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The temperature coefficient of resistanCECR) for an as-deposited RyQ thin film resistor
changes from-131.6 to 1007.95 ppm/°C after the annealing at 600 °C for 30 min. Typically, a near
zero TCR about ©0.12 ppm/°C can be obtained after annealing at 300 °C for 30 min in an Ar
ambient. The changes of TCR from negative to positive is attributed to the grain growth of
RuQ, films from fine grain(30—40 A) to a larger oné500—800 A) during the annealing process.
Rutherford backscattering spectroscopy amslitu x-ray photoemission spectroscopy show that the
ratio of O/Ru in the RuQfilm decreases from 2.2 to 2.0, due to the out diffusion of oxygen during
the annealing process, which is independent of the changes in TCR99® American Institute of
Physics[S0003-695097)01302-9

In the past several years, ruthenium oxiduQ,) has shadow mask allow the RyQhin film resistors to be pat-
become one of the very attractive metallization materialgerned directly during the sputtering process. The resistances
used for the dynamic random access mem@RAM) be-  of these RuQfilm resistors varied from 1 to 5& depending
cause RuQ@ exhibits an excellent thermal stability as a dif- on the length of the patterns. All of the Ry@in films had
fusion barrier between SiOand Al overlayer during post a thickness of 100 nm and the width of the resistor was fixed
annealing processéslt is also used for the stable bottom at 200 um. The ratio of O/Ru in the RuQthin films was
electrode of ferroelectric capacitors in the non-volatile RAM controlled with the flow ratios of &(O,+Ar) from 10% to
where ferroelectric is used as dielectfcsOn the other 50% and was determined by Rutherford backscattering spec-
hand, the Ru@thin film has been suggested for applicationstrometry(RBS). The resistivity of RuQwas varied from 155
in hybrid microcircuits and precise measurement instrumento 260 () cm corresponding to the ratio of O/Ru. The TCR
tation as a thin film resistor because of its relatively lowerof RuQ, thin film resistors was determined with the change
temperature coefficient of resistan@CR) than the conven- in resistance relative to the resistance measured at room tem-
tional ceramic resistorsA near zero TCR(ppm/°Q is a  perature, which is normalized by the temperature change
critical property of thin film resistors used for highly accu- from 25 to 180 °C. During the TCR measurement the
rate electronic measurement instrumenigowever, most of  RuQ, thin film resistors were kept on a heating stage in an
the previous results on RyQhick and thin film resistors isolated vacuum oven. In order to find a relationship between
have concentrated on the film properties and TCR charactethe TCR and the O/Ru ratio of the Ry@hin film resistors,
istics. Although it has been known that the TCR is a functionthe resistors were annealed at a temperature range of 200—
of the substrate temperature and oxygen pressure during t#§0 °C for 30 min in an Ar ambient. Also, some samples
sputtering processes of Ry@hin films*®7 the influence of ~Were annealed at 300, 500 and 600 °C for 30 min and intro-
both the O/Ru ratio and the grain size on TCR is still notduced into the detection chamber without exposing the an-
quantitatively investigated. In this work, we have tried tonealed samples in the atmosphere ambient forirasitu
investigate qualitatively and quantitatively the dependence of-ray photoemission spectroscofyPS) measurement. As a
TCR on the ratio of O/Ru and the grain size of Ruthin  result, the XPS spectra of,0and Ryy were quantitatively
films as-deposited and annealed at temperatures of 200—

600 °C.

p-type (100) Si wafers 4 in. in diameter were cleaned Energy (MeV)
and SiQ with a thickness of 500 nm was thermally grown 0.5 1.0 1.5 2.0
on these wafers. The RyGhin films were reactively sput- 200§ R0l

2.42 MeV 4He2t

150 (100)] * | ==—""")10°

x=2.0

tered on SiQ/Si layers using a dc magnetron sputtering sys-
tem. The target was a Ru pellet with a purity of 99.99% and
10 cm in diameter. The substrate temperature was main-

Backscattering Yield (counts)

tained at 40 °C during the sputtering process. The flow rates 100 2.4 x4
of Ar and O, gases were seperately controlled with mass

flow controllers and introduced into the sputtering chamber. 50

The total working gagO,+Ar) pressure was kept at a con-

stant level of 10 mTorr. More details about deposition pro- 200 ' 30Lo

cedures and properties of the Rufin films were already

- ) ) Channel
reported in a previous workSeveral different patterns on a

FIG. 1. RBS spectra for Ruchin films deposited with &(O,+Ar) flow
3E|ectronic mail: ytkim@kistmail.kist.re.kr ratios of 10%, 30%, and 50%.
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dence of the TCR on annealing temperatures for the thin film
resistors with three different O/Ru ratios. As the annealing
temperature increases from 200 to 600 °C the TCR changes
sign from negative to positive. A TCR value oft0.12
ppm/°C can be realized at a critical annealing temperature of
250-300 °C depending on the O/Ru ratios: i.e., a near zero
TCR can be obtained with the Ry@thin film resistor after
annealing at 300 °C for 30 min in an Ar ambient, whereas
the other samplesx is greater or smaller than 3.have
TCRs as low as 83 ppm/°C after annealing at 250 °C for
30 min. Some reports mentioned that the TCR of Rtitin

film resistors may be influenced by oxygen contehtow-
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FIG. 2. TCR of as-deposited and annealed Rttin films.

and qualitatively traced with this situ XPS. The grain sizes
of the RuQ thin film were also investigated with transmis-
sion electron microscopyTEM) after the annealing pro-
cesses.

Figure 1 shows the RBS spectra for Ruin films
deposited with various £(O,+Ar) flow ratios of 10(solid
line in Fig. 1), 30 (dashed lingand 50%(dotted ling. Cor-
responding to these % of HO,+Ar), the ratio of O/Rux,
is determined with the backscattering yields from O and Ru
target atoms as followss increases from 2.0 to 2.2 and 2.4
while the flow ratio of Q/(O,+Ar) varies from 10 to 30%
and 50%, respectively. Figure 2 shows the TCR of RuO
thin film resistors with three different O/Ru ratios. The TCR
of as-deposited RuQresistors seems to be insensitive to
changes ix from 2.0 to 2.4. The TCR remains at the same
order of magnitude, although a lower oxygen content results
in a slightly more negative TCR: i.e., the TCR for the
RuGO, ; film resistor is—158.3 ppm/°C, compared t6129.4
ppm/°C for RuQ ,. Figure 2 also summarizes the depen-
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FIG. 3. Variation of XPS spectra for Qand Ruyy corresponding to the FIG. 4. TEM micrographs and SAD patterns f@ as-deposited RuQ
as-deposited state and the annealed states at 300, 500, and 600 °C, respghim film, and RuQ, thin film annealed atb) 300 and(c) 600 °C, respec-

tively, for the RuQ , stoichiometry films. tively.
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ever, our results obviously indicate that the TCR of RuO 4(c)]. Based on both XPS and TEM data, it is concluded that
thin film resistors is nearly independent of the O/Ru ratio. Tothe grain growth causes the TCR of Rufin film resistors
see the dependence of TCR on the O/Ru ratio in the RuOto change signs from negative to positive. The higher anneal-
films, in situ XPS was used to investigate the chemical bind-ing temperature gives a more positive TCR. Therefore, it
ing energies and emission intensities of O and Ru photoelecould be understood, in previous works, the Rdilns de-
trons during the annealing processes. Figure 3 shows thgosited at temperatures above 300 °C have positive TCR due
variation of XPS spectra for Q and Ry, corresponding to to the large grains in the RyOfilms. The TCR of the
the as-deposited and annealed Ryu@ms at temperatures samples annealed above 300 °C also become more positive
of 300, 500, and 600 °C. The spin orbit coupling of thethan the TCR of RuQ resistors as-deposited at 40 °C or
Rusq subshell has two states pfalues, 3/2 and 5/2, which annealed at below 300 °C because the electrical conductivity
are observed around 285 and 281.5 eV, respectively and the polycrystalline grains is reduced mostly by phonon scat-
spectra of Qs is found at 530.7 eV for the as-deposited thetering rather than multiple scattering at impurity, defect and
RuGO, , thin film. When the Ru®, film is annealed at a tem- grain boundaries. But, the Ry®@esistor as-deposited or an-
perature above 300 °C the Ry, and Rugs, peaks shift to  nealed at below 300 °C behaves like a semiconductor be-
284.5 and 280.5 eV, respectively, and the, @eak shifts cause the grain size is so small that the electron transport is
from 530.7 to 533.3 eV. However, after annealing at 600 °Ccritically limited by numerous grain boundari€sThe main
the intensity of the @ peak is not reduced but the binding path for electron transport in the microcrystalline grains is
energy shifts to a higher energy state than that of the agsunneling through the grain boundaries and the mobility in-
deposited state. The energy shifts ofsRand Qg mean that  creases with higher temperatures. Therefore, the TCR of mi-
O atoms break off the binding force with Ru atoms and thecrocrystalline RuQ thin film resistor becomes gradually
binding energy of O atom shifts to higher energy, whereasiegative, which is similar to the TCR characteristics of a
Ru peaks shift to lower binding energié3his result is con-  semiconductor.
sistent with the RBS result where the O/Ru ratio decreases In summary, the changes in negative to positive TCR for
from 2.2 to 2.0 during the annealing processes. Futhermor&uQ, thin film resistors were quantitatively and qualitatively
the relative XPS intensities of double peaks ofzfRare  analyzed with RBSin situ XPS and TEM as well as electri-
given by the ratio of their respective degeneradigs-1) cal resistance measurements. A near zero temperature coef-
and the emission intensity ratio of 5/2 and 3/2 becomes 6:4icient of resistanc€ TCR) about G-0.12 ppm/°C can be
after annealing at 300 °C because the chemical formula afealized for the Ru@, film resistors deposited at 40 °C and
RuGO, , thin film deposited at 40 °C changes to RuCThere-  post-annealed at 300 °C for 30 min in an Ar ambient. RBS
fore, Figs. 2 and 3 suggest that the TCR of annealed,RuCandin situ XPS clearly show that the decrease in the O/Ru
resistors is obviously insensitive to the out-diffusion of oxy-ratio makes no difference in the TCR, whereas the grain
gen and the changes in the sign of TCR from negative tgrowth in RuQ films causes the metal-like TCR. The change
positive is also indifferent with the O/Ru ratio in the RuO of TCR of RuQ, thin film resistors from negative to positive
thin films. Why then does the TCR of Ry@hin film resis-  is mainly due to grain growth.
tors show more metal-like properties after anqealing at tem—lJ M. E. Harper, S. E. Frastrim, O. Thomas, A. Charai, and L. Krusin-
perature h|gher.than 300 °C. It_ shpuld be pointed out here Elbaum, J. Vac. Sci. Technol. & 8.76(1989.’ ' ' '
that the metal-like TCR behavior is closely related to the 2pp. vijay and S. B. Desu, J. Electrochem. Sbd0, 2640(1993.
grain size of the Ru@thin films because the electrical resis- *K. Takemura, T. Sakuma, and Y. Miyasaka, Appl. Phys. Lé4.2967
tance in the large grain is strongly increased by the phonon,(1994- _ . . .
. . 10 . . Q. X. Jia, Z. Q. Shi. K. L. Jiao, F. M. Collins, and W. A. Anderson, Thin
scattering of Iattlcé._ Flgu_re 4, where the n_wserted p|_ctures Solid Films 196, 29 (1997,
are selected area diffractig®AD) patterns, is TEM micro-  5H. A. Schafft and J. S. Suehle, Solid State Electi@).403 (1992.
graphs for Ru@, films as-deposited and annealed at 300 andj{- P5(‘» K{ilkglrband Y-TE_- Lél, ILh:E'IS(;_IEQFT?n(Q:l%Sé S§6f3(1991)-
600 °C, respectively. For the as-deposited films the grain,-- Krusin-lbaum, Thin Solid Fiim<69 :
size is small, about 30—40 A as shown in Fige)4The SAD fi;;'slfee’ YT, Kim, S-K.Min and S. H. Choh, J. Appl. Phys, 5473
pattern also indicates that the as-deposited Ruidm has 9Practical Surface Analysj$/ol. 1 - Auger and X-ray Photoelectron Spec-
fine grains. Then, increasing the annealing temperature, thetécr)]SC;py edited by D. Briggs and M. P. SedWiley, New York, 1990,
grain size becomes greater and greater. The grain size i< 7.
creases from 100-300 to 500-800 A while the annealing:s y. war 5. 6. Liang. o v Sur. and Y. & Hoame T Sold Fizes
temperature changes from 30Big. 4(b)] to 600 °C[Fig. 158 (1994.
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