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Titanium nitride (TiN) films have been used as gate electrode on metal-oxide-semiconductor

(MOS) devices. TiN effective work function (EWF) values have been often reported as suitable for

pMOS. For nMOS devices, a gate electrode with sufficient low EWF value with a similar

robustness as TiN is a challenge. Thus, in this work, aluminum (Al) is incorporated into the TiN

layer to reduce the EWF values, which allows the use of this electrode in nMOS devices. Titanium

aluminum (TiAl), Al, and aluminum nitride (AlN) layers were introduced between the high-k

(HfO2) dielectric and TiN electrode as Al diffusion sources. Pt/TiN (with Al diffusion) and

Pt/TiN/TiAl/TiN structures were obtained and TiN EWF values were reduced of 0.37 eV and

1.09 eV, respectively. The study of TiN/AlN/HfO2/SiO2/Si/Al structures demonstrated that AlN

layer can be used as an alternative film for TiN EWF tuning. A decrease of 0.26 eV and 0.45 eV on

TiN EWF values were extracted from AlN/TiN stack and AlN/TiN laminate stack, respectively.

AlN/TiN laminate structures have been shown to be more effective to reduce the TiN work

function than just increasing the AlN thickness. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866323]

I. INTRODUCTION

Current metal-oxide-semiconductor field effect transis-

tors (MOSFET’s) are relaying on a high-k gate dielectric.

Since the introduction of HfO2 as a high-k gate dielectric,

Titanium nitride (TiN) has been used as a gate metal elec-

trode due to the thermo dynamical stability with HfO2. Film

properties, such as conductivity and work function, are im-

portant elements in complementary MOS (CMOS) technol-

ogy and are therefore widely studied.1–6 The TiN effective

work function (EWF) values have been often reported as

suitable for pMOS. For nMOS devices, the challenge is to

obtain a gate electrode with sufficient low EWF with a simi-

lar robustness as TiN. Physical and electrical properties of

TiN films are highly related to film composition. Literature

also reports TiN as a mid-gap work function film.2,3

Variations on TiN properties have been reported for different

deposition processes.7 Several techniques such as chemical

vapor deposition (CVD), physical vapor deposition (PVD),

and sputtering have been investigated for obtaining TiN

films. Nowadays, atomic layer deposition (ALD) system is

being widely used for TiN deposition due to the requirement

of conformal layers for 3D channel structures, like tri-gates

and finFET’s. ALD usually provides stoichiometric TiN,

resulting in EWF values in the range of 4.7–4.9 eV, adequate

for pMOS. Solutions for the nMOS EWF in the range of

4.1–4.4 eV can be obtained by doping the TiN film with dif-

ferent materials (such as Al and N).8–10 Literature reports

had shown that the addition of Al ions into TiN layer can sig-

nificantly change the TiN EWF.8,10 The metal gate EWF

shift is related to formation of different dipoles at the inter-

face between metal gate and high-k due Al diffusion.8 The

amount of Al ions at the interface between high-k dielectric

and TiN layer will determine the shift on metal gate work

function and a decrease of 0.60 eV on TiN EWF can be

achieved using Al diffusion approach.8 In addition, the Al

diffusion technique for lowering the metal gate EWF devi-

ates from the “gate last” method due to high temperatures

(more than 400 �C) process for Al diffusion.8,11–13 In this

sense, the Al diffusion is often used for a “gate first”
approach. Aluminum and TiAl films have been used as an Al

diffusion source for tuning the metal gate electrode work

function.8,10 The objective of this work is to decrease the

TiN EWF by the incorporation of Al into TiN metal elec-

trode using an AlN layer between HfO2 and TiN films as an

alternative material for Al diffusion source. The usage of

AlN to control the metal gate EWF has been reported as a

promising approach for work function engineering for

CMOS technology.11–13 In addition, it is well known that on

HfO2/AlN stack is thermally stable at high temperatures.11

Furthermore, the metal gate EWF is highly dependent on the

AlN structure and composition.13 Low metal gate EWF val-

ues can be expected with an increase of Al concentration in

AlN layers, and high metal gate EWF can be achieved by

increasing the amount of N2 in the AlN layer.12,13 Aluminum

nitride films are usually obtained by PVD, ALD, and sputter-

ing depositions.12–15 In this work, the HfO2, AlN, and TiN

layers were deposited in situ by an ALD system in order to

study the influence of Al diffusion at the interface between

HfO2 and TiN to lower the metal gate EWF. Thermally sta-

bility control of Al diffusion into TiN and conformality are

advantages of using HfO2/AlN/TiN stack deposited by ALD.

In contrast, TiAl is today only reported to be deposited using

PVD, which lacks conformal deposition in trenches and fin
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structures. Therefore, the usage of AlN/TiN stack is more

suitable for 3D technology, such as finFET’s.

II. EXPERIMENTAL

The HfO2, AlN, and TiN films sequences in situ using

ALD. ALD of AlN was performed using separate pulses of

trimethyl aluminum (TMA) and NH3 at 400 �C, while for

TiN deposition pulses of TiCl4 and NH3 were used at

400 �C. The HfO2 films were deposited on Si (100) p-type

wafers. To study the AlN growth, AlN was deposited directly

on the top of HfO2 and also on TiN to examine difference in

growth inhibition. The same is done for TiN on the top of

AlN. Layers were deposited in situ to avoid and minimize

the oxygen contamination. Figure 1(a) presents the fabrica-

tion steps for AlN/TiN (first layer is AlN followed by TiN

film) and TiN/AlN (first layer is TiN then AlN film) films

and laminates. The laminate samples were obtained by

switching the precursors (TMA and TiCl4) on ALD chamber

for several loops, as shown in Figure 1(a). So, the formation

of TiAlN film can be achieve using the laminate AlN/TiN

and TiN/AlN layers and incorporation of Al into TiN layer,

in order to decrease the TiN work function. X-ray reflection

(XRR) measurements were used to obtain the film thickness.

X-ray photoelectron spectroscopy (XPS) and Secondary ion

mass spectrometry (SIMS) were used to investigate the TiN

composition and Al incorporation in the TiN layer. The XPS

measurements were carried out using Al Ka X-ray source

(1486.6 eV) with a spot size of 400 lm. The film sputtering

was performed using Arþ ions with energy of 500 eV. The

SIMS measurement was used to study the film composition

and determine the Al diffusion profile into TiN layer. SIMS

measurements were performed using a 500 eV O2þ ion beam

with angle of 44�.
Figure 1(b) shows the process steps for fabrication of

MOS capacitors. 2 nm of HfO2 was deposited on Si (100)

wafers covered with SiO2. Various SiO2 thicknesses,

between 1.4 and 5.7 nm, were achieved using the slant etch

procedure.14 For calibration of capacitance-voltage (C-V)

and EWF extraction routines, reference device (see Table I)

was fabricated using Pt sputtering deposition (see Figure

1(b)). Table I shows the sample name, metal gate structure,

purpose and metal EWF for capacitors with different metal

gate structures. To study the influence of Al incorporation on

TiN layer capacitors with metal electrode structures of

TiN/TiAl/TiN and TiN/AlN were fabricated. For Pt refer-

ence sample (see Table I), 10 nm of TiN and 2 nm of TaN

were deposited in situ by ALD. The Al layer was deposited

on the top of TaN film, followed by a forming gas anneal

(FGA) step at 420 �C for 20 min for Al diffusion into TiN

film. After the etch of Al film, 70 nm of Pt layer was depos-

ited on top of TaN, as shown in Figure 1(b). For devices

with TiN/TiAl/TiN/HfO2 stack, the TiN and TiAl were de-

posited by ALD and PVD, respectively. Forming gas anneal

was performed after the deposition of this stack. Then,

70 nm of Pt layer was deposited on top of TiN, as shown in

Figure 1(b). To obtain TiN/AlN device (see Table I), AlN

and TiN depositions were done in situ with the HfO2 deposi-

tion. In order to increase the TiN thickness for C-V measure-

ments, 10 nm TiN was deposited on the top of ALD TiN

using PVD. After that, a thermal annealing step was per-

formed using forming gas at 420 �C for 20 min, which

FIG. 1. The fabrication steps for (a) HfO2/AlN, HfO2/AlN/TiN (with and

without laminate) structures; (b) MOS devices.

TABLE I. Sample name, structure, gate stack deposition, and metal EWF.

Sample name Structure Purpose Gate stack deposition Metal EWF (eV)

Pt ref Pt/HfO2/SiO2/Si Reference sample for EWF extraction HfO2 deposition 5.60

TiN ref Pt/TiN/HfO2/SiO2/Si TiN EWF for reference HfO2/TiN deposition 5.05

Al dif. Pt/TaN/TiN/HfO2/SiO2/Si TiN EWF with Al diffusion HfO2/TiN/TaN deposition 4.68

TiN/TiAl Pt/TiN/TiAl/TiN/HfO2/SiO2/Si TiN EWF using TiAl as a Al diffusion source HfO2/TiN/TiAl/TiN deposition 4.13–3.96

TiN/AlN TiN/AlN/HfO2/SiO2/Si TiN EWF using AlN as a Al diffusion source HfO2/AlN/TiN deposition 5.01–4.78

Laminate TiN/AlN/HfO2/SiO2/Si laminate TiN EWF using AlN laminate

as a Al diffusion source

HfO2/AlN/TiN laminate deposition 4.85–4.59
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corresponds to the standard annealing time for CMOS devi-

ces in back end of line (BEOL) process. Separate capacitors,

with sizes of 2500 lm2, 10 000 lm2, and 78 400 lm2, were

obtained by etching the TiN and AlN after lithographic pat-

terning. Finally, following the SiO2 removal from the back-

side of the silicon wafer, 500 nm Al was deposited by PVD

on the backside of the silicon wafer. TiN EWF was extracted

using C-V measurements performed on MOS capacitors.

C-V measurements were taken from TiN/AlN devices, with

and without the laminate deposition, at a frequency of 100

kHz using a Keithley analyzer 4200 SCS model. TiN work

function was determined using Hauser’s CVC program.16

The Pt reference device was fabricated as described in

Figure 1(b) and was used for calibrate the EWF routine.

III. RESULTS AND DISCUSSION

Figure 2 shows the growth of AlN layer on HfO2 and TiN.

The growth per cycle (GPC) was obtained using the XRR

thickness. The growth behavior of AlN layer is independent of

the surface either when growing onto HfO2 or TiN. Indeed, the

growth is linear with GPC’s of 0.042 nm/cycle. The Al:N ratio

as measured by XPS was �1 for the 1.2 nm AlN (Figure 2(b)).

The AlN layer formation is confirmed by the presence of Al 2p

and N 1s, however, the stoichiometry of AlN is distorted due

to native oxidation. The incorporation of Al into TiN has been

quantified by SIMS Al implantation experiments (2� 1013

atoms/cm2 at 5 keV). The Al diffusion profile was obtained by

SIMS measurement on a TiN/AlN sample (with structure

TiN/AlN/HfO2/SiO2/Si) after forming gas anneal, see Figure

2(c). The AlN thickness was about 2 nm. For this TiN/AlN

sample, two layers of TiN were used: (i) the first one was de-

posited in situ with HfO2 and AlN by ALD; and (ii) the second

TiN layer was deposited on the top of the ALD TiN ex-situ by

PVD. The diffusion of Al ions on TiN layer is shown by the
27Al presence inside the TiN layer, the presence of 48Ti eviden-

ces that the mixing does not fully consume the TiN films.

Moreover, there is no clear difference from the TiN and AlN

layer at the interface between those two films which suggests

the formation of a TiAlN compound.

To calibrate the EWF extraction routine, the Pt and TiN

EWF were extracted from the reference sample. The EWF

values obtained were 5.60 eV and 5.05 eV, respectively, in

good correspondence which values reported in the litera-

ture.8,17 From Al dif. devices (see Table I) the extracted TiN

EWF value was about 4.68 eV. Using TiAl as an Al diffusion

source, low TiN work function values around 4.1–4.2 eV can

be expected.10 The extracted TiN EWF from TiN/TiAl devi-

ces with 5 nm of TiAl was 3.96 eV, while for the same metal

gate stack with 2 nm of TiAl the TiN EWF value was about

4.13 eV. Literature reports that a reduction of 0.60 eV on

TiN EWF can be achieved using TiAl layer,10 but the TiN

work function shift is dependent on thickness of TiN film

and TiAl. Thus, the extracted TiN work function values from

FIG. 2. (a) AlN thickness and AlN mass versus AlN cycles AlN/HfO2/SiO2/Si structures; (b) XPS measurement on 1.2 nm of AlN (on top of HfO2); (c) SIMS

measurement on a structure TiN/AlN/HfO2/SiO2/Si after forming gas anneal; (d) TiN EWF versus the AlN thickness for laminate structures.
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the Al dif. and TiN/TiAl devices show that Al incorporation

in TiN layer decreases the metal gate work function. Also

the different reduction on TiN EWF, 0.37 eV for Al

films and 1.09 eV for TiAl films were observed and are

related to different TiN film thickness on those two struc-

tures. Figure 2(d) presents the TiN EWF versus AlN thick-

ness. We found that the thicker the AlN film on the lower the

TiN EWF, clearly pointing out that Al can diffuse from the

AlN layer, decreasing the TiN EWF similar to what has been

reported for the case of pure Al.18 The diffusion of Al into

TiN layer could generate additional dipole at the interface

between the metal gate electrode and high-k gate dielectric,

which could lead in lower values for TiN EWF.8 However,

for thicker AlN layers, the Al diffusion into TiN film could

be limited and reduced by the high Al concentration on the

interface between the AlN and TiN. Thus, the decrease on

TiN work function does not change much for thicker AlN

layers, as it can be seen for thickness of 3.2 nm (TiN

EWF¼ 4.79 eV) and 4.2 nm (TiN EWF¼ 4.78 eV).

Moreover, the equivalent oxide thickness (EOT) value was

not increased which indicates that the Al is diffusing into

TiN layer.

Figure 3(a) presents the AlN/TiN laminate structure

(with AlN as on top of HfO2) mass and thickness versus AlN

cycles graphs. The growth of AlN/TiN laminate per loop

also presents a linear growth. Moreover, the slope for the

samples with 5 and 10 cycles of TiN presented the same

value, which means that the growth of TiN and AlN is the

same on both structures. Also, there is no significant differ-

ence on AlN/TiN growth if the first layer of the laminate

structure is a TiN structures, which confirms the previous

conclusion from Figure 2(a). Figure 3(b) presents the TiN

EWF versus the AlN/TiN ratio for laminate structures. The

AlN/TiN laminate ratio consists on the ratio of AlN and TiN

cycles on laminate structure, for example, the AlN/TiN ratio

of 1 presents the same number of cycles for AlN and TiN

depositions, while the AlN/TiN ratio of 3 presents the three

times more cycles for AlN than TiN cycles. In addition,

increasing the AlN/TiN ratio, the amount of Al is also

increased due the higher thickness of AlN layer, but the dep-

osition parameters were set up in order to achieve the same

final thickness of laminate structure. For devices with

AlN/TiN laminate deposition, the TiN EWF decreases with

an increase on number of AlN/TiN ratio, resulting on an

increase of AlN thickness per loop. Nevertheless, lower val-

ues for TiN work function can be achieved using the lami-

nate deposition. The lowest TiN EWF value of 4.59 eV was

extracted from the laminate device with thicker AlN/TiN

stack. This indicates that the laminate deposition is more ef-

ficient for Al diffusion, the FGA is more effective on thinner

layers, than the single AlN layer under TiN film.

Furthermore, for the laminate devices with AlN as first de-

posited layer, the extracted TiN work function presented

lower values than for laminate devices with TiN as first

layer. Thus, it might be possible that the dipoles at the inter-

face between high-k dielectric and metal electrode present

different symmetries for TiN/AlN/HfO2 and AlN/TiN/HfO2

structures, leading to different effects on the TiN EWF. In

summary, the Al diffuses through TiN layer, which result in

a decrease on metal electrode work function value.18 Low

values for TiN EWF can be achieved using AlN as an Al dif-

fusion source. A decrease of 0.26 eV and 0.45 eV on TiN

work function value were extracted from AlN/TiN stack and

AlN/TiN laminate stack, respectively. So, the AlN/TiN lami-

nate structures have been shown to be more effective to

reduce the TiN work function than just increasing the AlN

thickness. Moreover, all the TiN EWF values are applicable

for CMOS technology.19,20

IV. CONCLUSION

Low values for TiN work function can be achieved

using Al diffusion into TiN layer. Literature reports that

TiAl and Al layers have been used as an Al diffusion source.

A reduction of 1.09 eV on TiN EWF was obtained using

TiAl on top of TiN. This was likely to be induced by Al dif-

fusion into TiN (near HfO2). Indeed, 10 nm TiN yields only

to a 0.37 eV TiN EWF decreasing. In addition, the study of

TiN/AlN devices demonstrated that AlN layer can be used

for TiN EWF tuning. The SIMS measurements confirmed

the Al diffusion into TiN film. The diffusion of Al into TiN

layer could generate additional dipole at the interface

between the metal gate electrode and high-k gate dielectric,

which could lead in lower values for TiN EWF. Also, with

an increase on AlN thickness a decrease on TiN EWF was

observed. Nevertheless, the Al diffusion into TiN film could

FIG. 3. (a) AlN/TiN thickness versus AlN cycles for TiN/AlN/HfO2/SiO2/Si

laminate. TiN-10cy-reverse means that the first layer of the laminate is TiN

instead of AlN; (b) TiN EWF versus the AlN/TiN ratio for laminate devices.

The open symbols are for laminate structures deposited with 5 loops.
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be limited and reduced by the high Al concentration on the

interface between the AlN and TiN. In addition, a decrease

of 0.26 eV and 0.45 eV on TiN work function value were

extracted from AlN/TiN stack and AlN/TiN laminate stack,

respectively. So, the AlN/TiN laminate structures have been

shown to be more effective to reduce the TiN work function

than just increasing the AlN thickness. Moreover, all the TiN

EWF values are suitable for CMOS technology. Finally, this

work shows that Al diffusion into TiN can be used for metal

gate work function tuning.
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