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Nanoscale p-MOS Thin-Film Transistor With TiN
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Abstract—In this letter, nanoscale p-MOS TFTs with a TiN gate
electrode were realized using a novel microwave (MW) dopant-
activation technique. We compared both low-temperature MW
annealing and rapid thermal annealing. We successfully activated
the source/drain region and suppressed the short-channel effects
using low-temperature MW annealing. This technique is promis-
ing from the viewpoint of realizing high-performance and low-cost
upper layer nanoscale transistors required for low-temperature
3-D integrated circuit fabrication.

Index Terms—Low temperature, metal gate, microwave (MW)
anneal, rapid thermal annealing (RTA).

I. INTRODUCTION

HE 3-D DESIGN of integrated circuits (ICs) is consid-

ered to be a promising solution to increase the device
packing density and to reduce the interconnection delay, power
consumption, and cost [1], [2]. However, dopant activation
using a high thermal budget process may cause diffusion and
redistribution of dopants in the 3-D structure, in turn affecting
the underlying interconnects and device layers [3], [4]. In
addition, one of the main challenges in fabricating a nanometer-
scale transistor is the accurate control of the active doping
regions. However, applying any high-temperature process after
implantation causes dopant diffusion and redistribution. High
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Fig. 1. (a) Comparison of temperature profiles of different dopant-activation

methods. The MW anneal time is defined as the period when the MW power is
turned on. (b) Side-view SEM image of the device.

diffusion rates make it difficult to realize a shallow junction
depth. Rapid thermal annealing (RTA) has an emissivity-related
pattern effect, where the photon adsorption strongly depends
on the material and temperature. Therefore, it relies on heat
transfer at the cost of undesired diffusion. In addition, the
pattern effect or shadow from an upper stack is expected to
be more significant and degrades the uniformity of the dopant
activation of devices in the different levels of a 3-D structure.

Microwave (MW) annealing is a potential solution for the
issues of 3-D fabrication because it may provide a lower
temperature process that restrains diffusion and results in good
activation [5]. For example, a 3-nm-thick Ge epilayer on a Si
substrate was preserved with boron activation, illustrating a
low-temperature MW annealing process application [6].

The mechanisms of MW energy absorption in semiconduc-
tors includes ohmic heating and dielectric relaxation [7]-[10].
In particular, at lower frequencies (<10 GHz) ohmic heating
will dominate [8].

Furthermore, metal and metal alloys are more attractive as
alternative gate-electrode materials than a doped poly-Si gate
because the use of the latter involves many constraints such
as high resistivity, poly depletion, and instability in high-k
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Fig. 2. Discussion of the characteristics (/ p—V() of p-MOS TFTs annealed by RTA and MW annealing. (a) RTA at 900 °C for 15 s and (b) furnace at 500 °C
for 500 s. (c) MW annealing for 600 s. In (a), as the gate length is below 0.2 pm, the punchthrough effect dominates the transfer characteristics, and in (c), the
Ton /I ratios are about 108 for p-MOS using MW anneal for 600 s with W/ L = 60 nm/120 nm.

materials. Recently, TiN has been investigated as a potential
gate-electrode material because of the work function near the
midgap in Si, and it is frequently used as a diffusion barrier.

In this letter, we demonstrate p-type metal-oxide—
semiconductor thin-film transistors (p-MOS TFTs) with a
TiN gate electrode in which the short-channel effects were
suppressed.

II. EXPERIMENTS

A 6-in (100) bulk silicon wafer was used as the starting
material. After a 1-pm-thick silicon dioxide (SiOs) layer was
thermally grown as a buried oxide, a 50-nm-thick undoped
amorphous Si film was deposited using low-pressure chemical
vapor deposition (LPCVD), followed by solid-phase crystal-
lization for recrystallization to improve the channel mobility.
The active region was defined by electron-beam lithography.
Then, a 45-nm-thick tetraethoxysilane oxide layer was de-
posited by LPCVD as a gate dielectric, and a 150-nm-thick
TiN layer was deposited by PVD. After the gate was patterned
by anisotropic etching, the source (S) and drain (D) were im-
planted with BF, (15 keV at 5 x 10*® cm~2) for p-MOS TFTs
followed by different dopant-activation conditions. The MW
heating was performed in an AXOM-300 highly multimoded
chamber, manufactured by DSG Technologies, Inc.[11].

Fig. 1(a) shows a comparison of the temperature profiles of
different dopant-activation methods. Annealing was carried out
using a 5.8-GHz MW for 600 s, and the maximum temperature
was 500 °C. A Ny purge was performed before the MW was
started, and the Ny flow was maintained until the process was
completed. The MW annealing process time was defined as
the duration for which the MW was turned on. In addition,
the splits of RTA at 900 °C for 15 s and 500 °C for 600 s
were used as the control splits, and they were in the Ny flow
environment during all annealing processes. The temperature
profiles were measured from the wafer backside by an infrared
detector during the RTA and MW anneal. Fig. 1(b) shows the
top-view scanning electron microscopy (SEM) image, and the
Le/W is 0.12 pum/0.6 pm, where the gate oxide thickness
is 45 nm and the channel thickness is 45 nm. The electrical
characterizations were carried out using a Keithley 4200 system
at room temperature.

III. RESULTS AND DISCUSSIONS

Fig. 2 shows the transfer characteristics of p-MOS TFTs with
different gate lengths annealed by (a) RTA at 900 °C for 15 s,
(b) RTA at 500 °C for 600 s, and (¢c) MW for 600 s. From
Fig. 2(a), the I, /Iog ratio is approximately 10° (I, at Vi =
—12 Vand I g at Vg = 2 V) with Lg = 0.45 pm. In addition,
as the gate length is less than 0.45 pm, the off-current increases
and the S/D punchthrough behavior, for which the I, /Iog
ratio is approximately 10° with Ly = 0.25 pm, is observed.
Therefore, with a 45-nm-thick gate oxide, it is difficult to
fabricate nanometer-scale TFTs by the high-temperature RTA
process. In the case of annealing by RTA at 500 °C for 600 s, as
shown in Fig. 2(b), under the same annealing temperature and
time as that for MW annealing, the magnitudes of all the on-
currents are limited to approximately 10~° A regardless of the
transistor dimensions. The I, /I,g ratio is approximately 103
as L¢ varies from 0.45 to 0.12 pm, indicating that the efficiency
of boron activation in the S/D region by RTA at 500 °C for 600 s
is too low to drive the D current.

However, it is interesting to note that the minimum gate
lengths, as shown in Fig. 2(c), yielded by MW annealing for
600 s are 0.12 pm with W = 0.6 pm. The punchthrough effect
is suppressed due to the low-temperature annealing process. In
addition, the I,,,, / I, ratios are approximately 108 (Ion at Vg =
—12 V and I¢ at Vi =2 V) for the p-MOS TFT fabricated
using MW annealing for 600 s with W/L = 0.6 ym/120 nm. It
appears that the low-temperature MW annealing process could
suppress the short-channel effects. Furthermore, as compared
with MW annealing using conventional RTA, the efficiency
of boron activation in the S/D region is high in the case of
nanoscale p-MOS TFT fabrication.

Fig. 3 shows the resistivity of a poly-Si film in the S/D
region under different annealing conditions. In the case of
annealing by RTA at 500 °C for 600 s under the same annealing
temperature as that for MW annealing, the resistivity is the
highest among all splits, indicating that the dopant could not
be activated effectively.

The large resistivity of the S/D region after annealing by RTA
at 500 °C for 600 s demonstrated the limit of the magnitude
of the on-current, as shown in Fig. 2(b). In addition, under
MW annealing for 600 s, the resistivity could be suppressed by
around four orders, indicating that the dopant could be activated
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Fig. 3. Resistivity (p) of all splits as a function of the four-point probe
measurement width. Resistivity (p) = Resistance (R) x A/L.

effectively by MW annealing. These phenomena indicate that,
in addition to the temperature, the MW energy absorbed by
a dopant is an important factor for dopant activation. There-
fore, from the resistivity of the poly-Si film and the transfer
characteristics, the dopant activation, punchthrough, and short-
channel effect might be improved using MW annealing relative
to RTA. It is also possible that residual PO, differences between
the MW and RTA systems could account for some of the
different results between the MW and RTA anneals [12]. The
precise measurement of low POsy (at ppm levels) is beyond
the scope and ability of this letter and remains a topic for future
investigation.

IV. CONCLUSION

Different dopant-activation conditions are compared for var-
ious annealing techniques. The punchthrough characteristics
and short-channel effect were suppressed by using a low-
temperature MW dopant-activation technique, as demonstrated
for nanoscale gate p-MOS TFTs. In addition, the results of the
resistivity in the S/D region suggested that the boron dopant
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could be activated effectively with suitable short-channel-effect
behavior by MW annealing for 600 s. Finally, this technique
is promising from the viewpoint of realizing high-performance
and low-cost upper layer nanoscale transistors required for 3-D
ICs due to its low-temperature annealing process.
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