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This work investigates the work function modulation of Tallims and the thermal stability of Cu/TaNtack as a gate electrode

for metal-oxide-silicon devices. The N/Ta ratio was varied in the range of 0.30-0.65 by using reactive-sputter deposition with
various Ar/N, mass flow ratios. The TgNfilms are almost amorphous and are thermally stable up to 800°C. However, the
formation of TgNg phase in a film with a high N/Ta ratio or annealed at high temperature increases the resistivity. The work
function of TaN, is about 4.31-4.38 eV and the modulation is less than 70 mV. Such a short range modulation of the work function
implies that TaN is only suitable to be a gate electrode of surface channel n-channel metal oxide semiconductor field effect
transistorNMOSFETSs). The mean value of the flatband voltage decreases and the deviation of the flatland voltage increases with
the increase of the annealing temperature. Although phase change, grain growth, and Cu contamination contribute to the instability
at high temperature, thermal stress-induced oxide charges dominate this decrease and deviation of the flatband voltage at tem-
perature below 500°C. According to the material and electrical analysis, the Guéfabk gate electrode can be used for
NMOSFETs only, and the maximum process temperature following gate electrode deposition should be lower than 500°C.
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As conventional complementary metal oxide semiconductorWherever it is possible, the low resistivity layer serves as the major
(CMOS) devices are scaled down to improve performance, gate enconduction material and metal nitride layer serves as the threshold
gineering becomes a crucial issue. It was found that the convenvoltage control material.
tional gate material, poly-silicon, suffered from gate depletion, high ~ Recently, the widely accepted barrier metal, TaMas reported
gate resistance, and boron penetration into the channel region ias the gate electrode of fully depleted silicon-on-insulator devices
sub-100 nm CMOS technology nod@.Poly-Si gate depletion in-  and showed that its work function is closer to the midgap of silicon
creases the equivalent gate dielectric thickness by about 3 A anthan that of3-tantalum!’ The Cu interconnect has become an alter-
degrades channel current drive capabflifyHigh gate resistance native to conventional Al interconnect, because of its low resistivity,
increases the resistance/capacitafit@) time delay to degrade high low via resistance, and high electron-migration resistafdeves-
frequency performance. Salicide technology can reduce the gate raigating the feasibility of using Cu/TaNat the front-end-of-line
sistance but it is difficult to maintain a proper aspect ratio for gate(FEOL), as the gate electrode, becomes natralhe use of
stack in scaled devicdsBoron penetration in p-channel metal oxide Cu/TaN, at both the FEOL and back-end-of-lifBEOL) can sim-
semiconductor field effect transistt®MOSFET)reduces the ability  plify the management of production line and reduce the cost-of-
of threshold voltage control and gate oxide reliabilifyHigh di-  ownership because the equipment for BEOL can share with FEOL.
electric constanthigh k) materials are expected to replace Sior Therefore, Cu/TalNgate is one of the desirable gate structures. In
scaling gate dielectric thickness below 1.5 nm where direct tunnel-
ing current through Si©may be too high to be acceptaBieinfor-
tunately, poly-Si is incompatible with most highmaterials due to
chemical reaction or interface layer formatidhit has been dem-
onstrated that metal gate devices are free from gate depletion, high = — Theoretical C-V curve V=0
resistance, and boron penetration. Therefore, there is an immense = e
interest in metals to be a replacement in gate electrodes. 300

To select metal gate material properly, several issues must be
considered to satisfy the manufacturability and performance. The
typical thermal budget of front-end process usually causes thermal
instability of metal gate devices. Therefore, low temperature or low __
thermal budget processes must be developed to prevent the metalg
gate from experiencing high temperature proce&sé3o simplify @ 200
the process and to achieve high performance, the metal gate elec-@
trode should have low resistivity, suitable work functieh,{), high s
thermodynamic stability, and good chemical durability under wet S 150
chemical processing. From these points of view, refractory metals g
such as W, Mo, Ta, and Ti are more attractive candidates. Since the©
work function of some refractory metal nitrides can be modulated
with the nitrogen atom content, several investigations have been
carried out in this field?>* However, the nitrogen content also in-
creases the resistivity of the metal. According to the ITRS roadmap
of 2001, the effective resistivity of the gate electrode must be lower
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than 3200 cm2® This implies that several metal nitrides are not
suitable to be used as a single layer gate electrode. Consequently, thi o
gate electrode might be formed with stack structure that consists of

a low resistivity metal and refractory metal nitride lay&<817
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Figure 1. Example of the measured and the well-fitted theoretical

Z E-mail: bytsui@cc.nctu.edu.tw capacitance/voltage curves for the extraction of corrected flatband voltage.
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Figure 2. Wide angle XRD spectrums dfa) TaN-1, (b) TaN-2, and(c)

TaN-3 films after annealing at various temperatures.

this work, the work function modulation of TgNilm and the ther-
mal stability of Cu/Tal\ MOS devices were investigated. The crite-
ria and the optimum thermal process conditions for Cu/Tghite

MOS devices were proposed.

Experimental

Simple metal oxide semiconduct@OS) capacitors were fab-
ricated with a single damascene process on p-06)-oriented Si
wafers. After cleaning, a 500 nm thick thermal oxide was thermally
grown and a lpm thick oxide was deposited in a high-density-
plasma chemical vapor depositighDPCVD) system. A conven-
tional photo-lithography process was then used to define an active
region with an area of 30& 300p.m. The oxide in the active re-
gion was etched by a two-stédry by wet) process to prevent Si
surface from being damaged. Following preoxidation cleaning, a dry
oxide, 10 nm thick, was thermally grown at 900°C as the gate di-
electric. The purpose of using such a thick gate oxide is to isolate
the gate electrode issues from the ultrathin oxide issues, Tk
with various Ta/N ratios were reactively sputtered in a physical va-
por deposition(PVD) system to a thickness of 50 nm, with various
gas-flow ratios of Ar to N. Before deposition, the process chamber
was pumped down to 16 Torr. During deposition, neither bias nor
heating was applied to the wafers, and the chamber pressure was
kept at 10* Torr. It is known that the PVD process may introduce
physical bombardment damage and radiation damage to the
substraté®?° The physical bombardment damage can be reduced
with lower deposition power and zero substrate bias. Therefore, the
dc power and radio frequendgyf) power were set to 15 kW and 350
W, respectively. Radiation-induced oxide charges can be neutralized
after a postdeposition annealing at 400°C. The Argds flow ratio
was set to 60/12, 60/20, and 60/28 for TaN-1, TaN-2, and TaN-3
films, respectively. A 200 nm thick Cu film was continuously depos-
ited on TaN films as a seed layer in another chamber of the same
PVD system, without exposing to air. Then apin thick elec-
trochemically deposited copper film was deposited. Finally,
the chemical mechanical polishing separated MOS capacitors
and a 30 nm thick silicon nitride film were deposited
to passivate the Cu surface. The completed structure
is SikNs (30 nm)/Cu (500 nm)/Tap (50 nm)/SiQ (10 nm)/Si
substrate. The thickness of dielectric layers were measured with the
ellipsometry method and the thickness of metal layers were in-
spected with cross-sectional scanning electron micros¢8gm).

The element ratios of Ta\films were determined with the Ru-
therford backscattering spectroscofiBS) analysis. The phase
transformation after annealing at different temperatures was identi-
fied with Cu Karadiation wild angle X-ray diffractiofiXRD) spec-
trum. A transmission electron microscofEM) was used to deter-
mine grain size as well as phase formation. On the other hand, the
sheet resistanceR() of blanket TaN films was measured with a
four-point probes system to monitor the thermal stability of various
films. Secondary ion mass spectrosco8IMS) depth profiling
technique was used to elucidate the distribution of Cu atoms in the
Cu/TaN, gate MOS capacitor.

In the electrical analysis, high frequency capacitance-voltage
(C-V) characteristic was measured at a frequency of 100 kHz. Low
frequency(C-V) characteristic was measured with a ramp voltage
method?! The oxide thicknessT(,,) was calculated from the capaci-
tance at strong accumulation mod€ (. = €,,A/T,,). The sub-
strate concentration can be obtained by fitting the measured C-V
curve with the theoretical C-V curve at the depletion mode without
concerning the interface state densiy,f. Because of the rela-
tively thick gate oxide, classical MOS theory can be applied and the
equations used to generate theoretical C-V curve can be found in
any general textbook:

By shifting the measured C-V curve to coincide with the theo-
retical curve, the flatband voltage can be determined without the
interference from the variation of gate oxide thickness and substrate
concentration. Figure 1 shows an example of the measured 400°C
annealed Cu/TaN-2 sample and the well-fitted C-V curves. The per-
fect coincidence between the measured and theoretical C-V curves
confirms that no PVD damages induced charges remain after 400°C
annealing. After subtracting the work function of Si substrate, we
obtain the corrected flatband voltag¥g ) which is equal to
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(b) TaN-2, 400°C (c) TaN-1, 700°C (d) TaN-2, 700°C

i

Figure 3. Plane view TEM micrographs df) TaN-1 film annealed at 400°Qh) TaN-1 film annealed at 700°Q¢) TaN-2 film annealed at 400°C, arid)
TaN-2 film annealed at 700°C.

®,— Qet/Cox, Whered ., is the work function of gate electrode and grain is small and the grain sizes are in the nanometer range. It is

Q. is the effective oxide charges. In the case of thin oxide or low sure that TaN film is dense and has no serious grain growth, but

oxide charge, th&gg . becomes very close @ . some microcryst{:lls are precipitated. The transmitted electron dif-
The corrected flatband voltage of Tafter annealing at 400 and fraction patterns identify the phases of TaN-1 and TaN-2 more pre-

500°C was extracted according to the above procedure. However, ggsely than those identified with XRD. As shown in Fig. 4,Neand

the D;, can not be ignored, the fitting error becomes large. In this TaN phases were observed for TaN-1 and TaN-2 films, respectively,

case, the flatband voltage was estimated from the flatbandfter annealing at 700°C.

capacitancé? Finally, the interface state densitp() at the midgap Tgehshe(:ft resi?tarr]\ce of T,alf:lms was a%?ﬁ measured to l;nﬂer-
was measured with the high-low frequency methbd. stand the effect of phase transformation. The resistivities of the as-

deposited TaN-1, TaN-2, and TaN-3 films were 463, 480, and 1290
Result and Discussion nQ cm, respectively. Figure 5 shows the variation of sheet resis-
tance of the three kinds of TaNilms vs. annealing temperature.
Thermal stability of Tal films.—The N/Ta ratios of TaNfilms  These values were normalized to the sheet resistance of the corre-
determined with RBS analysis are 0.3, 0.5, and 0.65 for TaN-1,sponding films annealed at 400°C. A slight decrease of sheet resis-
TaN-2, and TaN-3 films, respectively. The phases of Jal quite  tance is observed in the TaN-1 and TaN-2 films upon increasing the
thermally stable. Figures 2a-c show the wide angle XRD spectra ofannealing temperature form 400 to 700°C. Referring to the TEM
TaN-1, TaN-2, and TaN-3 films after annealing at various tempera-pictures in Fig. 3, the decrease of sheet resistance is attributed to the
tures. For the TaN-1 film, an extremely weal,M&101) signal was  slight grain growth with the increase of annealing temperature. Ac-
detected after annealing at all temperatures. No significant phaseording to Radhakrishnaet al., the TgNg phase has a very high
change was observed with the increase of annealing temperatun@sistivity?>* Thus, the sheet resistance of TaN-1 film increased sud-
except that a weak Tl signal appeared after 800°C annealing. denly at 800°C which can be attributed to the formation ofNEa
The small peak at 32.5° of the 500°C annealed TaN-1 film cannot bephase, as identified with the XRD spectra. Unlike TaN-1 and TaN-2
found in the data sheets of Si Ta, and TaM might be attributed to  films, the sheet resistance of TaN-3 films increases with the anneal-
exterior particles and is hard to be identified from the single peak. ing temperature. The XRD spectra reveal that the increase is due to
No XRD signal was detected for the TaN-2 film after annealing the growth of TaNs phase after high temperature annealing.
at different temperatures. For TaN-3 film, the;Ng(320) phase is o )
observed after 400°C annealing and the signal intensity increases Flatband voltage variation of CiTaN, MOS capacitor.—
with the increase in the annealing temperature. Because the sign&iigure 6 shows the corrected flatband volta¥eg() of Cu/TaN-1,
intensity of XRD is relatively weak, grain size and phases are iden-Cu/TaN-2, and Cu/TaN-3 samples.the annealing temperature. All
tified with plane view inspection and diffraction pattern of TEM, theVggdifference of Cu/TaNsamples is less than 70 mV below or
respectively. Figure 3 shows the plane view TEM micrographs ofat 600°C. This implies that the modulation of work function of TaN
TaN-1 and TaN-2 films after annealing at 400 and 700°C. Sincefilm with the usage of various N/Ta ratios is very limited. In other
there is no apparent grain boundary but only some microcrystals, thevords, the work function of Tapfilm is quite stable against varia-
films are almost amorphous. Despite 700°C annealing treatment, theon induced by process disturbance. According to the ITRS road-

(b)TaN-1

Figure 4. Diffraction patterns of (a)
TaN-1 film annealed at 400°@)) TaN-1
film annealed at 700°C(c) TaN-2 film
annealed at 400°C, andl) TaN-2 film
annealed at 700°C.
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map, the allowed deviation of threshold voltagéj is 25 mV at

the sub-0.07um technology nodé® For 400 °C annealing condi-
tion, the 3-sigmé3o) deviation ofVg . of all samples satisfied the
demand of 25 mV. Particularly, theo3deviation of Vgg . of Cu/
TaN-2 sample is less than 5 eV. However, the deviationVgf
continuously increases with the increase of annealing temperature
and is out of the demand after annealing at and beyond 500°C.
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Figure 6. Corrected flatband voltagevig ) of (a) Cu/TaN-1 sample(b)
Cu/TaN-2 sample, an¢t) Cu/TaN-3 sampless. the annealing temperature.
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Figure 7. Capacitance/voltage curves before and after BTS test-ht
MV/cm and 150°C for 60 min of Cu/TaN-2 sample annealingagt500°C,
(b) 550°C, and(c) 600°C.

The reasons that cause the deviatioVgg . include the charac-
teristic of gate material, substrate doping concentration, oxide thick-
ness, and oxide charges. The factors of oxide thickness and substrate
deviation of 400 and 500°C annealed samples are ruled out using the
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Table I. Mean value and standard deviation of retention time of 100 E (a) TaN-1
Cu/TaN-2 MOS capacitors under transient capacitance measure- 30 b
ment. E
60 F
Temperature 400 500 550 600 40EF
(°C) 3
Retention time 33.4 14.1 <0.1 <0.1 20 o £ i‘
(S) ‘T,\ 0 :- N I N N [ I
Deviation 16.2 7.4 0 0 > 100 f (b) TaN-2
(s) q‘m 80 E
= 3
o 60 F
2 40 F
Vg ¢ €xtracting procedure. The characteristics of gate electrode re- @ 20 E :
sulting in Vg ¢ variation are phase change and grain growth. The ~Z 0 E il s
XRD spectra show no apparent difference among the, TiMs Q N L 1
annealed below 700°C. The primary phase after annealing at 400°C 100 £ () TaN-3
changed from TaN to Ta;sN5 as the N/Ta ratio increased from 0.3 to 80 F
0.65 but the difference 0 g ¢ is only 70 mV. In addition, th&/gg . 60 F l
differences of Cu/TalNsamples annealed at the same temperature 4F L;»’
below 700°C are almost the same. It is thus clear that the phase 20 F ’
transformation cannot dominate thejg . variation. In other words, ok = =
the main reason that caused the variationVeg . should be the * ! * — * —t
variation of effectives oxide charges. 400 500 600
Copper contamination is the first possible factor to be examined. o
Figures 7a, b, and ¢ show the C-V curves before and after bias- Temperature (C)

temperature streg8TS) test at+1 MV/cm and 150°C for 60 min i )

of Cu/TaN-2 sample annealed at 500, 550, and 600°C, respectivelyigure 9. Interface state densityX;) of (a) Cu/TaN-1 samplelb) Cu/TaN-2

The C-V curves before and after BTS test of the 500°C annealecfample, andc) Cu/TaN-3 samples. the annealing temperature.

sample are identical. A slight shift of C-V curve toward the negative

voltage axis after the BTS test is observed on the 550°C annealed

sample. Furthermore, the appearance of a hump at the inversiopjased at the accumulation mode-e# V and was switched to deep
region (about +0.5 V) reveals that the carrier lifetime at the Si  gepletion mode of+5 V. The retention time is defined as the time
substrate is shortened. Both the observations indicate that the deviG@quired for capacitance to recover 90% of the stable value. Table |
was contaminated, while the most possible contamination source i§sts the retention time and its deviation of Cu/TaN-2 samples an-
Cu. ) ) ) ] N _nealed at 400, 500, 550, and 600°C. The retention time of 550 and

The transient capacitance technique is sensitive to small quantityoo°C annealed samples decreases to shorter than 0.1 s, which in-
of deep-level atoms, such as copfief’ Once the copper reaches dicates that copper had penetrated into the Si substrate. A slight
silicon, it affects the silicon/oxide interface and the minority carrier gecrease in the retention time of the 500°C annealed sample is dis-
lifetime in the bulk. Therefore, transient capacitance analysis wascyssed later. Although SIMS was not detected Cu signal in the sub-
performed to detect lifetime degradation. The MOS capacitor wasstrate of the 550°C annealed sample, Fig. 8 shows the SIMS depth
profile of Cu in the 600°C annealed Cu/TaN-2 sample before BTS
test. Before SIMS analysis, the Cu film was removed with dilute
HNO; solution. It is thus concluded that the decreas&/gf . and
increase in the deviation &fgg . beyond 550°C annealing is related
to Cu contamination. However, the decreas¥gf . and increase of
100000 Vesc de_viation occur after annealing at 500°C even if no Cu con-

tamination would occur.

Figure 9 shows the interface state densy;) at the midgap of
Cu/TaN-1, Cu/TaN-2, and Cu/TaN-3 samplesthe annealing tem-
perature. The magnitude and deviationlf increase with the in-
crease of annealing temperature. It is reasonable to expect that the
effective oxide charges¢¢) also increase with the increase of an-
nealing temperature. A deviation @ of 1 X 10'! cm ™2 results in
a deviation in flatband voltage of 46 mV. Therefovgg . deviation
can be reasonably attributed to the deviatiorQgf induced by the
deviation of thermal stress. For 500°C annealed samples, the drop in
the Vg . compared to the corresponding 400°C annealed samples is
less than 60 mV, and the 3deviation is about 50 mV which is
higher than the value of the demand. It is postulated that the devia-
tion of Vg . comes from the large difference of thermal expansion
coefficient (TEC) between Cu and Si. By scaling down the gate

0 30 60 90 120 150 dielectric thickness, the effect @ on threshold voltage can also
be scaled down. However, tlig.« generated by thermal stress may
Depth (nm) increase. The slight increase in the retention time of 500°C annealed
sample, listed in Table I, is thus explained by the increase of surface
Figure 8. SIMS depth profile of Cu of the 600°C annealed Cu/TaN-2 generation rate due to the increaseDgf. Replacing Cu by another
sample. No BTS was performed before SIMS analysis and the Cu layer wasow resistivity material with TEC close to Si, for example, W and
removed with dilute HN@ solution. Mo, is recommended.
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Above 600°C annealing, thégg . rises with the annealing tem- 3.

perature. It is presumable that the interface dipoles caused by the
interaction between oxide and metal gate induce effective work

function offsets since effective oxide charges are increaSifige 5.

interaction between metal gate and gate dielectric is still under in-
vestigation.

Conclusion

7. C. H. Lee, H. F. Luan, W. P. Bai, S. J. Lee, Y. Senzaki,

This work investigates the work function modulation of TaN

film and the thermal stability of Cu/TaMstack as the gate electrode. 8

The N/Ta ratio was varied in the range 0.3-0.65 by using the reactive

sputtering with various Ar/M gas flow ratios. The main phases of g

the TaN-1, TaN-2, and TaN-3 films are ;,’4 TaN, and TaNs,
respectively. The TalNfilms are thermally stable up to 800°C. How-
ever, the formation of the F&l; phase in a TaNfilm annealed at

high temperature or with a high N/Ta ratio increases the effectiveis.

resistivity. The work function of TafNis about 4.31-4.38 eV and the

range is less than 70 mV. Such a short range work function modu42-
13.

lation implies that the work function of TgNilm is quite stable to
avoid the variation induced by process disturbance. On the other

hand, Tal is a suitable to be a gate electrode only for the surfacel4.

channel n-channel metal oxide semiconductor field effect transistor,
(NMOSFETSs). The flatband voltage decreases with an increase in

the annealing temperature. In addition, the deviation of the flatband.

voltage increases with the annealing temperature. Although phase

change, grain growth, and Cu contamination contribute at high tem-7-

perature, thermal stress-induced oxide charges dominate the de:
crease and deviation of the flatband voltage at temperature below
500°C.

In conclusion, according to the material and electrical analysis,
the Cu/TaN stack can be used as a gate electrode for the surface
channel NMOSFETs only, and the maximum process temperature

following gate electrode deposition should be lower than 500°C.19.

The thermal stress-induced oxide charges are additional sources of

deviation in the threshold voltage. This result must be considered irf°:

controlling the threshold voltage during metal gate generation.
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