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Continuous and Precise Work Function Adjustment
for Integratable Dual Metal Gate CMOS Technology

Using Hf–Mo Binary Alloys
Tzung-Lin Li, Chia-Hsin Hu, Wu-Lin Ho, Howard C.-H. Wang, and Chun-Yen Chang, Fellow, IEEE

Abstract—We demonstrate for the first time a continuous and
almost linear work function adjustment between 3.93 and 4.93 eV
using Hf Mo(1 ) binary alloys deposited by co-sputtering. In
view of the process integration, dual work function metal gate
technology using Mo and Hf Mo(1 ) formed by metal inter-
mixing was proposed. Work function values were verified to be
a function of the thickness ratio and accurate work function ad-
justment can be possible. Furthermore, one can be allowed to get
around the thermal stability issue by choosing an appropriate total
metal thickness corresponding to the thermal budget subsequent
to gate deposition, since the thermal budget required for metal
intermixing depends on the total metal thickness.

Index Terms—Alloy, CMOS, hafnium (Hf), intermixing, metal
gate, molybdenum (Mo), work function.

I. INTRODUCTION

WITH the sustained scaling of CMOS technology for
device performance improvement, the conventional

polysilicon–SiO structure keeps suffering a variety of chal-
lenges. Novel metal/high- gate stack has been extensively
investigated as a potential solution. The introduction of high-
gate dielectric can effectively reduce the tunneling leakage cur-
rent due to its larger physical thickness under the same electrical
thickness [1], [2]. On the other hand, the inherent drawback
of a polysilicon gate such as a poly depletion effect and boron
penetration which will lead to an undesired increase of effective
oxide thickness (EOT) [3] and degrade device performance [4]
can be eliminated. In addition, polysilicon gates are found to be
thermodynamically unstable on many high- materials [5], [6]
so that metals are expected to provide a lower gate resistance
and a turning point in possessing better thermal stability.

The major superiority of the traditional polysilicon gate elec-
trode is the ability to make a Fermi-level adjustment by either
donor or acceptor implantation. In contrast, the adjustment of
the metal work function is not easily achievable. For bulk de-
vices, the required metal work functions for replacing the con-
ventional n - and p -polysilicon gates are about 4 and 5 eV, re-
spectively. On the other hand, for FinFET and/or ultrathin body
silicon-on-insulator (UTB-SOI) devices, the gate over channel
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controllability is enhanced so that the required gate work func-
tion for n-channel (p-channel) devices have been increased (re-
duced) to 4.4–4.6 eV (4.8–5.0 eV) compared with bulk devices
[7]. Since the required work function values for n- and p-channel
devices are different in both cases, the dual metal gate tech-
nology with suitably chosen metal work function values has
been proposed while the integration will lead to the unwanted
gate dielectric integrity degradation [8] due to the removal of
metal directly from the dielectric surface. It is also worth noting
that, the adjustment of the substrate doping is no longer an
effective way of threshold voltage control in FinFET and/or
UTB-SOI devices, the importance of metal gate work function
engineering will be more pronounced. Several metal work func-
tion modulation techniques have been investigated. The Ru-Ta
alloys proposed by Zhong et al. can possess superior thermal
stability and wide work function tuning range [9], [10]. How-
ever, the work function modulation seems not to be continuous
so that the work function values with interest for advanced tran-
sistor structures (4.4–5 eV) would be unachievable. On the other
hand, the Pt–Ta alloys proposed by Tsui et al. are demonstrated
to possess wide and continuous work function modulation [11],
but the issue of gate dielectric integrity degradation mentioned
in [8] would be problematic due to the lack of suitable integra-
tion methods. Similarly, S. H. Bae et al. proposed that the lam-
inated metal gate stacks HfN–Ti–TaN and Ti–Ta can possess p-
and nMOS compatible work function values (5.1 and 4.35 eV)
[12], however, the process integration of these two distinct lam-
inated metal stacks into dual metal gate CMOS process are still
problematic [8]. Otherwise, a novel work function modulation
using nitrogen implanted Mo was proposed by Ranade et al.
[13]. The major advantage of this method is the ease of process
integration, while the value strongly depends on the implant
parameters and subsequent annealing conditions. Precise work
function modulation would not be easily achievable.

In this paper, we first demonstrate the continuous and al-
most linear work function adjustment using Hf Mo binary
alloys deposited by co-sputtering. Second, we propose a dual
metal gate technology employing Mo and Hf Mo as gate
electrodes for p- and n-channel devices, respectively. In view of
the ease of process integration, the Hf Mo electrode in the
proposed dual metal gate technology will be formed by metal
intermixing. Metals need not to be removed from the dielectric
interface and thus the uniformity and integrity of gate dielec-
tric can be preserved. Furthermore, a parameter called the op-
timal annealing temperature, , was expected to provide
a prospective work function modulation without causing EOT
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TABLE I
SAMPLE CONDITIONS AND EXTRACTED � OF CO-SPUTTERING EXPERIMENT.

(ALLOY SAMPLES: 400 C, 30 S; CONTROL SAMPLES: AS-DEPOSITED)

variation. The value of will strongly affect the applica-
tion of the proposed technique. Since the phenomenon of metal
intermixing is based on solid diffusion, we demonstrate that the
optimal annealing temperature can be raised by increasing the
metal thickness . Consequently, it is likely to
overcome the thermal stability in conventional CMOS process
by choosing an appropriate metal thickness.

In addition, the composition and work function of
Hf Mo were demonstrated to depend on the thick-
ness combination of metal layers. The oxidation of Hf at the
top surface leading to extra Hf consumption can be observed. A
modified multilayer structure (TiN–Mo–Hf–Mo) was verified
to improve the immunity to metal oxidation, and a quadratic
equation relating work function to composite metal
thickness ratio was also derived. Good
consistency with experimental data assures the possibility of
precise metal work function adjustment.

II. EXPERIMENTS

A. Co-sputtering

MOSCAP devices were fabricated on p-type (100) 6-in Si
wafers and high frequency (1 MHz) capacitance–voltage ( – )
characteristics were measured using an Agilent 4284A preci-
sion LCR meter. After LOCOS isolation, SiO with different
thicknesses were thermally grown at 950 C to serve as the gate
dielectric. Hf Mo nm alloys were then deposited
by co-sputtering in Ar ambient. The sputtering power of each
target was varied as listed in Table I to modulate the compo-
sition of binary alloy. The Hf Mo gate electrodes were
then patterned by reactive ion etching (RIE) using Cl —based
chemistry. All samples were then subjected to 400 C annealing
in N ambient. The flatband voltage and EOT of each
capacitor were extracted from the measured – curve using

Fig. 1. Schematics of dual metal gate technology using metal and alloy formed
by metal intermixing. Metals need not to be etched away from the dielectric
surface so the uniformity and integrity of gate dielectric can be preserved.

quantum mechanical – (QMCV) simulator so that one can
avoid overestimating the EOT as well as extracted metal work
function values [14].

B. Metal Intermixing

Fig. 1 shows the fabrication process of the proposed dual
metal gate technology using Mo and Hf Mo as gate elec-
trodes. After LOCOS isolation and the gate dielectric deposi-
tion, the first layer metal Mo and the second layer metal Hf were
then deposited over the entire wafer. A noncritical lithography
step was performed and the second layer metal Hf was then se-
lectively removed from the pMOS side. After gate electrodes
patterning and S/D implantation, the thermal annealing was per-
formed for dopant activation and metal intermixing at the nMOS
side simultaneously.

To demonstrate this technique, MOSCAP devices were fab-
ricated. The process flow was similar to that of co-sputtering
experiment except that Mo and Hf were deposited in sequence.
The Mo gate has been reported to possess high thermal stability
( C on SiO gate dielectric [15]. Moreover, the work
function value of Mo film varies with the bulk metal microstruc-
ture and consequently depends on deposition and annealing con-
ditions [16]. The Mo film with (110) orientation can maintain
possessing high work function value suitable for p-channel de-
vices up to 900 C [13]. By contrast, the thermal stability of
pure Hf gate on SiO was reported to be poor [17]. Therefore,
Mo was chosen as the first layer metal in this work to retard
the unwanted interaction between metal and SiO during sub-
sequent thermal treatment. The composition of binary alloy was
modulated by varying thickness of each metal layer as listed in
Table II. The Hf atomic fraction in each Hf Mo alloy was
approximately predicted by

(1)

where 13.44 and 9.38 are the molar volume of Hf and Mo, re-
spectively. After gate electrode patterning, samples were then
subjected to different rapid thermal annealing conditions in N
ambient to lead to metal intermixing for alloy formation and
simulate the possible thermal cycle in the conventional CMOS
process.
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TABLE II
SAMPLE CONDITIONS AND EXTRACTED � OF METAL INTERMIXING

EXPERIMENT. (700 C, 30 S FOR SAMPLES 2–1 AND 2–2;
600 C, 30 S FOR SAMPLES 2–3 AND 2–4)

Fig. 2. C–V curves of as-deposited co-sputtering samples. Wide-ranging flat
band voltage shift can be observed.

III. RESULTS AND DISCUSSION

A. Co-sputtering

The as-deposited high-frequency (1 MHz) – characteris-
tics of capacitors gated by Hf–Mo binary alloys, pure Mo, and
pure Hf films are shown in Fig. 2. The negative shift with
the increase of Hf power ratio can be observed. To eliminate
the contribution of oxide fixed charge, – measurements of
MOSCAP with several oxide thicknesses were used to generate
the versus EOT curve as shown in Fig. 3. All samples ex-
hibited linear relationship from which the work function of each
binary alloy can be extracted as listed in Table I. The extracted
4.93 eV work function for pure Mo film with (110) morphology
demonstrated by the XRD spectra in Fig. 4 is close to other pre-
vious reports [13]. The as-deposited Mo with (110) orientation
is different from the previous report [16], and this would be at-
tributed to the different deposition condition. In addition, the
process quality was also demonstrated according to the –
measurement of the 50% Hf power ratio co-sputtering sample
which exhibited a small hysteresis as shown in Fig. 5. The –
curves of as-deposited and post-400 C sintering pure Hf gated
capacitor are shown in Fig. 6. Obvious EOT variation and
shift after annealing illustrate the poor thermal stability of Hf
on SiO and exclude Hf from gate candidates even in the gate

Fig. 3. All samples (Table I) exhibited linear behavior in V versus EOT
curves from which work function of each alloy could be extracted. (alloy
samples: 400 C, 30 s; control samples : as-deposited).

Fig. 4. As-deposited pure Mo film is found to have (110) orientation.

Fig. 5. Process quality was demonstrated, since the 50% Hf power ratio sample
suffering maximum power summation during metal deposition still exhibited
negligible hysteresis.

last process [18]. On the other hand, Hf Mo gated capac-
itors exhibit better thermal stability on SiO as shown in Fig. 7.
The dependence of and EOT variation on annealing tem-
perature of Hf Mo also indicates that the thermal stability
of all alloy samples can be at least higher than 400 C as shown
in Fig. 8.
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Fig. 6. C–V curve of post-400 C annealing Hf gated capacitor shows
noticeable EOT variation and flatband voltage shift.

Fig. 7. Post-400 C annealing co-sputtering sample shows negligible work
function variation.

Fig. 8. Dependence of� and EOT variation on annealing temperature show
that the thermal stability of alloy samples can be at least higher than 400 C.

In Fig. 8, the decreases of EOT at certain temperature for alloy
samples except for the one with 25% Hf power ratio were sim-
ilar to the pure Hf sample. The noticeable EOT decrease might
be attributed to that partial SiO gate dielectric was transformed
into high- materials such as HfO or HfSi O due to Hf–SiO
interaction and leading to corresponding noticeable work func-
tion variation. As for the 25% alloy sample, the abnormal EOT

Fig. 9. Calculated work function value versus atomic fraction in binary alloy
as a function of  ratio. Metals with similar  (Sommerfeld factor) will lead to
a linear work function modulation which is a compromise between modulation
efficiency and immunity to process variation. (� and � are set to be
3.93 and 4.93 eV for convenience).

increase along with relative small work function variation can
be observed make us speculate that the lower Hf concentration
might make the effect of Hf–SiO interaction be masked by the
extra Si-substrate oxidation due to oxygen contamination. In the
case of sample gated by pure Mo, the small amount of in-
crease (18 meV) along with negligible EOT variation (0.08 nm)
after 950 C RTA demonstrates the superior thermal stability of
Mo on SiO gate dielectric. Although the thermal stability was
found to be degraded with the increasing of Hf atomic fraction,
Hf Mo can still be adopted as gate material in a gate-last
SiO CMOS process. It is also worth to note that, alloy samples
with Hf power ratio lower than 50% can possess work func-
tion value required for advanced transistor structures and ex-
hibit thermal stability up to 700 C. Hf–Mo alloys possess lower
thermal stabilities than Ru–Ta alloys [9], but higher than Pt–Ta
alloys [11].

In 1974, Gelatt and Ehrenreich proposed that the work func-
tion of an alloy can be approximately expressed as
[19]

(2)

where and are work function values of pure element
A and B, respectively. and are effective density of states
in Fermi level for pure element A and B, respectively. From (2),
the first two terms represent that the work function of binary
alloy is a linear combination of that of each pure element. On
the other hand, the last term will lead to a deviation from the
linear relationship. According to the theory of heat capacity of
metal, the observable Sommerfeld factor of a metal is directly
proportional to its density of state in Fermi level [20]. The cal-
culated results of (2) are shown in Fig. 9 where several ratios
are used and values of and are set to be 3.93 and
4.93, respectively, for convenience. As expected, the work func-
tion modulation will deviate from the linear behavior with the
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Fig. 10. Comparison between experimental (Table I) and theoretical work
function values. A slightly deviation in lower Hf power ratio regime may be
attributed to different sputtering rate between Hf and Mo. ( = 2:16;  =

2:0 are used for calculation).

difference in values between two metals. For a nonlinear be-
havior, work function modulation can be roughly divided into
flat and sharp regime. In the flatter regime, the alloy system
would be less susceptible to composition and process variation,
but the modulation efficiency will be lower. On the other
hand, the alloy system will be more sensitive to process varia-
tion but possess better modulation efficiency in the sharper
regime. By contrast, the linear work function modulation can
provide a compromise between modulation efficiency and im-
munity to process variation throughout the whole modulation
range.

Abrupt work function modulation can be excluded since no
specific compound will be formed under 1000 C according to
the binary alloy phase diagram of Hf-Mo system [21]. More-
over, the Sommerfeld factors for Hf and Mo are 2.16 and 2.0,
respectively [20]. Thus a continuous and almost linear work
function modulation using the Hf Mo solid solution can
be expected. The calculated and experimental results of work
functions of Hf Mo alloys are shown in Fig. 10. Compared
with the experimental data, a good consistency with only a mild
shift in the lower Hf power ratio regime can be observed. This
deviation may be attributed to the difference between the Hf
power ratio and the Hf atomic fraction due to a relatively lower
deposition rate of Mo in our work. The XRD spectra and AES
depth profile of the co-sputtering sample are shown in Figs. 11
and 12, respectively. An amorphous film with uniform compo-
sition and abrupt interface was obtained. It is worth noting that
the relatively lower composition of Mo compared to that of Hf
in the co-sputtering sample as shown in Fig. 12 also illustrates
our speculation about the deviation observed in Fig. 10.

B. Metal Intermixing

Fig. 13 shows the – characteristics of an MOSCAP gated
by Hf–Mo metal stack before and after rapid thermal annealing.
The – results shows that the nearly optimal annealing
temperature for the 50% sample is 600 C which
can provide a sufficient and prospective metal work function
modulation while keep EOT without variation. By contrast,

Fig. 11. XRD spectra of 50% Hf power ratio co-sputtering sample exhibited
an amorphous film structure and only the c-Si was featuring.

Fig. 12. AES profile of post-annealing 50% Hf power ratio co-sputtering
sample. A uniform composition and abrupt interface can be observed.

Fig. 13. C–V curves of Hf-295�A/Mo-205�A=SiO capacitor before and after
thermal annealing. The optimal annealing temperature for this sample was found
to be 600 C.

smaller flat-band voltage shift for annealing temperature lower
than 600 C may be due to insufficient thermal budget needed
for expected Hf concentration diffusion to the dielectric in-
terface. As for annealing temperature higher than 600 C,
a noticeable capacitance decrease can be observed which is
different with the observation in co-sputtering experiment. The
novel increase of EOT might be attributed to the contribution
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Fig. 14. Increase of total metal thickness under the same composite metal
thickness ratio can effectively rise the optimal annealing temperature.

of series capacitance due to metal oxidation and should be ver-
ified further. In view of process integration, lower will
restrict the proposed technique to the gate-last process where
high temperature annealing for S/D dopant activation will be
performed prior to the deposition of gate dielectric and gate
electrode. It should be noted that the sum of metal thickness
was kept constant (500 ) for each sample in this work as listed
in Table II. Since the phenomenon of metal intermixing is based
on solid diffusion, the increase of first-layer metal thickness
as well as the total metal thickness under
the same thickness ratio can be expected to raise the required
thermal budget for prospective work function modulation. An
investigation about the influence of total metal thickness on
the optimal annealing temperature is shown in Fig. 14.
Sample with 1500 total metal thickness was not optimized
yet, but a positive correlation still can be observed. When the
total metal thickness was increased from 500 to 1500 , the
optimal annealing temperature for the 50% sample had been
raised from 600 C to 900 C substantially. Consequently, one
can possibly get around the thermal stability issue by using an
appropriate total metal thickness corresponding to total thermal
budget subsequent to the gate electrode deposition. According
to the ITRS roadmap, however, the thickness of the gate elec-
trode must be reduced with the miniaturization of MOSFET
devices. To use thicker metal thickness for getting around the
thermal stability issue in conventional CMOS process, the
appropriate etch-back of gate electrode should be performed
after the metal intermixing has almost finished. The extra gate
electrode thin-down process without serious increase of the
process complexity can be achievable. For instance, one can
employ the interlevel dielectric (ILD) CMP for gate electrode
etch-back, and only the polish-time control is needed to obtain
the prospective gate electrode thickness. Compared to the
gate-last process [18], the dummy gate removal, gate electrode
re-deposition, and the gate electrode CMP will not be required.

The work function of Hf Mo formed by metal inter-
mixing was listed in Table II (optimal annealing temperature:
700 C, 30 s for samples 2–1 and 2–2; 600 C, 30 s for sam-
ples 2–3 and 2–4). The dependence of work function value on
the thickness combination of the two metal layers can be ob-
served. Fig. 15 shows the dependence of post-annealing capac-
itor-voltage characteristics on the Hf atomic fraction calculated

Fig. 15. C–V curves of post-annealing Hf–Mo–SiO capacitors as a function
of Hf atomic fraction.

Fig. 16. Comparison between experimental (Table II) and theoretical results.
A parallel shift may be attributed to the extra Hf consumption (� 3%) due
to surface oxidation. Also shown as open symbols are experimental results of
multilayer (TiN–Mo–Hf–Mo) gated devices, good agreement on theoretical
results can be achieved.

Fig. 17. XRD spectra of metal intermixing sample (Hf-206 �A/Mo-294
�A=SiO ) exhibited HfO peak as a result of oxidation of Hf at the top surface
after thermal treatment.

by (1). Fig. 16 shows the dependence of extracted work function
values on the Hf atomic fraction. A parallel shift of post-an-
nealing work functions from the calculated values can be ob-
served. This may be attributed to the extra consumption of Hf

due to surface oxidation. The XRD spectra in Fig. 17
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Fig. 18. Post-annealing work functions extracted from two-layer (Hf–Mo)
and multilayer (TiN–Mo–Hf–Mo) gated MOSCAP versus the composite metal
thickness ratio (T = T =T ). Also shown are calculated results of derived
quadratic equations with and without taking extra Hf consumption into account.

which exhibits peak also illustrate the speculation. With
(1) and (2), one can obtain the following quadratic equation:

(3)

where is the thickness ratio of Hf to Mo .
If the extra consumption of Hf due to surface oxidation
is taken into account, (3) becomes

(4)

Fig. 18 shows the dependence of work function on the thick-
ness ratio. Also shown are the calculated results of (3) and
(4). A good consistency assures the possibility of precise work
function tuning since the value required for an expected

can be precisely determined. Furthermore, to overcome
the surface oxidation of Hf, MOS capacitors with triple layer
metal stack (Mo–Hf–Mo) capped by TiN (20 nm) were also
fabricated and subjected to the same annealing conditions in
the two-layer experiment. The extracted work function values
are labeled in Figs. 16 and 18. In the multilayer experiments,
the thickness of Mo in the two-layer experiment was split into
10 nm as first-layer metal and the remnant Mo was deposited
atop Hf. Using the multilayer structure, the immunity against
surface oxidation can be improved effectively. The extracted
work function values will get emended and can be described
accurately by (3).

IV. CONCLUSION

The continuous and almost linear work function adjustment
using Hf Mo has been demonstrated for the first time.
The work function value of Hf-Mo binary alloy deposited by
co-sputtering ranges between 3.93 eV ( of pure Hf) and
4.93 eV ( of pure Mo). Although the thermal stability
of Hf Mo on SiO degrades with the increase of Hf
atomic fraction, Hf Mo can still be used in a gate-last
SiO CMOS process. For the ease of process integration,

Hf Mo formed by metal intermixing was also demon-
strated. One can be allowed to get around the thermal stability
issue by using an appropriate metal thickness and possess
precise controllability of metal work function by adjusting
the composite metal thickness ratio . This technique is not
only attractive but is especially important for FinFET and/or
UTB-SOI devices application.
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