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Abstract— The year 2007 saw the introduction of the first
high-k/metal gate (HKMG) devices into the marketplace. This
marked the return of metal-gate technology on silicon for the
first time since polysilicon gates became ubiquitous in the early
1970s. Intel was the first to use high-k/metal gate in its 45-nm
product. Other leading-edge manufacturers have now launched
HKMG products in both gate-first and gate-last forms, and now
the first 22-nm FinFET products have come onto the market —
the Intel Ivy Bridge CPU. Chipworks, as a supplier of competi-
tive intelligence to the semiconductor and electronics industries,
monitors the evolution of chip processes as they come into com-
mercial production. Chipworks has obtained samples of this
leading-edge part and performed structural analyses to examine
the features and manufacturing processes of the device. This
paper discusses some of the different features we have seen with-
in the chip, and illustrates the structure of the tri-gate transis-
tors.

1. INTRODUCTION

As device dimensions shrank into the nanometer range,
transistor performance no longer scaled. Drive current became
limited by velocity saturation of the carriers and gate leakage
reached the point where power dissipation became unaccepta-
ble.

The velocity problem has been resolved by straining the sil-
icon lattice in the channel region to increase carrier mobility.
Intel launched the first widespread commercial use of process-
induced strain in its 90-nm Prescott microprocessor in early
2004 [1], using a tensile-stressed contact etch-stop layer
(CESL) for NMOS transistors, and embedded SiGe
source/drains to apply compressive uni-axial stress to PMOS
device channels. Other manufacturers also adopted CESL
stress, and adapted it to both NMOS and PMOS transistor
structures [2]. They also used other techniques such as stress
memorization and <100> channel direction to improve carrier
mobility. The use of these mobility enhancement techniques
has been fully assimilated into later generations, in 65-nm, 45-
nm, and now 32- and 28-nm technology.

Gate leakage has proved a more difficult problem to solve.
Years of effort and millions of dollars have been expended on
research into different dielectric materials with lower leakage
properties. However, with the introduction of a hafnium (Hf)
based dielectric in Intel’s 45-nm commercial part [3], gaining a
claimed 10x leakage reduction, high-k/metal gate (HKMG)
became a volume production technology.
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Fig. 1. Transmission electron micrograph (TEM) of general structure
of Intel Xeon E3-1230v2 illustrating (a) full stack, and (b)
metals 1 to 8.
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However, the weaknesses of increasingly short channels
remained and the need for a fully depleted device became ob-
vious as dimensions shrank into the 20-nm range. The choice
then becomes fully-depleted silicon-on-insulator or some form
of finFET structure, and both solutions have their merits. Intel
has chosen the tri-gate form of finFET on a bulk substrate; the
following details our analytical results.

II. Ivy BRIDGE STRUCTURAL ANALYSIS

Intel launched their Ivy Bridge series of processors at the
end of April 2012 [4], using their 22-nm tri-gate transistor
technology. Fig. 1 shows the general structure of the part, with
nine layers of copper interconnects including a thick top bus
layer. The lower metal stack and both NMOS and PMOS tran-
sistors are displayed in Fig. 2. This image appears is a little
confusing because the gate metal is partly obscured by the
tungsten contact/local interconnect layer, but we can see three
fins in the NMOS and four fins in the PMOS. This is a side
effect of imaging in the transmission electron microscope
(TEM). A typical TEM sample is 80—-100 nm thick to be thin
enough to be transparent to the electron beam and at the same
time have enough physical rigidity so that it does not bend or
fall apart. However, here we are trying to image structures in a
die with a gate length of less than 30 nm. So if we make a
sample parallel to the gate and if the sample is aligned perfect-
ly along the centre of the gate, then it will contain the gate plus
at least part of the source/drain (S/D) silicon and contacts on
either side. Epitaxial growth is also visible on the source/drain
of the PMOS fins, and there are clearly defects in the epi
growth, as shown by the notches on two of the fins. It appears
that the metal/dielectric stack has evolved. Judging by the
physical strength of the low-k, it has a lower k-value than the
previous 32-nm part [5], and the dielectric cap / diffusion bar-
rier layer on the copper is now SiOC (not SiCN) to reduce the
overall effective k-value. The copper is doped with aluminum
to improve electromigration.

Fig. 2. NMOS (left) and PMOS (right) transistors and lower metal
stack.

Fig. 3 shows orthogonal views of a PMOS transistor across
the gate (top) and across the fins (bottom). The fins have a sig-
nificant taper, unlike the schematics and many of the papers in
finFET literature. The dark line at the base of the gate is ~2nm
of Hf-based high-k dielectric over ~1 nm of oxide; the mottled
layer just above the high-k is likely the TiN work-function
metal material, as used in earlier generations. Minimum ob-
served gate length is ~25 nm with a contacted gate pitch of ~90
nm. The fin pitch is ~60 nm.

Fig. 3. TEM cross-sections of Intel 22-nm PMOS tri-gate transistor.



Fig. 4. TEM image showing epitaxial SiGe in PMOS source/drain.

There is embedded SiGe in the source/drains, although not
etched to the <111> planes as in the 32- and 45-nm product. It
also looks as though the tops of the gates have been etched
back and back-filled with dielectric, and the contacts are self-
aligned as in memory chips. The top image is a bit fuzzy, but
the SiGe is clearly in a rounded cavity with no facets on the top
though there are facets on the sides of the fin (as seen in Fig.
2). Analysis is ongoing at the time of writing, so the Ge content
is as yet unknown. A close-up image of the epitaxial SiGe at
the top of a fin in a PMOS source/drain is displayed in Fig. 4.
The growth facets are quite clear, and the horizontal interface
between the e-SiGe and the lower part of the fin can also be
seen.

Similar images to Fig. 3, but of an NMOS transistor, are
shown in Fig. 5. As expected, the gate wrap over the fin is sim-
ilar to PMOS, although the work-function material is likely
TiAIN. The gate fill metal has changed though. It is now
tungsten rather than TiAl. Cavities have been etched in the
source/drains and back-filled with epitaxy.

Intel states that the stress mechanisms are similar to pre-
vious generations. While we can see the e-SiGe PMOS stres-
sor, the NMOS is unclear. There are no stacking faults as in 32
nm. At the 45-nm node, Intel used tensile tungsten in the con-
tacts to apply channel stress — have they transposed this to the
gates in the 22-nm process?

The crystal lattice structure of the fin in Fig. 6 shows a di-
amond-like pattern of dots created by the columns of atoms in
the silicon crystal lattice. This tells us that the sample is
oriented in the <110> direction, which given that silicon has a

Fig. 5 TEM cross-sections of Intel 22-nm NMOS tri-gate transistor.

face-centred cubic structure in which equivalent planes are at
right angles, means that the channel direction is also <110>.
The rounded top of the fin is likely there to reduce concentra-
tion of electric field at fin corners and improve reliability,
while the slope of the fin may be a consequence of the etching
process or conceivably using STI stress to improve mobility.

The gate stack and formation sequence seems to be similar
to the 32-nm part, forming the PMOS first, etching out the TiN
and then forming the NMOS work-function layer. This is illu-
strated in Fig. 7 — the NMOS work-function material in the left
half of the gate flows up and over the PMOS TiN work-
function metal.



Fig. 7. TEM image of NMOS/PMOS gate transition.

Fig. 8 shows a SEM image of the SRAM array taken at a
tilt angle. This is a clear example of the quantization of transis-
tor width when using finFET structures. In the 6-transistor cell,
the NMOS pull-up transistors use two fins, and the other tran-
sistors use one fin each; so the pull-up transistors are twice the
size of the others. Cell size is larger than Intel’s published min-
imum size of 0.092 pm” at 0.11 pm?.

Fig. 8. Tilt SEM image of SRAM cell.

III. SUMMARY

We have reviewed some of the results of our analysis of In-
tel’s 22-nm tri-gate Ivy Bridge processor chip. This is the first
example of a finFET/tri-gate part in high-volume commercial
production, and shows many innovations in its device struc-
ture. At the time of writing, we have not completed the chemi-
cal analysis of the part, so some of our conclusions are based
on experience rather than hard analysis. Essentially we believe
that that the gate work-function materials are similar to those
used for the previous 45- and 32-nm generations. The gate fill
has changed from TiAl to tungsten, possibly as a way of stress-
ing the NMOS transistor, whilst it seems that embedded SiGe
is still used as a PMOS stressor, albeit adapted to the tri-gate
structure. It is possible that the STI is also used as an NMOS
stressor. In the metal/dielectric stack, Al-doped copper is used
for electromigration improvement, and the effective k-value of
the dielectric has been reduced to help minimize intermetal
parasitic capacitances. With this part, Intel has pushed the
boundaries of design and manufacturability yet again — will we
see 14-nm devices in two years?
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