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Solving the Annealing of Mo Interconnects for Next-Gen
Integrated Circuits

Ivan Erofeev, Antony Winata Hartanto, Khakimjon Saidov, Zainul Aabdin, Antoine Pacco,
Harold Philipsen, Weng Weei Tjiu, Hui Kim Hui, Frank Holsteyns, and Utkur Mirsaidov*

Recent surge in demand for computational power combined with strict
constraints on energy consumption requires persistent increase in the density
of transistors and memory cells in integrated circuits. Metal interconnects in
their current form struggle to follow the size downscaling due to materials lim-
itations at the nanoscale, causing severe performance losses. Next-generation
interconnects need new materials, and molybdenum (Mo) is considered the
best choice, offering low resistivity, good scalability, and barrierless integration
at a low cost. However, it requires annealing at temperatures far exceeding
the currently accepted limit. In this work, the challenges of high-temperature
annealing of patterned Mo nanowires are looked into, and a new approach
is presented to overcome them. It is demonstrated that while a conventional
annealing process improves the average grain size, it can also reduce
the cross-section area, thus increasing the resistivity. Using high-resolution
transmission electron microscopy (TEM) with in situ heating, the
evolution of structural features in real time is directly observed. Using insights
from these experiments, a cyclic pulsed annealing method is developed,
and it is shown that the desired grain structure is achieved in only a few
seconds, without forming the surface grooves. These findings can radically
facilitate Mo integration, boosting the efficiency of future integrated circuits.

1. Introduction

Moore’s law of device scaling has been guiding semiconductor
technology development toward higher computational power and
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lower energy consumption for the past
60 years.[1] This required a steady re-
duction in the size and increase in the
density of all elements in integrated cir-
cuits (ICs).[2–4] While the recent advances
with new gate-all-around designs ensure
further downscaling of transistors for at
least a few generations,[5] metal inter-
connects that link individual transistors
have become the real bottleneck. Sim-
ilarly, the ever-growing size of NAND
flash memory stacks sets a higher plank
for the performance of metal intercon-
nects than what current technology can
reach. At the scale of tens of nanome-
ters, where the metal width d and the
average grain size D become compara-
ble to the electron mean free path 𝜆,
the electron scattering off the surface
and reflections at the grain boundaries
(GBs) substantially increase the effective
metal resistivity. The surface and GB con-
tributions follow the Fuchs-Sondheimer
(FS) and Mayadas-Shatzkes (MS) scal-
ings, respectively[6,7]: 𝜌S ∼ 𝜌0

𝜆

d
(1 − p)

and 𝜌GB ∼ 𝜌0
𝜆

D
( R

1−R
). Here, 𝜌0 is the bulk resistivity, p is the

surface specularity (i.e., the fraction of electrons keeping their
parallel momentum upon reflection from the metal surface),
and R is the probability of an electron reflection from a GB. It
follows, that metals with short 𝜆 are less susceptible to these
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effects and can perform better at the nanoscale, even if their 𝜌0
is higher. Copper (Cu) has been used as an interconnect metal
for decades due to its very low 𝜌0 = 1.68 μΩ cm, but its rela-
tively long 𝜆 = 39.9 nm makes the downscaling of Cu inter-
connects to d < 20 nm challenging.[8,9] Moreover, the need for
a barrier layer to prevent Cu diffusion into the surrounding di-
electric under electric and thermal load reduces the effective con-
ductor width by another 3–4 nm on each side,[10–12] which leads
to an even more drastic increase in the line resistance. Hence,
an ideal metal for nanoscale wiring should feature a low 𝜌0𝜆

value and not need a barrier layer for maximum conductive cross-
section.[13,14] The most promising candidate that fits the above
requirements is molybdenum (Mo). It has 𝜌0 = 5.34 μΩ cm and
𝜆 = 11.2 nm,[15] does not diffuse into dielectrics,[16,17] and can
be patterned using direct metal etch, a simpler and cheaper ap-
proach compared to the damascene process currently used for
Cu.[18–21] In addition, it is much cheaper than its main competi-
tor – similarly performing ruthenium (Ru) with 𝜌0 = 7.8 μΩ cm
and 𝜆 = 6.59 nm[14] (currently ≈65 USD/kg for Mo versus over
14 000 USD/kg for Ru [22]). The key integration challenge for Mo
lies in its high melting temperature of 2623 °C,[23] which sug-
gests that achieving coarse grain structure to reduce 𝜌GB will re-
quire annealing at temperatures well beyond the currently ac-
cepted limit of ≈500 °C.[24] Although this limit can be potentially
increased in the new backside power delivery architecture,[25,26]

or by using unconventional annealing methods such as a laser
beam,[27,28] annealing of Mo nanowires at temperatures this high
has not been widely explored.

Interconnect wires have been previously studied on the exam-
ples of Al and Cu[8,9,29–31] at the scales relevant for the correspond-
ing technology generations. These studies show that achieving a
so-called bamboo grain structure, so that all GBs go across the
wire axis and take the entire cross-section, is critical for the per-
formance. More recent studies address the resistivity of cobalt,[32]

ruthenium,[33] and tungsten[34] nanowires as a function of their
width and the effect of annealing, but they do not provide any
nanoscale details about the structure evolution or the resistiv-
ity dependence on the grain size. For Mo metallization, studies
so far have mostly been focused on thin films[35,36] rather than
nanowires because the films are easy to manufacture and have
standard procedures to characterize their structure and electrical
resistivity. However, because of the morphology difference, thin
film results are not directly applicable to nanowires in integrated
circuits. In quasi-2D polycrystalline films, the GB migration dur-
ing annealing is largely unconstrained in two planar dimensions:
if a GB motion stops in one direction, it can continue in the other.
This is because GBs are arranged in a network, and each geome-
try variation generates a long-range equilibrium perturbation.[37]

Of course, there is a pinning effect from surface grooves,[38,39] but
it poses only a minor obstacle. In contrast, quasi-1D nanowires
are limited by the surface in two dimensions, so GBs can only
rearrange locally. Because of the energy minimization criterion,
they tend to turn perpendicular to the wire axis, forming the bam-
boo structure. This makes GBs disconnected from each other on
a larger scale, so once a local equilibrium is achieved, there is little
drive for further migration. Provided that the initial average grain
size in a nanowire is very small, the maximum grain size after an-
nealing cannot be much bigger than the nanowire width. For this
reason, polycrystalline films have larger grains when subjected to

similar annealing conditions. On the other hand, film annealing
has to be done separately for each metal layer, while using post-
patterning annealing enables processing the entire stack at once,
potentially saving hours of fabrication time.

Hence, the major open questions regarding nanowires are: i)
how does the crystal structure change during annealing?; ii) how
much can the mean grain size be improved and how much will
it reduce the resistivity; iii) what are the optimal annealing tem-
perature and duration?

Here, we describe how the grain structure of patterned Mo
nanowires evolves during different annealing scenarios. First,
we show how conventional nanowire annealing affects the grain
structure and resistivity over time and identify the key issue
of this process: formation of GB grooves, which reduce the
nanowire cross-section and thus increase the resistance, negating
the positive annealing effect. Using high-resolution transmission
electron microscopy (HRTEM) with in situ heating, we track the
evolution of individual grains and structural features during the
annealing at different temperatures at the atomic scale. We focus
on the dynamic changes in surface diffusion and GB motion with
the temperature increase and identify the respective time scales
that govern the interplay between these processes. Based on these
insights, we present the cyclic pulsed annealing approach, which
allowed us to achieve the bamboo grain structure and high sur-
face smoothness in just a few seconds while not forming any GB
grooves.

2. Results and Discussion

The nanowires used in this work are patterned in large arrays
from a Mo film, with each wire being 40 nm in height and 32 nm
in width, as shown in the schematics in Figure 1A. A typical an-
nealing profile with a dwell temperature of 800 °C is shown in
Figure 1B, where four key states are marked with Roman numer-
als I-IV: before the annealing, after 0.5, 1, and 2 h. The corre-
sponding top-view TEM images of the nanowires in Figure 1C
show a steady increase in the grain size, as well as the forma-
tion of deep GB grooves at the later stage of annealing. The his-
tograms in Figure 1D show grain size distribution for these four
states obtained through automated grain recognition in TEM im-
ages. Without annealing, the distribution features a single peak at
13 nm and the average grain size is 13.6 nm, while the maximum
is ≈34 nm. This is consistent with the previously reported scal-
ing of average grain size with the film thickness.[36] After 30 min
of annealing at 800 °C, a second peak in the grain size distribu-
tion appears ≈23 nm size, increasing the average grain size to
18.3 nm. After 1 h of annealing, the number of small grains be-
low 15 nm is significantly reduced, and the average grain size
increases to 23.8 nm, while the maximum grain size remains be-
low 40 nm. After 2 h of annealing, the size distribution is nearly
normal, with a mean value of 31.2 nm. There are only a few
grains below 15 nm in size, and the maximum size increased
beyond 50 nm. Finally, the measured resistivities of nanowires
are compared in Figure 1E: the resistivity gradually reduces from
the initial 20.6 to 15.9 μΩ cm, that is, by 22%, during the first
hour but then increases to 28.3 μΩ cm during the second hour of
annealing. The first three data points fit well to the FS-MS the-
oretical scaling[6,7] with specularity p = 0 and GB reflection co-
efficient R = 0.65, but the final point deviates from this scaling
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Figure 1. Furnace-annealed Mo nanowires. A) Schematics of Mo nanowires patterned over a SiO2/SiNx film on a Si wafer. B) A typical annealing profile
with the dwell temperature of 800 °C, four key conditions are marked with Roman numerals. C) Top-view TEM images of nanowires at the four conditions
of (B). D) The corresponding grain size distributions. Here, linear grain size is calculated as the square root of the projected grain area. The mean value
D is indicated by the dashed line. E) The corresponding measured resistivity. Theoretical values (black curve) are calculated using the combined FS–MS
model using known nanowire geometry and the average grain sizes from (D), with fitted model parameters p = 0 and R = 0.65.

significantly. This demonstrates that the inverse relation between
the average grain size and the resistivity holds as long as the
wire cross-section is preserved. And though the NWs after 2 h of
annealing feature superior average grain size, deep GB grooves
heavily deteriorate its resistivity by forming bottlenecks that re-
duce the effective wire cross-section.

To better understand the observed transformations in the
grain structure, we tracked the evolution of structural features
down to the atomic scale in real time during in situ anneal-
ing of nanowires inside a TEM. We were mainly interested in
the relative time scales of atomic surface diffusion, GB mo-
tion, and groove formation at the relevant process temperatures,
which would help us identify the optimal annealing conditions.
Figure 2A shows a series of STEM (scanning TEM) images of
a growing Mo grain under stepwise in situ heating: we applied
heating profiles with 1-min ramps and a dwell time of 30 s,
with the dwell temperature gradually increasing by 50 °C up
to 1000 °C (Video S1, Supporting Information). After 30 s at
1000 °C, the initial atomic-scale roughness smoothens out signif-
icantly (Figure 2B), and the GBs almost reach their equilibrium
(i.e., stable) positions. At the same time, the GB grooves are still
negligibly small. Only after another 30 s do they start increasing

and become prominent by 600 s of the total dwell time at 1000 °C.
Similar dynamics can be observed in Figure 2C: the surface is
still rough after 800 °C but becomes atomically smooth after 30 s
at 1000 °C. After that, instead of waiting longer at 1000 °C, we
increased the temperature to 1200 °C and saw little changes on
the surface but a noticeable deepening of the groove. Note that
the bottom groove formed before annealing and remained stable
throughout the entire experiment. Figure 2D shows frames from
a TEM video of an in situ heating experiment with the temper-
ature raised from 1000 to 1100 °C (Videos S2 and S3, Support-
ing Information). Here, a small grain is consumed by its bigger
neighbors, forming a bump at the GB, which takes ≈75 s to dis-
similate fully due to surface diffusion. The final structure also
features noticeable grooves, similar to those predicted by Mullins’
theory.[38]

These findings are summarized in the schematics in Figure 2E
and can be explained as follows. In this nanowire system, both
surface smoothening and groove formation rates are governed
by the surface diffusion of metal atoms, while the groove depth
depends on the GB energy.[38,40] The GB migration rate is also
proportional to its energy and the diffusion of metal atoms at
the GB. As the GB energy is usually lower than the surface
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Figure 2. Evolution of structural features during annealing. A) Series of STEM images of a single grain during a stepwise temperature increase (see
Methods, in situ annealing, also Video S1, Supporting Information). Images are labeled by the top temperature and the total annealing time at this
temperature. Red arrows point at the examples of surface roughness, blue arrows mark the same areas smoothened. Green arrows mark smooth
surface triple junction, while orange arrows show the grooves formed. Yellow arrows show moving GBs. B) Magnified images from the dashed red
squares in (A). C) Series of STEM images of a quasi-static GB demonstrating the evolution of surface roughness and grooves. D) Series of TEM images
showing the consumption of a smaller grain by its two bigger neighboring grains, followed by the surface smoothening and groove formation during
overheating from 1000 to 1100 °C at 1 °C s−1 that started at t = 0 s (Videos S2 and S3, Supporting Information). E) Schematics showing the observed
time scales of the considered phenomena during in situ annealing.

energy, and since atoms only need to rearrange locally, the GB
motion can be activated at a lower temperature. High-energy
or high-curvature boundaries start moving first due to a larger
driving force, and as the temperature rises, the overall GB mo-
bility increases rapidly. On the other hand, surface diffusion

activates at a higher temperature, and it can take longer to
reach an equilibrium surface geometry, especially if GBs keep
moving.[41] During slow conventional annealing (Figure 1B), the
grain growth and surface smoothening/grooving proceed simul-
taneously. Even though the grooves are noticeable after 60 min
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Figure 3. Fast annealing of Mo nanowires and the effect of thermal cycling. A) Profiles with 2 s dwell time at 1200 °C and 1-s ramps. Time between the
pulses is arbitrary, as it does not affect the annealing efficiency. TEM images show the grain structure in the same area before annealing, after one cycle,
and after multiple annealing cycles. Grain size statistics are calculated for a square area with ten nanowires and represented with a box plot. The box
spans from the 25th to the 75th percentile, the middle line marks the median value, and the whiskers correspond to the 5th and 95th percentile values.
B) Same for the profiles with 2-s dwell time at 1200 °C and short 20-ms ramps. C) Same for the profiles with only 0.1 s of dwell time at 1200 °C and short
20-ms ramps.

of annealing, they don’t seem to restrict the GB motion, and
Figure 2D illustrates that a groove having only several atoms
in depth just follows its GB as it settles down. We argue that
the gradual GB motion is what keeps grooves relatively shallow
for the first 60 min during the conventional annealing. Conse-
quently, as the GBs approach their equilibrium configuration,
grooves grow deeper to establish a minimum total surface en-
ergy for each grain, eventually leading to the effective reduction
of the nanowire cross-section observed after 2 h.

Seeing that a higher temperature leads to a faster GB evolu-
tion while keeping the surface grooves small, it becomes obvi-
ous that increasing the process temperature and ramping rates
can drastically improve the annealing efficiency while also reduc-
ing the annealing duration, which is crucial for integration. Our
tests have shown that 1 h at 800 °C can be substituted with a
few minutes at 1000 °C (Video S4, Supporting Information) or a
few seconds at 1200 °C. Figure 3A shows a fast annealing pro-
file with a 2-s dwell time at 1200 °C and 1-s ramps, along with
TEM images and grain size distributions of Mo nanowires be-
fore annealing and after applying this profile multiple times in
cycles. Despite the short dwell time, we see a dramatic improve-

ment in the grain structure already after one cycle: it features a
bamboo pattern, the average grain size reaches ≈20 nm, and the
cross-section is very uniform. Repeating this annealing cycle five
times leads to further improvements, though the improvement
due to each consecutive cycle is smaller than the previous. The
final grain structure is largely similar to the result of annealing at
800 °C for 30 min, but the surface grooves are much less promi-
nent here (see Figure S1, Supporting Information for edge rough-
ness comparison), which should positively affect the resistivity.
According to our observations, the amount of idle time between
the pulses does not affect the annealing efficiency, so it can be
adjusted freely.

To test the effect of the ramping rate, we implemented another
profile with a 2-s dwell at 1200 °C but faster temperature ramps
of only 20 ms (Figure 3B). As before, already the first cycle en-
hanced the surface smoothness and reduced the number of small
grains almost as effectively as with slower ramps. Even though
the average grain size increased slightly less, the evolution of the
grain size distribution over five cycles is very similar, suggesting
that the temperature ramps can be kept as short as possible. We
then tested if the same result could be achieved when the thermal
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exposure is split into even shorter pulses, using a profile with only
0.1 s dwell time at 1200 °C (Figure 3C). This time, one cycle led
to only marginal structure improvement, but after about 20 cy-
cles, the average grain size is as after one 2-s profile in Figure 3B,
which validates that this approach is similarly efficient. Shorter
pulses can be used when the time-averaged thermal load needs to
be minimized, and if implemented to only heat the top surface,
this approach can provide means to effectively anneal Mo and
other high-melting-point metals while keeping other IC compo-
nents at a lower temperature.

3. Conclusion

We demonstrated that the nanowire resistivity can be reduced by
over 20% by post-patterning annealing and correlated this to the
increase in the mean grain size, in agreement with the theory.
Over-annealing is shown to induce deep surface grooves, thus
reducing the effective cross-section area of nanowires and dras-
tically degrading their electrical performance. By analyzing the
behavior of Mo nanowires during the annealing at the atomic
scale with high-resolution in situ TEM, we devised a cyclic fast
annealing method and demonstrated its high efficiency. Poten-
tially, this approach can improve the grain structure faster and
further than the conventional annealing method while avoiding
the formation of deep GB grooves. A large-scale implementation
of this method can be realized, for example, by using a sweep-
ing laser beam,[27,28,42] and our simulations show that selective
heating of metal nanostructures on a substrate is indeed possi-
ble (Section S2, Supporting Information). Additionally, as both Si
and SiO2 are transparent for infrared radiation, it should be pos-
sible to anneal the entire interconnect network at once with an IR
laser, accelerating the manufacturing process. Overall, we believe
that this work provides new insight into nanoscale details of high-
temperature processing of Mo interconnects, which will facili-
tate their integration into new generations of high-performance
computers.

4. Experimental Section
Fabrication of Mo nanowires: The process is described in detail in one

of the other papers,[43] with the only difference that in this work, no pre-
annealing was done, that is, the metal grain structure is defined by the
deposition and patterning steps only.

Furnace Annealing: A glass tube furnace was used with gold coating
pumped down for several hours with a turbopump to reach the base pres-
sure of 3 × 10−6 mbar. The furnace was baked before each annealing
experiment for 20 min at 800 °C to release possible contamination from
its walls. The ramping up and down times were set to 20 min (ramping
rate 39 °C min−1), with a dwell temperature of 800 °C and a dwell time of
30, 60, and 120 min.

Resistivity Measurement: Metal electrode pads were deposited on top
of the nanowires using a photoresist mask and lift-off method. Each
pair of metal pads connects 50 to 500 Mo nanowires with 30 μm length
(Figure S3, Supporting Information). Various metals (Au, Cu, Al, and Cr)
were tested, and we selected Al for the pads as it features low resistivity, a
protective passivation layer, and its electrochemical potential is lower than
that of Mo. A custom-built probe with four tungsten (W) wires connected
to a Keithley 2450 source measure unit (Keithley Instruments, Cleveland,
OH, USA) was used to determine the resistance at five different tempera-
tures between −196 °C (liquid N2 boiling point) and 200 °C. The effective
total cross-section was derived using the TCR (thermal coefficient of resis-
tivity) method[36,44,45] and used to calculate the resistivity at 20 °C.

TEM Imaging: TEM imaging was done using a JEOL 2010F transmis-
sion electron microscope (JEOL Ltd., Tokyo, Japan) equipped with a Gatan
OneView camera (Gatan Inc., Pleasanton, CA, USA) at 200 kV, and using a
Thermo Fisher Titan S/TEM (Thermo Fisher Scientific Ltd., Hillsboro, OR,
USA) equipped with a Gatan K2 IS camera at 300 kV.

In Situ Annealing: In situ annealing was performed using single-
tilt Wildfire holders (DENSsolutions, Delft, the Netherlands) for JEOL
and Thermo Fisher microscopes. Large free-standing SiNx windows were
etched in the wafer with Mo nanowires and used to transfer Mo nanowires
onto the heating chips (Figure S4, Supporting Information). For fast an-
nealing profiles, a custom power source was implemented using a Keithley
6430 SMU controlled by homemade software written in LabView. in situ
TEM imaging was done at 10 frames per second with an electron flux of
<100 e− Å−2 s−1.

In situ STEM image series in Figure 2A–C and Video S1 (Supporting
Information) were acquired as follows. After taking the first STEM image
of NWs, a short annealing was performed with 1-min up and down ramps
and 30-s dwell at 600 °C. Then the NWs were allowed to cool down to room
temperature, and another STEM image of the same grain was captured.
This way, STEM images of a series of annealing profiles were recorded,
with the dwell temperature increased by 50 °C each time. When the tem-
perature reached 1000 °C, the dwell times instead of the temperature were
increased, first by 30 s, then by 60 s, and so on. The time label on the
images means the total dwell time at the highest dwell temperature. In
Video S1 (Supporting Information), the images corresponding to dwell
temperatures up to 1000 °C are labeled only by the highest dwell temper-
ature, as the dwell time is fixed at 30 s. The time label appears from the
second frame at 1000 °C and means the total dwell time at 1000 °C. To get
more details while keeping the image distortion due to sample drift low,
for each final image, 10–20 STEM images taken with short exposure times
were aligned and summed.

Image Segmentation and Grain Size Statistics: A machine learning al-
gorithm from the Python[46] TensorFlow[47] library trained on about a hun-
dred TEM images of Mo nanowires and films was used to detect GBs. The
resulting segmentation was revised manually to avoid any possible errors.
To build each of the histograms in Figure 1D, five square TEM images with
ten nanowires (four times the size of any image in Figure 1C) were ana-
lyzed, so they contain statistics over the same area. The linear grain size
was calculated as the square root of the projected grain area, which is a
viable approximation for nanowires where most grains have a shape close
to a rectangular prism. Grain size distributions in Figure 3 are represented
with box plots. Each box spans from the 25th to the 75th percentile, the
middle line marks the median value, and the whiskers correspond to the
5th and 95th percentile values.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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