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The temperature coefficient of resistance �TCR� properties and resistivities, depending on the RuO2

intermixing ratios for RuO2–TiO2 thin films and their thermal stability in the temperature range of
200–700 °C, were investigated. The TCR values for the RuO2–TiO2 thin films ranged from
−557.17 to −54.923 ppm /K for the RuO2 intermixing ratios ranging from 0.52 to 0.81, with
resistivities remaining in the range of 2600–370 �� cm. Moreover, the high structural stability and
its stable oxide form of the RuO2–TiO2 thin films resulted in minimal change in both TCR values
and resistivities even after O2 annealing process at 700 °C. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2918989�

The development of a page-wide array thermal inkjet
�TIJ� printhead with an increase in the number and the array
density of the nozzles has recently been the focus of inten-
sive efforts to raise the printing speed and the printing reso-
lution of TIJ printers.1,2 Since a page-wide array TIJ print-
head consumes much more power to operate than
conventional TIJ printhead, the heat efficiency of TIJ print-
head needs to be improved. In particular, a conventional SiN
or SiC passivation layer of TIJ printhead, used to protect
underlying heating resistors, needs to be thinned or elimi-
nated because these materials have a low thermal conductiv-
ity and act as an obstacle for heat transfer from heating re-
sistor to ink. However, the conventional heating resistor
materials, such as Ta–Al,3 HfB2,4 and TaN5 cannot be used
for this purpose because they are easily oxidized and cor-
roded under the severe operating conditions such as high
temperatures, chemical attacks by the ink, and the mechani-
cal stresses arising from the cavitation forces.3 Therefore,
suitable heating resistor materials, having strong antioxida-
tion properties and anticorrosion properties, should be devel-
oped. However, it is not easy because heating resistor mate-
rials should basically meet primary requirements such as a
near zero temperature coefficient of resistance5,6 �TCR� for a
stable ink ejection and a sufficient resistivity ��150 �� cm�
for making heating resistor of controllable thicknesses.7

Among the various heating resistor materials under consid-
eration, RuO2 is a promising candidate for this application,
primarily due to its excellent oxygen barrier properties8,9 and
strong corrosion resistance.10,11 Moreover, it has relatively
low TCR values and can be tailored to have a near zero TCR
by controlling its grain size.6,12 However, since its resistivity
is very low ��bulk=40 �� cm� and its favorably low TCR
values are easily destroyed by the rapid grain growth during
the thermal annealing,6 control of these properties must be
developed for the heating resistor application.

In this letter, we report an experimental approach to con-
trol the TCR properties and the resistivities of RuO2–TiO2
thin films, where TiO2 was intentionally intermixed with

RuO2 to obtain appropriate values of resistivities and TCR
properties and to suppress the grain growth of RuO2 at high
temperature. The relationships between the microstructure of
these films, their TCR values, and their resistivities are dis-
cussed, as well as the effects of thermal annealing on the
TCR behavior of the thin films.

The RuO2–TiO2 thin films were deposited on 1300 nm
thick thermally grown SiO2 formed on Si �100� substrates at
a deposition temperature of 230 °C and at a deposition pres-
sure of 3 torr by atomic layer deposition technique. SiO2 was
used as a thermal/electrical insulation layer. A precise com-
positional control was achieved via supercycle procedures.13

Ru�C2H5C5H4�2 �Ru�EtCp�2� and Ti�Oi–C3H7�4 �TTIP�
were used as precursors, with O2 and NH3 as the reactant
gases for RuO2 and TiO2, respectively. Ru�EtCp�2 and TTIP
were heated at 50 °C and were delivered to the reactor with
Ar carrier gas at 50 SCCM �SCCM denotes cubic centimeter
per minute at STP�. Flow rates of purge Ar, O2, and NH3
were 50, 120, 25 SCCM, respectively. During deposition, Ar
gas was supplied continuously to the reactor at 100 SCCM.
One supercycle for the deposition of the RuO2–TiO2 thin
films is consisted of two groups of subcycles, one dedicated
to RuO2 and the other to TiO2. Each subcycle consisted of
several unit cycles. In each unit cycle, four consecutive
pulses were used. The unit cycle for RuO2 was comprised of
a Ru�EtCp�2 vapor pulse, a purge pulse, an O2 gas pulse, and
another purge pulse. For TiO2, a unit cycle consisted of a
TTIP vapor pulse, a purge pulse, an NH3 gas pulse, and
another purge pulse. Table I summarizes the supercycle de-
sign for the preparation of RuO2–TiO2 films. The six
samples are labeled as A–F. a and b denote the number of
unit cycles in RuO2 and a TiO2 subcycles, respectively. For a
comprehensive comparison with RuO2–TiO2 thin films, TaN
thin films, which is widely used as a heating resistor film,
was deposited by rf sputtering. The film thickness was mea-
sured by using the field emission scanning electron micros-
copy and the film composition was analyzed by using the
Rutherford backscattering spectroscopy and the Auger elec-
tron spectroscopy �AES�. The microstructure of the films
was determined by the x-ray diffractometer �XRD� and the
high-resolution transmission electron microscopy �HRTEM�
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with selected area diffraction patterns �SADPs�. The sheet
resistance of the films was measured by using a four-point
probe test. The TCR properties of the films were evaluated
by sputtering a 100 nm aluminum electrode pattern on each
RuO2–TiO2 �100 nm� /SiO2 �1300 nm� /Si �100 nm� sub-
strate using a shadow mask with an interval of about 100 �m
between Al dots. Moreover, the average diameter of Al dots
is 180 �m. The TCR values were then measured by using a
digital multimeter �HP3457A� while the samples were heated
from 25 to 170 °C in a thermostatically controlled oven.

Figure 1�a� shows the resistivities of the RuO2–TiO2
thin films with respect to the RuO2 intermixing ratio. For the
RuO2 intermixing ratios less than 0.5, a drastic increase in
the resistivity of the films was observed. However, for the
intermixing ratios over 0.5, the film resistivity did not un-
dergo a steeper rate of change with increasing RuO2 inter-
mixing ratio. For RuO2 intermixing ratios in the range of
0.52–0.81, the resistivity of the films can be controlled from
2600 to 370 �� cm, corresponding to the appropriate resis-
tivities for the heating resistor application. Initially, the film
resistivities were observed to be very high due to the high
contents of the highly resistive TiO2. The film resistivities
gradually decrease as the intermixing ratio of RuO2 increases
because RuO2 is a conductive oxide with a lower electrical
resistivity of 52 �� cm. Figure 1�b� shows the TCR charac-
teristics of the as-deposited RuO2–TiO2 thin films. For com-
parison, the TCR values of a pure RuO2 �−15.8 ppm /K� and
the sputtered TaN �336.1 ppm /K� are also measured. For
RuO2 intermixing ratios of less than 0.5, the TCR values of
the films drastically decreased from −1242.5 �sample C� to
−3820.6 ppm /K �sample A�. These TCR values were found
to be far too low to allow the use of these films in heating
resistors. However, for the RuO2 intermixing ratios exceed-
ing 0.52, the TCR value slowly changed from
−557.17 ppm /K �sample D� to −54.923 ppm /K �sample F�.

Moreover, with appropriate intermixing ratios �samples E
and F�, the RuO2–TiO2 thin films showed lower absolute
values of the TCR values than compared to the values for
TaN, although these TCR values were below that of pure
RuO2 film.

Figure 2 shows the XRD patterns of the as-deposited
50 nm thick RuO2–TiO2 thin films with respect to the RuO2
intermixing ratios recorded by 2� scanning. In order to com-
pare the differences in phase, the XRD patterns of pure TiO2
and RuO2 films were included. The as-deposited RuO2 and
TiO2 films showed clear diffraction peaks, indicating that
both films had a polycrystalline structure. However, none of
the RuO2–TiO2 thin films �samples A–F� exhibited distinct
diffraction peaks, indicating that the films are amorphous.
For a detailed information on the microstructures of these
films, the HRTEM analysis with the SADP at the magnifica-
tion of 500 000� was performed on the RuO2–TiO2 thin
films �samples B, E, and F�, as shown in Fig. 3. The plan
view image and the diffused ring patterns confirmed the
amorphous structure of RuO2–TiO2 thin films. �The HR-
TEM images of samples A, C, and D are not shown here.� At
RuO2 intermixing ratios of less than 0.5, about 4 nm sized
RuO2 nanocrystals were embedded in an amorphous TiO2
matrix �Fig. 3�a��. However, at RuO2 intermixing ratios
above 0.5, the microstructure of the RuO2–TiO2 thin films
was largely amorphous, which is mainly composed of RuO2,

TABLE I. Summary of supercycle design for the preparation of
RuO2–TiO2 thin films.

Samples
�a ,b�

Number of unit cycles
allocated to each subcycle

Film compositions
TiO2

�TTIP-NH3�
RuO2

�Ru�EtCp�2–O2�

A �1, 1� 1 1 �RuO2�0.11– �TiO2�0.89
B �1, 10� 1 10 �RuO2�0.33– �TiO2�0.67
C �1, 15� 1 15 �RuO2�0.41– �TiO2�0.59
D �1, 20� 1 20 �RuO2�0.52– �TiO2�0.48
E �1, 25� 1 25 �RuO2�0.66– �TiO2�0.34
F �1, 30� 1 30 �RuO2�0.81– �TiO2�0.19

FIG. 1. Variation of �a� the resistivity and �b� TCR values of the
RuO2–TiO2 thin films depending on RuO2 intermixing ratios. Temperatures
were varied from 25 to 175 °C.

FIG. 2. �Color online� XRD patterns of RuO2–TiO2 thin films depending on
RuO2 intermixing ratios. The scan axis was 2� mode and the scanning rate
was 3° /min.

FIG. 3. Plan-view HRTEM images with SADPs of �a� sample B, �b� sample
E, �c� sample F, and �d� pure RuO2 thin films.
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without any distinct nanocrystals �Figs. 3�b� and 3�c��. From
the results of the XRD and the TEM analysis, it can be
concluded that the abrupt changes in the resistivity and in the
TCR values at the 0.5 RuO2 intermixing ratio correspond to
changes in the amorphous matrix compositions, i.e., at RuO2
intermixing ratios less than 0.5 �samples A–C�, electrically
conductive paths in the RuO2–TiO2 thin films have been
eliminated because the amorphous matrix consists mainly of
the nonconducting TiO2. At this region, the resistivity of the
films abruptly increased with decreasing RuO2 intermixing
ratios due to the increase of nonconducting TiO2 amorphous
matrix. TCR values show a concomitant sharp decrease to
the negative values typical of insulating oxides with decreas-
ing the RuO2 intermixing ratio. However, at RuO2 intermix-
ing ratios exceeding 0.5 �samples D–F�, the amorphous ma-
trix mainly consists of conductive RuO2, indicating that an
electrically conductive path was connected. Nevertheless, as
the interface scattering caused by TiO2 increases with de-
creasing RuO2 ratio, the resistivity slowly increases and TCR
values slowly decrease with a reduction in the proportion of
RuO2. From the TEM analysis, it was also noted that the
near zero TCR values �−15.8 ppm /K� of RuO2 was obtained
with the grain of about 10–15 nm �see Fig. 3�d��, which is
similar to the previous results.6,12

Figures 4�a� and 4�b� present a comprehensive compari-
son between the RuO2–TiO2, the pure RuO2, and the sput-
tered TaN thin films for heating resistor application. Figure
4�a� shows the dependency of TCR values on O2 annealing
temperature for the RuO2–TiO2 �sample E�, the pure RuO2,
and the sputtered TaN thin films, respectively. For the sput-
tered TaN, the TCR values abruptly decreased from
336.1 to −3800 ppm /K with increasing O2 annealing tem-
perature of up to 700 °C. For the pure RuO2, the TCR values
abruptly increased from −15.8 to 2150 ppm /K with increas-
ing O2 annealing temperature of up to 700 °C. However,
TCR values of RuO2–TiO2 did not undergo an abrupt
change compared to pure RuO2 thin films and were main-
tained below 270.6 ppm /K even after annealing at 700 °C.
To explain for the dependency of TCR values on the anneal-
ing temperature, XRD analysis was performed on the O2
annealed RuO2–TiO2, the pure RuO2, and the sputtered TaN
thin films, and the results are shown in Fig. 4�b�. From the
XRD patterns of sputtered TaN thin films, the oxidation of
TaN thin films resulted in the abrupt change in TCR values.
Moreover, its resistivity was abruptly increased from
380 to �106 �� cm after O2 annealing process. Since,
however, the compositions of both RuO2–TiO2 and RuO2
thin films were not changed before and after annealing by

AES, the effect of compositional variations on the TCR val-
ues in both RuO2–TiO2 and pure RuO2 thin films can be
eliminated. For RuO2 thin films, the diffraction peak intensi-
ties increased and the full width at half maximum decreased
with increasing annealing temperature. Additional TEM
analysis indicated that the grain size of the RuO2 increased to
about 20–40 nm after annealing at 600 °C for 30 min �not
shown�. Therefore, the abrupt increase in TCR of RuO2 thin
film must be mainly due to grain growth, as reported by
Kim6 and Jia et al.12 For RuO2–TiO2 thin films, however,
the microstructure remained an amorphous structure even af-
ter annealing at 700 °C for 30 min. This may be associated
with the retardation of crystallization as a result of the addi-
tion of TiO2 to the RuO2 matrix. Moreover, the resistivity of
RuO2–TiO2 thin films was maintained at nearly constant
values even after O2 annealing at 700 °C for 30 min, which
is originated from its stable oxide form as well as high struc-
tural stability �not shown here�. It is particularly noteworthy
to recall that heating resistors for TIJ printers are generally
used within the temperature of 600 °C. This implies that the
RuO2–TiO2 thin films can potentially be used for heating
resistor application.

In summary, the RuO2–TiO2 thin films with low TCR
values and appropriate resistivities for heating resistor appli-
cations were presented by controlling the intermixing ratios.
The TCR values of the RuO2–TiO2 thin films were main-
tained at −557.17 to −54.923 ppm /K by varying the RuO2
intermixing ratios from 0.52 to 0.81, with resistivities re-
maining in the range of 2600–370 �� cm. Also, the high
structural stability and stable oxide form of the RuO2–TiO2
thin films resulted in a minimal change in both TCR values
and resistivities even after O2 annealing process at 700 °C.
Therefore, the RuO2–TiO2 thin films can be potentially used
as a heating resistor material of TIJ printhead.
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FIG. 4. �Color online� Variations in �a� TCR values and �b� XRD patterns of
RuO2–TiO2, pure RuO2, and TaN thin films depending on the O2 annealing
temperatures. The annealing time was fixed at 30 min regardless of anneal-
ing temperature. The symbols of �, �, and � denote the phases of Ta2O5,
RuO2, and TaN, respectively.
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