Richardson's constant. The specific contact resistivity, in O cm2
, is therefore 

k (q4>8 ) kT 
Pc = A *Texp kT = J q q s 

(11.9) 

For a tunneling contact, the analysis is somewhat more complicated, resulting in 
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IM•I Chapter 11 Back-End Technology 

(11.10) 

where Ii is Planck's constant, m* is the effective mass of the tunneling carrier, and Xd is 
the depletion layer through which the tunneling must occur, which is given by 

X = ✓2es<PB 
d qNd 

(11.11) 

where e, is the semiconductor permittivity and Nd is the doping concentration in the 
semiconductor. When Xd is less than about 2.5 nm, tunneling can occur efficiently. Sub­
stituting Eqs. (11.10) and (11.11) into (11.7) leads to the contact resistivity, inn cm2

, for 
tunneling contacts: 

(2<f>B~) 
Pc = Pco exp Ii~ (11.12) 

where p,o is a constant dependent on the metal and semiconductor. The contact resis­
tivity goes down as v/ii; goes up because Xd shrinks and tunneling becomes more effi­
cient. For Xd to equal 2.5 nm or less in Si with an Al contact and result in ohmic behavior, 
Nd must equal ""' 6 x 1019 cm- 3

• The contact resistance, inn, is the contact resistivity di­
vided by the contact area A, assuming that J is uniform over the contact area. 

Figure 11-7 shows experimental data for specific contact resistivity as a function of 
Nd, along with the theoretical prediction based on the preceding equations. At low dop­
ing, thermionic emission controls the process which is essentially independent of dop­
ing, while at high doping, Pc is dominated by tunneling which is a very strong function 
of the doping level. Measured p, values may be higher than indicated in Figure 11-7 if 
a clean interface is not obtained, due to the presence of unetched material or etch 
residues in the contact hole, native oxide present at the metal/semiconductor interface, 
or other contaminants or reaction products. Another common reason for the contact re­
sistivity being higher than expected is that there are fewer dopants in the Si at the sur­
face than desired. This may be due to segregation of dopants into the contact materials 
above the Si. 

Example The expression for specific contact resistivity for high doping levels where 
tunneling dominates, Eq. (11.12), can be written in the form 

(
<f>BC1) Pc = Pcoexp ~ 

where C1 ""' 7.0 x 1010 cm- 3
r2 e v-1 for Si. If <l>s = 0.6 e V and pco = 1.0 x 10-7 n • cm2 

for a Si-Al contact, how much does the specific contact resistivity decrease when the 
doping is increased from 1 x 1019 to 1 x 1()20 cm- 3? 
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Answer At No = 1 x 1019 cm- 3, 

(
<l>eC1) _7 (0.6 • 7.0 X 10

10
) 

Pc = Pco exp ~ = 1.0 X 10 exp Yl X 1019 

= 5.9 X 10- 2 fl. cm2 

(
<l>sC1) _7 (0.6 · 7.0 X 10

10
) 

Pc = Pco exp VN,i = 1.0 X 10 exp \i 1 X 1020 

= 6.7 X 10- 6 fl. cm2 

which is about a factor of abou t 9000 lower. These numbers are in agreement with 
the values in Figure 11- 7. 

The general requirements for metal-to-silicon contacts are low contact resistance 
and good thermal stability. Low contact resistance means a high-dopant concentration 

................................................ 
Nv (cm-3) .... ,. 11-7 Contact resistivity (pc) versus 

1019 10 l 8 1017 doping for three values of the metal/semiconductor 
work function. Both theoretical curves, based on 

300K 
Eqs. (I 1.9) and (11.12), and experimental data 
are plotted. (After I 11.10, I 1.11] .) 

-- Theory • • PtSi - nSi 
D Al - nSi 

D 

5 10 30 

(N 0 )-112( 1 o-t Ocm312) 
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l}fl Chapter 11 Back-End Technology 

at the Si surface and a good contact between the metal and silicon. Good contact re­
quires an interface free of contaminants and residues. Good thermal stability means 
that the contact structure does not degrade during subsequent thermal processing, nor 
does it cause other areas to be adversely affected, such as active areas in the silicon un­
derneath the contact. 

A problem with thermal stability resulted in the first major change in the ohmic con­
tact metallurgy. As mentioned previously, early integrated circuits used pure Al as the 
interconnect material, making direct contact to the Si substrate in heavily doped re­
gions. Al makes a good contact to silicon by reducing the native oxide on the surface, 
which also removes any other contaminants on the surface. To ensure that the Al re­
duces the native Si oxide and that the Al is in good physical contact to the Si, a sinter• 
ing anneal at about 450°C is done. This anneal, in a hydrogen ambient, is also done to 
anneal out interface traps at the Si-Si02 interface in the gates. Subsequent processing at 
about this same temperature can also occur, such as the deposition of an overlying di­
electric or passivation layer. 

However, the solubility of Si in Al is significant. At 450°C, the solubility is about 0.5 
atomic percent, and at 500°C it is about 1 atomic percent. This means that pure Al in 
contact with Si will want to absorb the Si from the substrate up to its solubility level for 
that temperature. The only things limiting this process would be the diffusion of Si in the 
Al and the amount of Al acting as a sink for the Si. Unfortunately, the diffusivity of Si in 
polycrystalline Al is quite high, and the amount of Al nearby is large, so a significant 
amount of Si gets drawn up into the Al. This creates voids in the remaining Si, which are 
quickly filled by the overlying Al. If the Al penetrates uniformly into the substrate, typ­
ical processing conditions and contact/interconnect dimensions would result in about 
0.2-0.3 µm of penetration. However, the situation is actually worse than that. That is be­
cause when the Al reduces the native oxide, it does so nonuniformly. Therefore the Al 
penetrates in localized spots. Al "spikes" occur in the Si substrate, penetrating in excess 
of 1 µm deep. Figure 11-8 illustrates this, showing the Al penetrating in some areas 
deeper than the diffused junction. This can short the junction. As a practical matter, pure 
Al contacts to Si cannot be used for junction depths of less than 2-3 µm. 

One solution to the Al spiking problem is to use Al films that already have Si in them. 
Therefore the solubility requirement is already fulfilled. So Al films with approximately 
1 atomic percent Si have been commonly used. This is the solubility of Si in Al at about 
500°C, the highest temperature the Al sees during processing. The spiking problem is re­
duced, but another problem arises. When the contact structure is cooled down below 

Silicon 

Fl9ure 11-1 Si-Al contact region showing spiking of Al 
into Si active region. This is due to Si diffusing into the Al to 
satisfy the solubility requirement, with Al filling the resulting 
voids in the Si substrate. 
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500°C, or subsequent thermal steps are done at less than 500°C, the solubility of Si in Al 
is less. The now-excess Si precipitates out, usually at the interface where heterogeneous 
nucleation can occur, leaving Si nodules. In fact, there is enough Al dissolved in these 
nodules to make them p-type (AI is a p-type dopant in silicon), causing higher contact 
resistance to N+ regions. 

The use of AI(Si) to solve the spiking problem was adequate as long as the contact 
resistance was not limiting circuit performance. But as contact areas were reduced in 
size and the contact resistance did become an issue, another solution to Al-Si interac­
tion and spiking was needed for contacts to small junctions. Barrier layers provided the 
answer. These layers are placed between the Al and Si to prevent or at least slow down 
any interaction. Such barriers need to be a barrier for chemical interdiffusion between 
Si and AI at processing temperatures (up to 450-500°C). They also need to be thermally 
stable. They should have low stress. This usually means that their coefficient of thermal 
expansion needs to be close to Si (2.6 x 10- 6 °C- 1

). They need to adhere well to Si and 
Al, as well as SiO2. This usually means that there is some interfacial reaction between 
the barrier and Si and Al. Finally, they should have good electrical conductivity and a 
low contact resistance to both Si and Al. 

Barrier layers have been classified by Nicolet [11.12) into three types: passive barri­
ers, stuffed barriers, and sacrificial barriers. The passive barriers would be chemically in­
ert to both Si and Al and be good diffusion barriers as well. TIN is an example of this 
type. Some materials are chemically inert, but diffusion along their grain boundaries can 
be quite significant. However, it has been found that by "stuffing" the grain boundaries 
with other atoms or molecules, the diffusion of other species can be greatly reduced, 
making them diffusion barriers as well. The reduction of diffusion by stuffing the grain 
boundaries is a combination of a physical effect (physically blocking the diffusing 
species) and a chemical effect (the stuffed species, such as nitrogen or oxygen, chemi­
cally bond with the diffusing species, such as Al, stopping their diffusion). A Ti-W alloy 
with nitrogen stuffing the grain boundaries-achieved by sputtering the Ti-Win an N2 
ambient-is an example of a stuffed barrier. Sacrificial barriers are those in which the 
barrier material is "sacrificed" in order to prevent reaction between the Al and Si. The 
material, such as Ti, reacts with either the Al or Si or both, forming aluminides or sili­
cides. But by doing so, it prevents the Al and Si from interacting since the reactions with 
the barrier material are favored both kinetically and thermodynamically over the reac­
tion between the Al and Si. However, once the sacrificial barrier material is consumed, 
the barrier is gone, and so these types of barriers are only effective for limited process­
ing temperatures and times. 

One of the first barrier layers for contacts was platinum silicide. It is formed by de­
positing Pt on the wafer, and then annealing at low temperatures (250-350°C). Because 
the surface Si is consumed during the formation reaction, a new, clean interface is ob­
tained, and very good electrical contact is made. It is also "self-aligned" because the sili­
cide is only formed where the Si is exposed through the oxide contact opening ( and the 
unreacted Pt is chemically removed from other areas). Therefore an extra mask is not 
needed and no alignment overlap is required. PtSi acts satisfactorily as a barrier be­
tween Al and Si, but only if subsequent processing is done at about 350°C or below, and 
junction depths underneath are greater than about 0.3 µm. That is because PtSi will 
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react with Al, forming Pt-Al intermetallic compounds and eventually allowing the Al to 
spike into the Si substrate. Once junction depths got shallower than 0.3 µm and pro­
cessing temperatures got above 350°C, another barrier was necessary. 

Refractory metals by themselves have had limited use as barriers. Ti in particular is 
attractive since it reduces and breaks through any native oxide and adheres well to both 
Si and SiO2. It forms very low resistive contacts, silicon diffusion through it is slow, and 
therefore it prevents the Si dissolving in the AL However, it reacts with Al to form TiAh 
at low temperatures. (Above 500°C, Ti will also react with the Si to form TiSb.) It thus 
acts as a sacrificial barrier, acting as a barrier only until it is consumed, which happens 
rather quickly above 400°C. So while Ti is a good contact/adhesion layer, it is not a very 
good barrier layer. Ti is thus often used in conjunction with a barrier layer on top. 

Refractory metal silicides, such as TiSh, have also been used as barrier layers in con­
tacts. They will also react with Al, but at a somewhat higher temperature (about 500°C 
for TiSh) than the noble metal silicides, such as PtSi. However, diffusion along their 
grain boundaries limits their effectiveness as barriers to below 400°C. Therefore, like Ti, 
refractory metal silicides are now usually used in contact structures as the 
adhesion/contact layer, with a better barrier layer on top. An advantage in using re­
fractory metal silicides in contacts is the ability to form self-aligned contact structures. 
Ti can be deposited over both an oxide layer and into the openings in the contacts with­
out a mask, but during an anneal it will only form a silicide in the contacts where Si is 
exposed. The unreacted Ti over the oxide can be etched off, leaving the silicide seH­
aligned to the contact. 

In fact, the entire source and drain regions can be contacted by a refractory metal 
silicide this way, providing for local interconnects. By contacting the entire source and 
drain regions with silicide, rather than just in the contact holes, the contact resistance is 
also improved by providing a much larger contact area between the silicide and silicon. 
This is because the silicon/silicide contact resistance is much larger than silicide/bar­
rier/metal contact resistances, and the net contact resistance thus depends on the sili­
con/silicide contact area. 

As the backend processing temperatures were raised in later technology generations, 
the next commonly used barrier after PtSi was titanium-tungsten. This alloy, generally 
about 30 atomic percent, or 10 weight percent Ti, acts as a diffusion barrier between the 
Si and Al, especially when stuffed with nitrogen. While pure W is a good barrier itself, 
adding Ti helps it adhere to underlying layers and increases its corrosion resistance. Ti­
W will react with Al at higher temperatures, about 600°C, while diffusion through the 
film limits its use to below 500°C. In addition, diffusion of Ti from the film into the Al 
at 400°C and above has been seen to raise the Al resistivity. Its contact resistance, how­
ever, is not as low as PtSi, possibly due to its difficulty in dissolving the native oxide on 
the Si surface. Thus a bilayer of PtSi and Ti-W has been generally used, taking advan­
tage of the low contact resistance of the PtSi and the barrier properties of Ti-W. One 
problem with Ti-Wis its relatively high stress. It is often very brittle, leading to crack­
ing and peeling on the wafer and to flaking from chamber walls onto the wafer. [11.13) 
In addition, there is the problem of diffusion of Ti from the film into Al at 400°C and 
above, raising the resistivity of the Al interconnect line. 
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Refractory metal compounds, notably TIN, have become very popular barrier layers. 
These are commonly fine-grained structures, with grain sizes below 10 nm. Because of 
this, diffusion through them is very slow, making them impermeable to silicon and most 
other species. Incorporation of oxygen or nitrogen in these films makes them even bet­
ter barriers. They are also chemically stable and chemically inert with most other layers. 
There may be some reaction with Al, forming some AlN and TiAb at temperatures 
greater than 550°C. The electrical resistivity ofTiN is low enough for use as both a con­
tact material and a local interconnect. The contact resistance to Si is somewhat higher 
than that of PtSi, Ti, or TiSi:z. Therefore, TiN is usually used in a bilayer structure with 
TIN on top of Ti, with the Ti usually reacted to form TiSi:z for a better contact. The best 
properties of both layers are utilized: the good adhesion and low contact resistance of 
the Ti or TiSi:z, and the good barrier properties of TIN. This is accomplished without 
much more processing, since the TiN can easily be deposited immediately after the Ti, 
just by adding nitrogen in the sputter deposition chamber. OrTiN can be formed on top 
of TiSh by depositing Ti on top of the Si substrate in the contact opening, and anneal­
ing in a nitrogen ambient. The Ti reacts with the Si below it to form the silicide while si­
multaneously reacting with the nitrogen in the ambient to form TIN on top. This was in 
fact the process described in the CMOS process flow in Chapter 2 (Figures 2-3 to 2-33). 
The TiN can also be deposited by CVD. 

Figure 11-9 shows a multilayer contact structure with TiSi:z/fiN contact/barrier layers. 
The TiSi:z makes good electrical contact to the Si and provides good adhesion. The TiN 
serves as a barrier to interaction between the Al and both the TiSi:z and Si. Table 11-3 
lists commonly used contact barrier layers and compares their maximum processing 
temperature and modes of failure. It is clear that early contact structures have evolved 
from simple Al-on-Si structures to barrier-layer structures to multilayer structures. We 
will later see how W plugs are often used in contacts to improve step coverage and pla­
narization. 

11.2.2 Interconnects and Vias 
Interconnects have similarly evolved as the technology has progressed and the re­
quirements placed on interconnects have increased. The primary requirements on in­
terconnects are low resistivity, good adhesion to underlying films, stability during 
processing and operation, and the ability to be deposited and etched. 

TiSiz Silicon 

Figure 11-9 Multilayer contact structure with TISh/liN 
contact/barrier layers between the Si and Al. 
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Table 11-3 Barrier-layer properties [11.14, 11.1 S] 
Failure Failure Mechanism 

Structure Temperature (OC) (Reaction products) 

Al/PtSi/Si 350-400 Compound formation (Alil't, Si) 

AI/IlSh/Si 400 Diffusion (AlsTI,Sii2, Si at 550°C} 

Al/NiSi/Si 400 Compound formation (AhNi, Si} 

AJ/CoSh/Si 400 Compound formation Al9Co2, Si) 

Al/H/PtSi/Si 450 Compound formation (AhTi) 

AI/Il30W1o/PtSi/Si 500 Diffusion (AhPt,AbW at 500°C) 

AI/IlNffiSh/Si 550 Compound formation (AIN,AhTi) 

Aluminum, aluminum alloys, and aluminum containing multilayers have been the 
dominant interconnects in silicon technology to this point in time. Al has low resistivity 
(although not low enough to meet future NTRS specifications), adheres well to Si and 
Si02, can reduce other oxides, and can be etched and deposited using reasonable tech­
niques. Its main shortcoming is its stability during processing and operation, which we 
will discuss. For early MOS technology, Al was used not only as the primary intercon­
nect (i.e. global) but also as the gate electrode and a local interconnect. However the 
melting temperature of Al is low ( 660°C for pure Al), and it cannot withstand high pro­
cessing temperatures. When self-aligned source and drain regions were needed to re­
duce gate-source and gate-drain capacitances, a new material was needed for the gate 
electrode that could withstand the 800-1000°C diffusion steps or implant anneals 
needed to dope the source and drain regions while the gate electrode material was pre­
sent. Heavily doped polycrystalline silicon was the solution to this problem. Polysilicon 
can be utilized as an interconnect as well, although only as a local interconnect because 
of its resistivity. 

The first modification to pure Al interconnects was the addition of Si at about 1 
atomic percent. This prevents spiking of Al into the silicon substrate which is caused by 
silicon's relatively high solubility and diffusivity in Al. Even with the use of barrier lay­
ers such as TiN, Si is often still used in Al interconnects. This is because the presence of 
the Si reduces the driving force for interdiffusion and hence decreases the chance of 
barrier failure. Si also suppresses the reaction between Al and TiN. 

Almost all the rest of the modifications made to the Al interconnect structure have 
been as a result of aluminum's low melting point and ease of deformation. Two phe­
nomena that occur with aluminum which have caused significant problems and have re­
quired modifications in the Al interconnect are hillock growth and electromigration. 

Hillock growth occurs when the Al thin film is subjected to high compressive stresses. 
Because of the polycrystalline structure of Al, coupled with its low melting point and re­
sulting susceptibility to plastic deformation, the Al will deform under such stresses. High 
stresses can easily be generated due to Al's relatively high coefficient of thermal ex­
pansion (23 X 1~ 0 c -1, while Si is 2.6 x 10-6 °c -1 as shown in Table 11-4). If Al is de­
posited on a Si substrate ( or even on another film, such as Si 02, on a Si substrate) at low 
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Table 11-4 Mediankal properties of interconnect materiak 
Thermal Elude 
expansion modulus, Hardness Melting 

Material coefftcl.ent(oc-•) Y/(1-v) (MPa) (kamm-3) pointC°C) 

Al (111) 23.1 X 10- 6 1.143 X 10' 19--22 660 

n 8.41 X 10-6 1.699 X 10' 81-143 1660 

TIAh 12.3 X 10- 6 660-750 1340 

Si (100) 2.6 X 10- 6 1.805 X 10' 1417 

Si (111) 2.6 X 10-6 2.290 X 10' 1417 

Si02 0.55 X 10-6 0.83 X 10' - 1700 

temperatures and the structure is heated, high compressive stresses in the Al can be gen­
erated. This is because the Al, which is tightly constrained to the wafer, will want to ex­
pand much more than the Si. To relieve the stress, portions of the Al are squeezed up, 
forming small hills or "hillocks." The movement of the Al occurs primarily along grain 
boundaries in the Al since diffusion is usually much faster along grain boundaries than 
through the interior of the grains. Whole grains of Al are often pushed or grow upward, 
forming hillocks about the size of the grains, 0.5 to 3 µ,m tall and wide. 

Figure 11-10 shows schematically the process of hillock formation. Hillocks can re­
sult in electrical shorts between interconnect levels, as well as cause the surface topog­
raphy to be rough, making lithography and etching more difficult. While the overlying 
films can help suppress hillock formation by acting as a mechanical barrier, this does 
not completely eliminate the problem. In fact, so much stress can build up that an over­
lying SiO2 layer can crack. When this happens, the Al can protrude from the crack in 
long whiskers many microns long, increasing the chances of a short. 

The addition of elements that have limited solubility in Al, such as Cu, has been 
found to suppress hillock formation. The excess atoms segregate and precipitate pref­
erentially at the Al grain boundaries. This reduces the Al diffusion along the grain 
boundaries and suppresses hillock formation. 

In a similar manner, voids can form when the Al is subjected to tensile stresses. Upon 
cooling, the Al will want to shrink more than the Si below it. (Unfortunately any 
hillocks that have formed during the previous heating do not significantly reverse them­
selves and disappear during the cooling.) Since the Si is more mechanically rigid than 
the Al, the stress is relieved by vacancy movement and agglomeration in the Al, with 
voids forming. This can greatly increase the interconnect electrical resistance and even 
cause open circuits. The addition of Cu to the Al can suppress void formation in Al as 
well as suppressing hillock formation. 

Perhaps the biggest problem encountered with Al interconnects is that of electromi­
gration. One of the requirements of an interconnect is that it be stable not only during 
processing, but also during circuit operation. Electromigration is a phenomenon that 
occurs during circuit operation and has very adverse effects. When an electrical current 
flows through aluminum (on the order of 0.1-0.5 MA cm- 2, which is commonly 
achieved in integrated circuits), the electrons can actually transfer enough momentum 
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Compressive 
stress in Al 
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(due to thermal 
expansion 
difference 

between film and 
substrate) 
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Si Substrate 

Compressive 
stress in Al ..,_(1 

Figure 11-10 Schematic illustration of hillock fonnation due to compressive stress in an 
Al film. Al diffusion along grain boundaries is indicated. 

Void 

Electron 
Flow --+-I► 

Anode 

Cathode 

Figure 11-11 Schematic illustration of electromigration with resultant hillock and 
void fonnation. Diffusion of Al through grain boundaries is indicated. 

to the Al atoms to cause them to diffuse. This diffusion is faster along grain boundaries, 
and it can cause a buildup of Al in some regions, resulting in hillocks, and can cause a 
depletion in other regions, resulting in voids. As a result shorts and opens in the inter­
connects can occur during the normal operation of the circuit. Figure 11-11 shows this 
process schematically, and Figure 11-12 shows a SEM of an actual circuit where this has 
occurred. Because most of the Al atoms and vacancies diffuse along the grain bound­
aries, electromigration is very dependent on the grain structure, including the size and 
crystallographic orientation of the grains. It also depends on over- and underlying lay­
ers, and on the processing history of the interconnects. 

Substantial effort has been made to study and remedy this phenomenon. One of the 
early remedies for electromigration was to add Cu to the Al. As is the case in suppress­
ing hillocks, adding Cu is believed to suppress grain boundary diffusion and hence slow 
down electromigration. Adding too much Cu, however, causes problems with etching of 
the interconnect as well as corrosion, and 4 weight percent Cu is the most that is usu­
ally added. 

Thus, the first modifications to Al interconnects involved switching from pure Al to 
Al with about 1-2 weight percent Si and 0.5-4 weight percent Cu. Adding these ele­
ments to the Al increases the sheet resistivity of the interconnect by as much as 35%, 
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Figure 11-12 SEM top ~iew of hillock and voids that have formed due to electromigralion in an 
Al line I 11.16] . Reprinted by permission of Materials Research Society. 

but this was a necessary trade-off in order to prevent the failure of circuits due to elec­
tromigration and hillock and void formation. Other solutions, similar to those for con­
tacts involving multilayer structures, were later developed and will be discussed later. 

The next change to interconnects involved the local interconnects. Polysilicon has 
been used as the gate electrode since the mid 1970s. But as circuits got faster, the sheet 
resistivity of heavily doped polysilicon became a concern (Figure 11--4). In addition, the 
doped silicon in the source and drain regions has a fairly high resistivity (50-100 µJl­
cm) which can add appreciable parasitic resistance to MOS transistors. Silicide materi­
als can be used to reduce all these problems. 

Silicides have been utilized as local interconnects in three primary ways, as illustrated 
in Figure 11-13. On top of the polysilicon layer they form a "polycide" structure; on top 
of the source and drain regions they strap the doped silicon; and finally, they can be 
used as an independent local interconnect. All of these uses were illustrated in the 
CMOS process in Chapter 2 (Figure 2-33). In the polycide structure, the silicide de­
creases the sheet resistance of the polysilicon gate and local interconnect, while retain­
ing the highly reliable polysilicon/SiO2 interface. On top of the source and drain regions, 
the silicide reduces the resistance of the diffused layers. The silicide layer also provides 
a good contact to the silicon in the gate, source, and drain regions, while increasing the 
contact area. Silicides are also sometimes used as local interconnects by themselves, 
providing relatively low resistive paths below the lowest metal layers. Silicides are used 
because they offer low electrical resistivity (10-50 µ,fl-cm), they are stable at high tem­
peratures, they provide good process compatibility with silicon, they are easy to plasma 
etch, they provide good contacts to other materials, and they do not exhibit much elec­
tromigration. Some of the common silicides used in silicon technology are listed in 
Table 11-5, along with some of their properties. 

As discussed in Chapter 9, the formation of silicides can be accomplished in two 
ways: by direct deposition of the silicide and by the reaction between the metal and Si 
on the wafer to form the silicide. The direct deposition method can use sputtering from 
a composite target, cosputtering from two targets of the metal and Si, co-evaporation of 
the metal and Si, or Chemical Vapor Deposition (CVD). CVD is currently only done for 
WSh. The reaction method can be accomplished by two different techniques. The first 
technique is by depositing the metal and amorphous Si, both usually by sputtering, and 
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Si 

1blnftlm 
resistivity 

Silidde (pO-cm) 

PtSi 28-35 

TISi2(C54) 13-16 

TISh(C49) 60-70 

WSh 30-70 

C02Si - 70 

CoSi 100-150 

CoSh 14-20 

NiSi 14-20 

NiSh 40-50 

MoSh 40-100 

TaSh 35-55 

Fl1•r• 11-13 Uses of silicides in back-end structures: I, 
on top of a polysilicon gate; 2, on top of source and drain re­
gions; and 3, as a local interconnect. 

Table 11-5 Properties of sikides (After [11 .17]) 
nmof 

Stable nm of SI resu1tioa 
Sinttting on SI Reaction consumed sWdcle 
temp upto withAl per nm of pernm 
(°C) (OC) at(°C) metal of metal 

250--400 - 750 250 1.12 1.97 

700-900 -900 450 2.27 2.51 

500-700 2.27 2.51 

1000 -1000 500 2.53 2.58 

300-500 0.91 1.47 

400-600 1.82 2.02 

600-800 -950 400 3.64 3.52 

400-600 -650 1.83 2.34 

600-800 3.65 3.63 

800-1000 - 1000 500 2.56 2.59 

800-1000 - 1000 500 2.21 2.41 

Barrier 
hdahtto 
n-SI 
(eV) 

0.84 

0.58 

0.67 ' 

0.65 

0.66 

0.64 

0.59 

patterning and selectively etching the amorphous Si. (The Si may be deposited and pat­
terned either before or after the metal deposition.) The wafer is then annealed so that 
the metal and amorphous Si react to form the silicide, and the unreacted metal is selec­
tively etched off. The second reaction method is similar but no amorphous Si is de­
posited. Instead, the metal is deposited on the exposed gate and/or source drain regions, 
all of which are silicon. The wafer is annealed and the silicide forming reaction occurs 
wherever the silicon and metal are in contact, that is, on the gate and source/drain re­
gions. The unreacted metal is then selectively etched away. The first of these reaction 
techniques produces local interconnects independent of either gate or source/drain re­
gions, while the second reaction method produces self-aligned silicide structures on the 
gate and/or source drains. This second technique is often called a salicide, for "self­
aligned silicide." Figure 11-14 illustrates the salicide process. 

A high-temperature anneal is required for either the direct deposition or reaction 
methods of silicide formation. In the reaction method, a high-temperature step is 
needed to react the metal with the Si to form the silicide and hence to achieve low re-
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r-2?~ 
Figure 11-14 Salicide (self-aligned silicide) process. M represents a metal, such as 11. 

sistivity films. A high-temperature step is also required in the direct deposit methods. 
Depending on the exact deposition technique, the grain structure of the as-deposited 
film is either very fine, rnicrocrystalline, amorphous, or even an unreacted multilayer 
structure. In any of these cases, annealing is needed to make the grains grow in size in 
order to achieve low-resistivity films. This is because in small-grain films there are more 
grain boundaries which scatter the carriers, reducing the electrical mobility. The final, or 
minimum, resistivity for various silicides is given in Table 11-5. 

There have been several silicides used in silicon technology, including WSh, TaSh, 
MoSh, TiSh, and CoSh. Tungsten silicide has been used because a CVD deposition 
process is available for it, providing good step coverage and good process control. In ad­
dition, it can be oxidized rather easily, as long as a source of silicon is maintained below 
it. Therefore, a good thermal oxide can be formed over it rather than a deposited oxide. 
However, high stresses in WSh often cause stability and adhesion problems. WSh, as 
well as TaSh and MoSh, are not as easy to form through reaction with Si as TiSh and 
CoSh are, and therefore are not as attractive for salicide applications. 

TiSh is very popular due to its low resistivity, and its ability to reduce native oxides and to 
adhere well to most other materials. However, TiSh has a high-resistivity phase ("C49") that 
forms at moderate temperatures. This must be transformed to a low resistivity phase by an­
nealing, and this transformation becomes more difficult for narrow and thin lines. Also, the 
thin film has a tendency to agglomerate, or roughen up, at higher annealing temperatures. 

CoSh behaves better in regard to these particular problems. In addition, it generally 
shows less lateral encroachment during its formation reaction. Lateral encroachment 
means the silicide forms beyond the source, drain, and gate regions over the oxide ( or 
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Figure 11-15 Schematic illustration of silicide fonnation for a silicide that fonns by (a) diffusion of 
metal species and by (b) diffusion of silicon. ln the lancr case, lateral encroachment of the silicide over 
the oxlde spacer can occur. 

nitride) spacer, which can cause an electrical short between those areas. Encroachment 
is generally less for CoSii because of its lower reaction temperatures, and also because 
the metal is believed to be the dominant diffusing species during silicide formation. This 
is shown schematically in Figure 11-15. However, the resistivity of CoSh is slightly 
higher than TiSh, and it does not have as good adhesion and oxide reducing properties 
as TiSh. CoSiiis more sensitive to surface contaminants and oxides, which can lead to 
non-uniform silicidation and junction leakage. 

TiN, as a byproduct of the TiSh salicide process, can also be utilized as a local inter­
connect as was illustrated in the CMOS process flow in Chapter 2 (Figures 2-31 to 2-
33). The reaction between Ti and Si in the salicide process is often done in a nitrogen 
ambient in a two-step anneal process, as will be discussed in the next section on pro- , 
cessing techniques. Portions of the TiN that is formed can be masked and left on the cir­
cuit to act as a local interconnect. An advantage of using Ti as a local interconnect 
ra ther than polysilicon or a silicide is that TiN is a diffusion barrier for most dopants. 
TIN is commonly utilized as a local interconnect in SRAM cells, where small cell size is 
critical, connecting load drains with the input gate of the inverter. 

Another material tha t has been used or considered for a local interconnect is tung­
sten. Selective deposition of tungsten over Si areas using CVD (see Chapter 9) has been 
used to form W/polysilicon gate and W/silicon source and drain structures. However, at 
temperatures above 600°C the Wand silicon will react to form a silicide, eliminating the 
advantage of having a lower resistivity material strapping the gate, source, and drain re­
gions. First-level dielectric processing is commonly done above this temperature, which 
would be a roadblock to utilizing W in this manner. 

As circuits became larger and more complex, additiona l interconnect levels have 
been required (Table 11-1). Adding an additional level of global interconnect seems 
easy enough. The process could be as simple as opening a hole in the top dielectric level 
wherever a contact to the lower level is needed, depositing Al (with some Cu in it to in­
hibit e lectromigration), forming both the contact and the next level interconnect, fol-

Page 24 of 37



Historical Development and Basic Concepts -

lntennetal 
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Figure 11-16 illustration of early two-level metal struc­
ture. 

Silicon 

lowed by patterning of the aluminum. Then the next level of intermetal dielectric ma­
terial would be deposited. This structure is illustrated in Figure 11-16. This, in fact, is 
how the early multilevel interconnect structures were made. Looking at the contact, or 
via in this case, Al is now making contact to Al, so spiking into Si is not a problem. Good 
electrical contact between two layers of Al can be achieved if the interface is clean. 

However, the topography gets less planar as more levels are added, as Figure 11-16 
illustrates. A more planar topography is desired for two main reasons- lithography lim­
itations and step coverage. The lithography limitations arise partly from the limited 
depth of focus of submicron lithography instruments. The maximum depth of focus is 
about ± 0.35 µm for state-of-the-art optical tools (see Chapter 5.). In addition, non­
planar topography results in nonuniform resist thickness, which can result in nonuni­
form exposure and development. Another lithography issue is that spurious UV light 
reflections can occur from the sides of metal as it goes over steep steps, again causing 
lithography problems. There are lithographic techniques that address these problems, 
such as using multilayer resist structures as discussed in Chapter 5, but these are not al­
ways effective or practical solutions. 

Nonplanar topography also leads to problems with step coverage and filling of 
spaces with deposited films. We saw in Chapter 9 how step coverage and filling can be 
problems, especially for PVD deposited metal ( see Figure 9-1, for example). Such prob­
lems lead to higher electrical resistance in the line, as well as potential reliability prob­
lems. To make matters worse, step coverage problems compound one another. A large 
step height on one level can lead not only to thinning of the next level on sidewalls, but 
also cusping and overhangs. This in tum leads to even worse coverage problems on the 
next level. 

Reducing the step heights and achieving more planar topology through processing 
techniques is called planarization. The Degree Of Planarization (DOP) is defined as 

f 
DOP = 1 - x,iep 

x:tep 
(11.13) 

where x{,.p is the initial step height in the topography and x{,ep is the final step height 
after some sort of planarization is done. These step heights can refer to hole depths as 
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Figure 11-17 Demonstration of Degree Of Planari1,ation (DOP). 

Contact or Via 

(a) 

W Plug 

(b) 

Fl1•r• 11-11 (a). Using Al as both the contact and the 
next level interconnect layer results in nonplanar topography. 
(b) Using a tungsten plug as the contact results in planar 
topography. 

well. A DOP of O means that no planarization is achieved, while a DOP of 1 corre­
sponds to complete planarization-the final step height is zero. Figure 11- 17 shows dif­
ferent degrees of planarization. Several methods have been developed to improve the 
planarity of multilevel interconnect structures. Some involve the metals, which will now 
be discussed, while others involve the dielectric materials, which will be discussed later. 

One way to help achieve planar metal layers is by using a W contact or via fill, also 
called a W plug. Figure ll-18(a) shows the topography above a contact or via which 
uses Al as both the contact material and the next level of interconnect. Not only might 
the step coverage of the Al be a problem, but the resulting topography over the contact 
can be very non-planar. Using a via fill or plug structure results in the structure in Fig­
ure ll- 18(b). This can be accomplished in two ways. One method involves a selective W 
deposition into contact or via holes cut in the dielectric layer, which fills the contacts or 
vias without depositing any W over the top of the dielectric. The other, more common, 
method is using a blanket W deposition, which fills the contact or via as well as cover­
ing the dielectric. Then an "etchback" is done to reptove the W over the top surface of 
the dielectric. This is illustrated in Figure 11-19. This process of filling holes or trenches 
in a dielectric level with the metal (usually followed by an etchback), rather than de­
positing, patterning, and etching the metal on top of a dielectric layer, is called the 
"damascene" method. Its name comes from the ancient practice of inlaying metal in 
wood or ceramics for decoration. It can be used for vias or interconnect layers, or both. 

Using a W plug produces a much smoother topography over the contact or via, as 
shown in Figure ll-18(b), resulting in a near-planar contact or via level. The DOP ap­
proaches 1 here, where the initial step height corresponds to the height of the contact 
or via hole. Figure 11-2 illustrated such W contact plugs with an Al metal line on top. 
With a planar contact or via level, the problem with step coverage of sputtered Al is 
greatly reduced since there are few, if any, steps for the Al to cover. W is used for the 
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Oxide 

Silicon or Al 

Etchback W 

Wplug 
Blanket W 

Figure 11-19 Schematic illustration of process to fabricate a W plug for a contact or via. TIN (or 
a 'IVl"iN bilayer) i5 utilized as an adhesion and barrier layer. An etchback step is done 10 planariw the 
W and leave ii only in the contact or via hole. 

plug rather than Al because the deposition of W using the CYD technique gives much 
more conformal filling of the contact or via hole. Because of problems with CYD de­
position of Al-Cu alloys, as discussed in Chapter 9, CYD Al processes are generally not 
used in manufacturing. 

One planarizing technique under development that does utilize Al as the contact or 
via metal is called Al reflow. By heating the Al to 450-550°C either during the deposi­
tion or immediately afterward, the Al in a contact or via hole will flow and fill the hole, 
as well as help planarize itself. This is similar to reflow of dielectric materials which are 
heavily doped with B or P. With this technique, one could deposit the via (or contact) 
and interconnect levels in one step to obtain good filling of the contact and good step 
coverage and planarization of the interconnect level. 

Just as contacts benefited from the use of multilayer structures, so have intercon­
nects. This is due to a variety of reasons, most of them related to issues we have already 
discussed. First, electromigration has continued to be a problem that has hampered the 
reliability of silicon integrated circuits. While the addition of Cu to the Al has helped, it 
has not completely eliminated the problem. Other methods have been used to inhibit 
electromigration, or in some cases, negate its effect on the integrity of the interconnect 
lines. One method uses shunt lines. Another interconnect material is layered below, 
above, or within the Al layer, as shown in Figure 11-20. If electromigration does cause 
an opening in the Al line, the current can be shunted through the other material, main­
taining the electrical integrity of that interconnect. The material does not have to have 
as low a resistivity as Al, since current will only flow through it for a short distance. But 
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Void in Al line Figure 11-20 lUustration of shunt layers to minimize electromi­
gration problems. Thin layers of metals, such as Ti, arc used above and 
below the Al interconnect line. lf a void should fom1, the current can 
be shunted around it and through these layers. 

it should have good electromigration resistance, and good adhesion or barrier proper­
ties. Layers of Ti, Ti-W, TIN, or Ti Sh can be used for this purpose. 

These interlayers in interconnects help in electromigration protection for two other 
reasons. If they have high melting points and strong mechanical properties (see Table 
11--4), they can be more rigid than the Al and act as physical or mechanical barriers to 
hillock and void formation. If Ti is used, it will actually react with Al to form TiAb, 
which is even harder mechanically than Ti, and will reduce the effects of electromigra­
tion. However, if too much TiAb forms, it can increase the resistivity of the intercon­
nect. IfTiN is used, it is best to have excess Ti in it which will react with the Al to form 
TiAb. In addition, the electromigration of Al is very dependent on the grain texture of 
Al. The closer all the grains are to a single, usually (111), orientation in the vertical di­
rection, the less electromigration occurs. The grain texture of the Al is very dependent 
on what underlayer it is deposited on.Al deposited on Ti exhibits much better grain tex­
ture (more grains closer to a single orientation) and electromigration behavior than on 
other films, such as Si, Si 0 2, or TIN. If TiN is used between the Ti and Al, as a reaction 
barrier for example, the Al still has good grain texture. This is because the TiN takes on 
a pseudogranular structure, passing the Ti structure to the Al interface. Therefore, by us­
ing either Ti or Ti/fiN layers underneath the Al layers, electromigration is decreased 
due to grain texture considerations. 

Interconnect and via structures made up of multilayers have been developed for 
barrier and adhesion reasons, just as with the contact structures. Ti can help with ad­
hesion and electrical contact. TiN can serve not only as a good barrier, but as an adhe­
sion layer as well, particularly in conjunction with W plugs. A TiN or TimN layer 
provides for good contact between Al and Wand prevents any reaction between them. 
In addition, when CVD Wis deposited in a via, a barrier layer must be used between 
the Wand the underlying Al or else the fluorine in the WF6 used in the CVD W depo­
sition process will react with the exposed Al. (Similarly, in a contact a barrier is re­
quired to prevent the WF6 from reacting with Ti or TiSii layers or with Si.) Since the 
adhesion of W to dielectric layers is very poor, an adhesion layer is required and TiN 
( or TimN) is commonly used for this. A TiN layer can also be used in the interconnect 
stack to serve as a barrier between the Ti and the Al. 

Another reason for using a multilayer interconnect structure is for lithographic pur­
poses. The top Al surface is very reflective, and the reflection of light can adversely and 
unevenly affect the lithographic process. Therefore, an antireflective material is often 
deposited on top of the Al to minimize this. TIN again is usually used. 
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Figure 11-21 A typical metalization scheme used in current 
IC technology, shO\~ing the multilayer structures that hal'e 
CVOl\cd. 

For all these reasons, multilayer interconnect structures have been developed. One 
such structure is illustrated in Figure 11-21 and serves to summarize the issues we have 
discussed. AW plug is used in both the contact and the vias, resulting in good planarity. 
At the bottom of the contact, TiSii is used to make good electrical contact to the Si, and 
also serves to strap the sources and drains, providing for lower sheet resistance along 
those paths. In both the contacts and the vias, TiN surrounds the W, promoting adhesion 
to the oxide. It also acts as a barrier to prevent attack of the underlying material by WF6 
during W deposition. The global interconnect structure, or "stack," in this example is 
TiffiN/ Al(Cu)/TiN. Cu in the Al suppresses electromigration and hillock formation. Ti 
improves the grain texture of the Al for better electromigration protection and pro­
motes adhesion. TiN is a barrier between the Al and Ti to limit TiAb formation. The 
TimN and TiN layers on the bottom and top of each interconnect provide an electrical 
shunt in case of void formation in the Al. They also suppress lhiJlock and void formation 
by providing mechanical barriers to plastic deformation. TIN on the top also acts as an 
antireflective layer for lithography. Many variations of this structure are used by dif­
ferent manufacturers, especially in the exact makeup and order of materials in the in­
terconnect stack (the Ti or TiN is often omitted from the bottom of the stack, for 
example). But the basic idea of multilayer planar structures is very common. 

Dielectric layers are used to separate and electrically isolate conducting layers from 
each other. Two types of dielectric layers associated with metallization schemes were 
shown in Figure 11-1. The first-level dielectric is a deposited layer that separates the 
global (usually Al) interconnects from the diffused substrate areas, polysilicon, and lo­
cal interconnects. The interrnetal dielectrics (IMDs) are deposited dielectrics that 
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separate the global interconnects. (The other common dielectric layers are the gate ox­
ide and the field oxide, both of which are thennally grown and have been discussed in 
previous chapters.) Because the first-level dielectric is deposited before any Al is pre­
sent, while the intermetal dielectrics are deposited after Al is present, they have differ­
ent processing requirements and restrictions. 

There are a number of general requirements for dielectric layers [11.18]. Good 
electrical isolation is paramount and includes properties such as a low dielectric con­
stant so that interconnect capacitances are low; a high breakdown field strength (>5 
MY/cm); and low leakage (bulk and surface resistivity should exceed 1015 O cm). In 
addition, dielectric layers should provide good adhesion to silicon, metals, and sih­
cides; low intrinsic stress (50-100 MPa or less); thermal stability (up to 850- 950°C for 
first-level dielectrics and up to 500°C for intermetal dielectrics); contain no moisture 
or metallic impurities (which can diffuse into the substrate and cause leakage cur­
rent); low-defect density (pinholes and particulates); high-structural density (low 
porosity); contain no residual constituents that can outgas; and they should be per­
meable to hydrogen (so that passivation of the Si/Si02 interface states can take 
place). Table 11-6 lists several dielectric materials used or being considered for use in 
back-end structures. 

Tobie 11-6 Materials used or considered for interlevel dielectrics (After [ 11.19)) 
Material cla-,s Material Dielectric com;tant Deposition technique 

Inorganic SiO. (including PSG 3.9-5.0 CVD 
and BPSG) Thermal oxidation 

Hias-spullenng 
I ligh-density plasma 

Spin-on-glass (SiO,) 
(including PSG and 

3.9-5.0 SOD (spin-on-dielectric) 

BPSG) 

ModifiedSiO 2.8-3.8 ('VD/SOD 
(e.g .. □uorinated SiO 
or hydrogen silscsqu-
ioxanc-1 ISO) 

BN (Si) > 2.9 CVD 
Si,N, (only used in 5.8-o.l CVD 
multilayer structure) 

Organic Polyimidcs 2.9-3.9 SOD/C'VD 
Fluorinated polyimidcs 2.3-2.8 SOD/CVD 
Fluoro-polymers 1.8-2.2 SODICVD 
F-doped amorphous(' 2.0- 2.5 CVD 

Inorganic/Organic Si-O-C hybrid polymers 2.0-3.8 SOD 
Hybrids based on organosilses-

quioxancs (e.g .. MSQ) 
Aerogcls Porous SiO, (with tiny 1.2-1.8 SOD 
(Microporous) free space regions) 
Air bridge 1.0- 1.2 
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CVD silicon dioxide is the dominant dielectric material used in back-end structures. In 
the 1960s, it was found that if the CVD SiO2 was doped with phosphorus, forming phos­
phosilicate glass, better properties for MOS technology were obtained (see Chapter 4, Sec­
tion 4.2.3). Phosphosilicate glass (PSG) is made up of P2Os and SiO2. The phosphorus in the 
films allows the film to getter, or tie up, sodium ions, resulting in more stable MOS char­
acteristics. It also reduces the built-in tensile stress often present in deposited SiO2 films. In 
addition, the presence of phosphorus allows one to "reflow" the layer. By annealing the 
PSG in steam at a temperature from 950-1100°C, the dielectric layer flows in order to re­
duce surrace energy, and any sharp corners are smoothed out. Undoped oxide does not 
flow nearly as much because of its higher viscosity. Reflowing also helps in filling spaces be­
tween closely spaced lines. Reflowing the dielectric results in better step coverage of sub­
sequent layers and was one of the first planarization techniques. The amount of 
phosphorus incorporated in the films ranges from 4 to 8 wt. percent, with more phospho­
rus leading to more reflow. However, more phosphorus also enhances the film's absorption 
of water. Atmospheric moisture absorbed in the film can react with the phosphorus to form 
phosphoric acid, which can lead to corrosion of aluminum layers on top of and below the 
film. Absorbed water can also lower the dielectric constant of the film, and can outgas dur­
ing heating, causing metal deposition problems. A sandwich structure is often used with 
layers of undoped SiO2 below and above the PSG to help protect against these problems. 

PSG has commonly been used as the first-level dielectric. Since Al is not present at 
this point in the processing, high-temperature densification and reflow can be used. If 
silicides are present, temperatures below 950°C are required for first dielectric-level 
processing since most silicides start to degrade at about 900°C. lf boron is added to 
PSG, to form BPSG (borophosphosilicate glass), the reflow temperature is reduced to 
about 800°C. Reflowed BPSG is illustrated in Figure 11- 22. BPSG, with 2-6 wt. percent 
boron and phosphorus, also traps sodium and reduces the stress in the film. 

When two metal-level interconnect structures were first introduced, PSG or BPSG 
were initially used for the intermetal dielectric. But since the structures with Al layers 
could not be heated above 450°C, a reflow step could not be done, and these films had 
many problems. Because of the relatively high sticking coefficients (around 0.3 to 0.4) 
characteristic of si licon dioxide films formed by the oxidation of silane, conformal de­
positions were usually not achieved. This can lead to problems with step coverage and 
filling of spaces. These problems get worse as metal spacings shrink with each new 

Figure 11-22 SEM image or BPSG oxide layer af­
ter 800°C reflow step, showing smooth topography 
over steps. Photo courtesy or Vl.51 Technology, Inc. 
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Fi1•r• 11-23 SPEEDIE simulations of silicon dioxide depositions over a step for silane deposition 
(Sc = 0.4) on left and TEOS deposition (Sc = 0.1) on righ~ showing Jes.5 cusping in the laner =e. 

generation, especially if metal thicknesses do not shrink as fast. Without a reflow step 
to smooth out the films and fix the coverage and fill problems, failures in the intercon­
nects can result. In addition, low-temperature SiO2 films that are not annealed at higher 
temperatures are not as dense and not as good quality. Other deposition and process­
ing techniques, as well as different materials, were needed for intermetal dielectrics. 

Plasma-enhanced CVD techniques provide better oxide films for intermetal di­
electrics. The energy from the plasma enhances the deposition reactions and provides for 
denser films and somewhat better coverage and filling at lower temperatures. Silicon diox­
ide films deposited by decomposing TEOS ( tetraethooxysilane-Si( OCiHs)4), rather than 
by reacting oxygen and silane, have also been developed. The reactant species in these de­
positions tend to have a low sticking coefficients, on the order of 0.1. This results in more 
conformal films than those produced from silane for both LPCVD and PECVD systems. 
Figure 11-23 shows SPEEDIE simulations of LPCVD silicon dioxide depositions overa 
step for silane deposition (Sc = 0.4) andTEOS deposition (Sc = 0.1). Less cusping occun 
in the latter case, resulting in better conformality as well as filling ability. Even better con­
formality and filling ability at low temperatures is achieved by reacting the TEOS with 
ozone. Low-temperature deposition processes, using ozone or PECVD, allow the use of 
TEOS oxides as intermetal dielectrics. The non-plasma, TEOS/O3 films are more porous 
than silane based or PECVD TEOS oxides and absorb more moisture. Often a thin layer 
of PECVD TEOS or silane oxide is used below and above TEOS/O3 films. Bias-sputter­
ing or a sequential deposition/etch/deposition process may also be used to help with fill. 
ing. TEOS films are sometimes used in the first-level dielectric level as well. The TE0S 
films can be doped with P or B to help with Na gettering and reflow properties. 

Planarization is important in multilevel back-end structures and can be divided into 
local planarization and global planarization. Local planarization occurs over submicron 
or micron (device) dimensions, while global planarization occurs over circuit or chip di­
mensions. Figure 11-24 illustrates this. Global planarization is usually desired, but local 
planarization is easier to achieve. An example of local planarization would be the re­
flow process, where the areas between closely spaced lines are filled in with the oxide 
during the reflow anneal, but larger spaces or areas outside are not. 
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(a) No planarization (b) Local planarization ( c) Global planarization 

·--------------------------------------------------------------------------------------------------------------------
Example In Figure 11-24(b ), approximately what degree of planarization has been 
achieved locally and what degree of planarization has been achieved globally? 

Answer By Eq. (11.13), the degree of planarization is 

f 
DOP = 1 - Xstep 

X~tep 

The initial step height is the height of the metal line and is some finite number. In re­
gard to local planarization, the final step height corresponds to the step height in the 
region that was locally planarized, that is, the regions between or within the metal 
lines. The step height here is close to zero, so that the degree of planarization locally 
is close to l. Globally, the final step height would correspond to the maximum step 
height on the surface. Here it would be close to the initial step height. Therefore, the 
degree of planarization globally is close to zero. 

---------------------------------------------------------------------------------------------------------------------

Another planarization method involves etchback. In this technique the dielectric is 
deposited, sometimes followed by the deposition of a sacrificial layer. The overall struc­
ture is then etched back to planarize it. The earliest such process used photoresist as a 
sacrificial etchback layer on top of oxide. The photoresist was deposited, or spun, over 
the oxide layer, filling up the spaces and ending up with a nearly flat top surface. After 
a hard-bake, an etch is done which etches both the oxide and photoresist, ideally at the 
same rate. When the bottom of the photoresist is reached, a nearly flat oxide is left be­
hind. This is illustrated in Figure 11-25, and results in local planarization, but only lim­
ited global planarization. This can also be done without a sacrificial layer if the dielectric 
layer is deposited thick enough. This is because the thicker a material is, the smoother 
the local topography tends to become. Plasma etching, argon sputtering, or chemical­
mechanical polishing can be used to etch back the dielectric layer, leaving a more pla­
nar topography. 

An additional planarizing method is to use a Spin-On-Glass (SOG). This is similar to 
the photoresist etchback technique, but here the spun-on material is left behind and 
serves as an intermetal dielectric. SOG materials are initially liquids, containing organic 
siloxanes or inorganic silicates in an alcohol-based solvent. The liquid SOG is spun onto 
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Photoresist 

~ Oxide 

Silicon 

Figure 11-25 Illustration of photoresist etchback process. 
Photoresist is deposited over rough topography, then the struc­
ture is etched back, leaving a smooth top surface on the oxide. 

Silicon 

Figure 11-26 Back-end structure (left) without etchback step, showing poisoned via (star-shaped structure) where the via metal is 
in direct contact with Spin-On Glass (SOG) layer. The back-end structure on the right with an etchback step, does not have poisoned vias 
since the via metal is not in direct contact with the SOG layer. 

the wafer like photoresist, filling the spaces between features. (It can also fill voids be­
tween lines as long as the voids are not completely closed off at the top.) Then the wafer 
is baked and cured, driving off the solvents and polymerizing the silicon-containing 
groups, resulting in the formation of Si-0 -Si bonds. SOG is often sandwiched between lay­
ers of CVD Si02 in an intermetal dielectric structure, as shown in Figure 11-26. The SOG 
process is often combined with an etch back. After deposition and curing, the SOG is etch­
backed so that no SOG remains over any metal region that will have a via made to it. This 
is so that when via holes are cut through the intermetal dielectric, they do not pass 
through any SOG, as also illustrated in Figure 11-26. If they did, residual gases and mois­
ture from the SOG could contaminate the contacts or vias and cause large increases in 
contact or via resistance, so-called "poisoned vias." SOG films made from organic-based 
solutions, containing carbon, are more susceptible to this than those made from inorganic 
solutions. With SOG, local planarization and limited global planarization are achieved. 

As alternatives to spin-on Si02 films, other Spin-On Dielectric materials (SODs) are 
being developed. These are either inorganic, organic polymer materials, or hybrid or­
ganic/inorganic materials (Si-0-C polymers). Table 11-6 lists some common materials. 
While providing good filling and local and some global planarization like SOG, they 
have the advantage of having lower dielectric constants than Si02. This means the inter­
metal capacitance is lower, and the RC delay of the interconnects is improved. The main 
problems with these low-K materials are thermal stability (i.e., they often decompose at 
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moderate temperatures) and moisture absorption, both of which tend to degrade their 
electrical properties and adhesion. Sandwich layers with CVD Si02 are often used to 
mitigate these problems. 

A more recently developed oxide deposition technique is called High-Density 
Plasma (HDP) deposition, and was described in Chapter 9. This high-density plasma re­
sults in a dense CVD oxide film at temperatures as low as room temperature. When a 
separate RF bias is applied on the substrate, the angular dependence of the sputtering 
yield of the ions is exploited, as in bias-sputtered deposition, resulting in more planar 
and void-free films. HDP oxides can be doped with phosphorus and boron when used 
as a first level dielectric, although boron is not usually used since reasonably planar and 
conformal films are obtained without the need of a high-temperature reflow step. Flu­
orinated oxides for low-dielectric constant material can also be deposited by HDP. 
While HDP deposition can planarize any topography if enough film is deposited, it is 
usually used in conjunction with other planarizing techniques and is mainly utilized for 
its excellent hole or gap filling ability. 

A planarization technique that has recently become part of mainstream processing 
is Chemical-Mechanical Polishing, or CMP. With this technique, global or near-global 
planarization can be achieved. As its name implies, CMP is a combination of chemical 
and mechanical polishing or etching. Wafers are held face down against a spinning pol­
ishing pad (made of a roughened polyurethane plate), and a colloidal silica slurry is 
kept between the pad and the wafer. The chemical composition and pH of the slurry are 
important and depend on the material being polished. For planarizing an oxide layer, a 
high-pH alkali-based solution is often used, while a low-pH, oxidizer-based solution is 
commonly used for metals. In general the chemical reaction at the wafer surface makes 
the surface material susceptible to mechanical abrasion by the silica in the slurry. For sil­
icon dioxide removal, it is believed that the potassium hydroxide in the slurry reacts 
with the oxide to form a hydrated silicate layer, which is then removed mechanically by 
abrasion. For metal removal, the solution oxidizes the surface which is then polished in 
a similar fashion to the oxide removal. 

Figure 11-27 shows a cross section of the CMP pad in contact with the top of a wafer. 
A semirigid polishing pad is used to allow for any bowing or thickness nonuniformities 

Wafer Carrier ~ 
Slurry 

Close-up of wafer/pad interface: 

Silicon 

~ Oxide 
777. Slurry 

Polishing Pad 
(semi-rigid) 

Fl9•r• 11-27 illustration of Chemical-Mechanical Polishing (CMP) system. The right hand figure shows a close-up of wafer/pad interface. 
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Deposit Thick Oxide 

Locally Planarized Topography Remains Globally Planarized Topography Remains 

Figure 11-28 Illustrating the differences between using plasma etchback and chemical-mechani­
cal polishing to planarize the dielectric. 

in the silicon substrate. These would cause uneven etching if a perfectly rigid pad were 
used. The CMP process removes elevated features without much thinning of lower ar­
eas, thus planarizing the topography. CMP is used commonly for dielectric planariza­
tion, and is also being used for the W damascene process for the etchback of W (recall 
Figure 11-19). While standard plasma etchback processes achieve local planarization, 
global planarization is obtainable with CMP. Figure 11-28 illustrates this. 

It should be pointed out that with all this effort at planarization, there is a drawback, 
other than just complicating the process. Without planarization, each layer is approxi­
mately uniform in thickness. The topography may go up and down, due to the presence 
or absence locally of features below it, but the vertical thickness of the layer is fairly 
constant ( except just at the edges of features, of course). Therefore a process like etch­
ing holes in the layer is relatively straightforward since the depth one has to etch is con­
stant from one area to the next. However, with planarization, local thicknesses of layers 
can vary significantly. As a result, one must etch different amounts in different locations 
to get to the level below. Fortunately this problem with planarization usually only oc­
curs for the contact level. After the first dielectric level is planarized, the vias between 
consecutive interconnects in the upper planarized levels will have the same heights, as 
shown in Figure 11-1. 

As with the contacts, vias, and interconnects, dielectrics have evolved from simple 
layers into more complex multilayered structures as the processing and circuit demands 
have increased. Low-temperature processing and planarization have been the two main 
driving forces in their evolution. Countless numbers of different structures and 
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Figure 11-29 Schematic diagram of a back-end strueture sho,"ing one possible di­
electric multistructure scheme. Planarized topography is achieved. Other variations in­
clude HDP oxide or the use of CMP, either of which could reduce the number of sublayers 
-but the general structure would remain the same. 

planarization schemes have been developed. Shown in Figure 11-29 is one possible, 
rather generalized, structure. It utilizes BPSG for the first-level dielectric, a W plug 
etchback, a Spin-On-Glass (SOG) or Spin-On-Dielectric (SOD) for the intermetal di­
electric, and multilayer dielectric structures. The oxide layers could be either silane or 
TEOS based, using PECVD, bias sputtering, or HDP, and with or without an etchback 
or CMP. If an HDP oxide is used instead of BPSG or SOG/SOD, a moisture barrier be­
low or above it may not be necessary. The intermetal dielectrics must be deposited and 
processed at temperatures less than 450°C, while the first-level dielectrics can often be 
done at temperatures up to 900°C or so. 

Figure 11-30 shows SEM images of two current back-end structures. The first with 
three metal levels and 0.35-µ,m technology uses SOG and CMP. while the second one, 
a more advanced technology with five metal levels and 0.25-µ,m technology, uses HDP 
oxide and CMP. 

11.3 Manufacturing Methods and Equipment 
There are countless different structures and fabrication strategies for practical back-end 
structures, and we cannot hope to cover them all here. However, we will go through 
some representative processing steps and procedures used to fabricate CMOS inte­
grated circuits. This discussion will provide some of the details that were left out in the 
CMOS process in Chapter 2. We will refer to that process throughout this section. 
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