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Abstract—The work function of ALD TiN was found to be above
5 eV after RTP annealing below 800 C in nitrogen atmosphere,
while higher annealing temperatures cause a drop in work function
by about 0.3–0.5 eV. The effect was found for TiN metal gates on
both SiO2 and Al2O3 gate dielectrics in MOS-capacitors and was
seen inC–V as well as inI–V measurements. On the contrary, an-
nealing of SiO2 capacitors in oxygen-enrichedN2 atmosphere in-
creased the work function. A variation in EOT of less than 2�A was
demonstrated for the various annealing temperatures, concluding
that the ALD TiN is stable in contact with the different dielectric
materials. However, the decrease in work function that is found in
this investigation may implicate that ALD TiN is less suitable as a
metal gate for pMOSFETs.

Index Terms—Metal gate, RTP, titanium nitride (TiN), work
function.

I. INTRODUCTION

I N the gate stack of future CMOS technology, not only the
standard silicon dioxide gate dielectric has to be substituted

by a high- material, but also the commonly used poly-Si gate
electrode has to be replaced with a low resistive, metallic mate-
rial [1]. The need for such replacement is due to issues like gate
depletion, high sheet resistance, boron penetration, etc., asso-
ciated with the poly-Si gate. Naturally, several requirements on
the new gate material are made such as, process integration with
the CMOS flow, material compatibility, proper work function,
thermal stability of the gate itself and also in contact with the di-
electric underneath, etc. For instance, to replace the poly-Si gate
in nMOS and pMOS, the metal gate has to have a work func-
tion close to 4 and 5 eV, respectively. Lately, extensive work has
been carried out on various materials and material combinations
[2]–[5], in order to find a suitable metal gate, fulfilling the de-
sired properties.

In this letter, the focus is set on the thermal stability of tita-
nium nitride (TiN) as metal gate. Recently, it has been shown
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that the work function of TiN varies between 4.8 and 5.3 eV
depending on deposition method [6], proposing that ALD TiN
could be suitable for replacing poly-Si in pMOSFETs. However,
as will be shown in this letter, the work function of ALD TiN
varies after annealing, making it less attractive as metal gate in
MOSFETs. This report includes results from annealing exper-
iments of ALD TiN MOS capacitors, from 400 to 1000C in

ambient. The samples were made of both SiOand double
stack SiO Al O gate dielectrics of various thicknesses.

II. DEVICE FABRICATION AND EXPERIMENTS

The devices used in this letter were MOS capacitors, fabri-
cated on 8-in, p-type Si substrates using a LOCOS isolation
scheme. The 10-nm-thick TiN was deposited by ALD at
350 C using and as precursors [7], [8]. The layer
thicknesses of the thermally grown SiOwere varied between
5 and 25 nm. The double-layer stack consisted of ALD AlO
(4 to 16 nm) on top of 0.5 nm SiO. The SiO capacitors
had a forming gas anneal at 420C for 30 min after the TiN
deposition and gate patterning, whereas the SiOAl O
capacitors had a 900C postdeposition anneal (PDA) in
for 10 s prior to the TiN deposition. The capacitors were then
annealed between 400C and 1000 C in steps of 100C in an
RTP furnace in ambient for 30 s. In addition, some samples
were annealed in nitrogen diluted with 10% oxygen at 400C
for 30 s. High–frequency capacitance–voltage (C–V) as well
as quasi-staticC–V measurements were carried out at each
annealing temperature. Also current–voltage (I–V) measure-
ments were performed. It is well known that Fowler–Nordheim
(FN) gate current depends exponentially on the barrier height
between SiOand the gate electrode itself, see for example [9].
The current described by the FN equation was fitted and used
to calculate the barrier height and from that extract the work
function of the TiN gate electrode. All electrical measurements
were carried out at room temperature. In addition, physical
characterizations were carried out by means of TEM, X-ray
diffraction (XRD), and time-of-flight secondary ion mass
spectrometry (ToF-SIMS).

III. RESULTS AND DISCUSSION

In a MOS capacitor, the flat band voltage is proportional
to the gate material work function and the amount of charge
present in the dielectric. Already at very low temperatures, the
thermal treatments have a dramatic effect on theof all the
SiO stacks considered, see Fig. 1. Annealing in nitrogen causes
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Fig. 1. C–Vcharacteristics for variousN annealing temperatures for the 15
nm SiO stack. Flat band voltage shifts to lower value after annealing.

Fig. 2. Measured gate current and its FN fit in 10 nm SiO=TiN for several
annealing temperatures. The work function was extracted by fitting the FN
equation to the gate leakage current and the inset shows the work function
versus annealing temperatures for 10 and 15 nm SiOgate stacks. The small
variation in work function between the 10 and 15 nm oxide film could be due to
variation in oxide charge, which will affect the extraction of the work function.

the to continuously shift to lower values, indicating a de-
crease in work function of the TiN gate and/or increase in posi-
tive charges in the oxide.

By analyzing the – characteristics during gate injec-
tion, a change in work function is indeed confirmed. The var-
ious SiO gate stacks exhibit enhanced leakage current after
annealing due to barrier lowering, see Fig. 2. Extracted work
functions using the FN tunneling equation are summarized in
the inset of Fig. 2. The work function of ALD TiN changes from
a p-type gate material toward a more midgap
material after annealing above C. The
latter is close to what was reported recently for sputtered PVD
TiN [6]. It is interesting to note that the work function remains
p-type up to 700 C.

Also worth noting is that the observed shift in ( 0.5 V,
see Fig. 1) is greater than the decrease in work function

Fig. 3. C–V characteristics for variousN annealing temperatures for the
SiO =(4 nm)Al O stack. Flat band voltage shifts to lower value after
annealing. The inset showV vs. EOT for extraction of work function and
fixed charge, before and afterN annealing at 800 C for the SiO=Al O
gate stack.

( 0.3 eV). This is probably due to variation of the charges in
the oxide, which is picked up by theC–Vmeasurement. Also,
from quasi-staticC–V measurements, it is determined that the
low temperature annealed samples have a considerable amount
of interface states, which are reduced after annealing at the
highest temperatures. However, the major part of the shift in

corresponds to the change in work function. In contrast to
annealing in pure nitrogen, annealing in diluted with 10%
O increases the work function. Samples were first annealed
in pure at 600 C and then subsequently annealed in O
enriched at 400 C. It was seen that the shifted back to
its original value after the second annealing, which was also
confirmed by work function extraction fromI-V measurements.

The SiO Al O stacks exhibit a similar decrease in
value after annealing as the SiOstacks, see Fig. 3. By plot-
ting vs. EOT for several AlO thicknesses, we find that
the work function of ALD TiN decreases by about 0.35 eV after
800 C RTP annealing, see the inset in Fig. 3. From the slope in
the inset, it is determined that the fixed charge increases from 3
to 5 cm after 800 C annealing.

From the variation in accumulation capacitance (see Figs. 1
and 3) it is realized that the EOT varies by less than 2for
both SiO and SiO Al O gate stacks. A variation in EOT has
previously been attributed to the chlorine content in the TiN film
[10]. The small variations in EOT suggest that no severe reaction
occurs between the gate and the gate dielectric.

It is still not clear why the work function changes during
annealing. Complementary physical analysis has been used to
verify the electrical results. In [11], [12] it has been reported that
a change in the texture of the TiN and/or localized crystalline
orientation variation at the TiN interface may lead to a
change in the work function. XRD analysis is a powerful tool
[13] to study change in the degree of crystallinity in a material.
XRD patterns of the ALD TiN (111) peak showed no variation
in intensity or peak shift in SiO TiN and Al O TiN stacks,
concluding that no inter-reaction takes place up to 1000C
annealing. In addition, TEM images show no changes in the
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TiN gate or in the SiO TiN interfacial region for annealing up
to 800 C. The results from these physical methods support the
electrical finding that no reaction occurs between the gate elec-
trode and the gate dielectric. Furthermore, the XRD analysis
showed no variation in the diffraction pattern during annealing,
hence the texture of the ALD TiN is not the reason for the
decrease in work function. Another common explanation is that
the concentration of nitrogen in metal-nitrides is responsible
for varying the work function of the material [14], [15], and
could similarly be responsible for the decrease in work function
observed in this study. With this in mind, ToF-SIMS has been
used to profile the impurity concentrations in the gate electrode
of the samples annealed in atmosphere. The results from
the ToF-SIMS analysis showed no nitrogen variation in the
TiN electrode after the various anneals. No nitrogen was either
detected in the dielectrics. The analysis essentially displayed
a small increase in oxygen concentration and slightly low-
ering of the chlorine concentration with increasing annealing
temperature.

Still, the nitrogen concentration or more accurate, nitrogen
vacancies, could be responsible for the variation in work func-
tion that is observed. Nitrogen vacancies in the TiN might be
produced during the annealing leading to increased density of
electron states, which in turn lowers the work function. During
the subsequent annealing in the Oenriched atmosphere,
oxygen fills up those nitrogen vacancies and the work function
is increased. Nitrogen vacancies in the order of, say cm ,
is quite a high value but would not be detected by the physical
analysis methods used in this letter.

IV. CONCLUSION

The work function of ALD TiN depends strongly on the an-
nealing condition. Annealing in pure up to 1000 C lowers
the work function by about 0.3–0.5 eV. Subsequent annealing in
oxygen-enriched nitrogen increases the work function. No se-
vere inter-reaction between the TiN gate and the under laying
SiO or Al O dielectric materials have been detected by means
of physical analysis such as TEM and XRD or by electrical
measurements, i.e., EOT comparisons from the accumulation
capacitance. The variation in the work function of TiN that is
evident cannot be related to either the texture of the TiN or the
nitrogen concentration in the TiN. However, the concentration
of nitrogen vacancies in the TiN may reduce the work function
but has not been confirmed since the required amount of va-
cancies would be too low to be detected by the aforementioned
physical analysis methods.
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