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Thin films of ternary compounds Cu,InyN and Cu,TiyN were grown by magnetron sputtering to improve the thermal
stability of CusN, a material that decomposes below 300 °C, and thus promises many interesting applications in direct-
writing. The effect of In or Ti incorporation in altering the structure and physical properties of copper nitride was evaluated
by characterizing the film structure, surface morphology, and temperature dependence of electrical resistivity. More Ti than
In can be accommodated by copper nitride without completely deteriorating the CusN lattice. A small amount of In or
Ti can improve the crystallinity, and consequently the surface morphology. While the decomposition temperature is rarely
influenced by In, the Ti-doped sample, Cusg 31 Tip 4N3g.05, shows an X-ray diffraction pattern dominated by characteristic
Cu3N peaks, even after annealing at 500 °C. Both In and Ti reduce the bandgap of the original CuzN phase, resulting
in a smaller electrical resistivity at room temperature. The samples with more Ti content manifest metal-semiconductor
transition when cooled from room temperature down to 50 K. These results can be useful in improving the applicability of

copper—nitride-based thin films.
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1. Introduction

Over the past decade there has been intensive inter-
est in the synthesis of copper—nitride films due to their low
decomposition temperature, a characteristic which promises
many intriguing applications in fields such as high den-
sity optical storage,!!?] microelectronics,>* and solar en-
ergy technology.’! The metastability of copper nitride can be
used, for example, for patterning and metallization of other
functional layers by various methods, in particular by direct-
writing with electron or laser beam.!!>%71 On the other hand,
however, the low decomposition temperature is detrimental to
the sample preparation, characterization, and device design.
Consequently it is highly desirable to raise the decomposi-
tion temperature of copper nitride while maintaining the use-
ful characteristics favorable for the above-mentioned applica-
tions.

Reported decomposition temperatures of copper nitride
in the early publications show a large discrepancy, i.e., scat-
tered in a wide range from 100 °C-300 °C.[>3-68-1] This is
quite understandable since often the tested samples were non-
stoichiometric, and the samples are also vulnerable to the en-
ergetic particles applied in some characterizing procedures.
By carefully optimizing the growth conditions, the current au-
thors have obtained stoichiometric CuzN samples from which
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the first transmission electron microscopic (TEM) image was
obtained,!'?) and the decomposition temperature was deter-
mined to be slightly over 300 °C,['!l judging by the appear-
ance of the Cu-peak on the X-ray diffraction (XRD) pattern
for the annealed samples.

The decomposition temperature of CusN is anticipated
to be raised by doping with some other metal elements that
have a stronger bonding to N atoms.!!*!# In this effort we
wish the lattice structure of the matrix CuzN would not be
seriously distorted, and the decomposition product, now an
alloy of a doping metal with Cu, still features an electrical
conductivity comparable with Cu. CuzN has a rather open
anti-ReOj3 structure, [ a rare property that can be also found
in NazN.[!6:17] The large cuboctahedral void is believed to be
able to accommodate an excess atom of Cu or another element
to yield an anti-perovskite type structure. In actual fact this is
often not the case. Depending on the nature of the additional
atom, the CuzN lattice will be destroyed, and consequently no
solid or thin film samples can be obtained when a critical frac-
tion of its unit cells is occupied by an additional atom. The
incorporation of a foreign metal can significantly modify the
energy band structure, bringing a remarkably change in the
thermal stability, the optical and electrical properties of this
material. Various metals, such as lithium, palladium, and sil-
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ver, have been applied to obtain CusNM, thin films,['#-231 in

which some interesting new properties have been measured.
Remarkably, in the Cu3NPdg 35 sample a constant electrical
resisitivity over a temperature range of more than 200 °C has
been achieved.?®! Frustrating as it may be, the decomposition
temperature of such CuzNM, thin films sees no satisfactory
improvement in comparison to the stoichiometric CuzN. Light
doping with O atoms raises the decomposition temperature of
CusN films to 360 °C, '] but the electrical conductivity of the
decomposition product drops sharply. Moreover, to dope cop-
per nitride is a hard job. More effort should be devoted to the
search for metals that can raise the decomposition temperature
of copper nitride, while on the side, providing some new and
interesting properties in the ternary compounds.

This work is based on our previous practice on the growth
and investigation of stoichiometric CuzN and ternary CuzNM,
films, [!1:1226-291 yherein the foreign metal atoms are expected
to occupy the center of the cubic lattice of the anti-ReOs struc-
ture. Two elements, In and Ti, were chosen to grow CuzN-
based ternary compounds. In so doing, the content of the for-
eign elements is increased to an extent that the CuzN lattice
is completely distorted, and thus either no stable compound
is available or the deposit transitions to other phase. The in-
fluence of the foreign elements on the thermal stability, crys-
tallinity, and surface morphology, and more importantly, the
electrical resistivity of the deposits has been thoroughly inves-
tigated. It can be seen that with a reasonably small amount of
Ti the crystallinity and thermal stability of the deposits can be

significantly improved.

2. Experimental

Ternary Cu,InyN and Cu,Ti,N thin films were grown on
Si (100) substrate by using an RF (27.12 MHz) magnetron
sputtering method. The working gas is high-purity (5N) ni-
trogen, and the target consists of M-metal (M =1In, Ti) slices
welded on a Cu disk (¢60 mm) in a symmetrical configura-
tion. In order to obtain films with different M-metal contents,
the area of the M-metal is variable. The power supply was set
at 60 W so as to favor the formation of weak Cu-N bonds.
The substrates were ultrasonically cleaned successively in al-
cohol, acetone, and deionized water before mounting in a vac-
uum, and the distance between substrate holder and the target
was fixed at 55 mm. After the chamber was evacuated to a
base pressure of less than 6x 10~% mbar (1 bar=10> Pa), ni-
trogen gas was introduced into the growth chamber to main-
tain a working pressure of 6.7 x 103 mbar. No intentional
heating of the substrate was applied. For all the deposits here
concerned, the growth time is 30 min.

The nominal composition of the deposits was charac-
terized by energy-dispersive X-ray spectrometry performed

on a scanning electron microscope (SEM, XL30) which also
served for the morphology evaluation of the deposits. The ac-
curacy for the compositions thus obtained is roughly 1.0%.
The crystal structure of the deposits was determined by XRD
(M18AHF) using the Cu K radiation (A = 1.5406 A). Ther-
mal stability of the deposits was evaluated via XRD measure-
ment carried out on samples annealed under N, protection for
20 min at various temperatures. The electrical resistivity of
the deposits was measured using the conventional four-point

probe method.

3. Results and discussion

The XRD patterns of the ternary Cu,In,N and Cu,Ti,N
films in various compositions are presented in Figs. 1 and 2.
In the case of Cu,InyN, one can see that with the content of
In increasing to 8.2%, i.e., in the sample Cus; ¢5Ing 20N39. 15,
the (001) and (002) reflections characterizing the CusN lattice
are still recognizable, see curves (a—c) in Fig. 1. On curve d
for the sample Cuy4g 28In10.79N39.93, the CuzN (001) and (002)
reflections disappeared, but that for the CuzN (111) reflection
of a negligibly small intensity is visible. With more In incor-
porated into the deposit, the InN (002) reflection becomes vis-
ible, see curve e. Thus we can say with confidence that in the
case of Cu,InyN, the Cu3N lattice can be still preserved when
the content of In is below ~ 9.0 at%. A similar situation oc-
curs in Cu,InyN. The (001) and (002) reflections of CuzN are
well preserved when the content of Tiis up to 11.1 at% (curves
a—d in Fig. 2). It is in the sample Cu37.28Tip 60N42.12 that the
(001) and (002) reflections of CuzN almost completely disap-
pear. In the cases of heavier doping shown in Figs. 2(c)-2(e),
the films comprise very tiny crystallites of variable composi-
tions or structures, so microanalysis of the lattice structure and
composition by transmission electron microscope is necessary

to determine the features of the deposits accurately.
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Fig. 1. XRD patterns for the films of copper—indium-nitride with var-
ious amounts of indium: (a) Cug7.42N3258, (b) Cugp.47Ing.62N34.91, (€)
Cusz 65Ing 2N39.15, (d) Cugg 28 Inj0.79N39.93, and () Cuaz 371023 64N33.99.
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Fig. 2. XRD patterns for the films of copper—titanium-nitride of vari-

ous amounts of titantium: (a) Cug7.56N32.44, (b) Cusg 31 Tiz 64N38.05, (C)
Cusy .66 Tis.84N42.50, (d) Cugy.43Ti11.10N47.47, and (e) Cu37.28Tizg.60N42.12-

f———-{ 200 nm

F— 200 nm
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Fig. 3. Surface morphology under SEM of copper—indium-nitride
with varied In contents, of which the characteristic diffraction pat-
tern of CuzN lattice is still preserved: (a) Cug7.42N3258, (b)
Cug.47In4 62N34.91, and (c) Cuag 28In10.79N39.93.

Some other interesting features concerning those Ti- and
In-doped CuzN samples, in the sense that the (001) and (002)
reflections of CusN lattice are still preserved, are noteworthy.
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Fig. 4. Surface morphology under SEM of copper-titanium—nitride
with varied Ti contents: (a) Cu67A56N32,44, (b) Cu51A56T15'84N42‘50, and
(¢) Cuay.43Tig1.10N47.47.

When only a slight amount of Ti or In is incorporated, com-
paring curve b with curve a in Fig. 1 and curve ¢ with curve
a in Fig. 2, the crystallinity of the deposit becomes well im-
proved, in that, besides the obviously enhanced intensity, the
half-width for the (001) reflection changes from A ~ 0.57° ~
0.60° for pure CusN (at 20 = 23.05°) to A6 ~ 0.40°, at
20 = 22.96° for Cugp47Ing.6oN3491, and to AB ~ 0.20° at
260 =22.99° for Cus 66 Tis5.84N42 50, respectively. This point is
also confirmed by the morphology of the deposits, as the films
with a small amount of Ti or In incorporated become smoother
and more compact (i.e. Figs. 3(b), 3(c), 4(b), and 4(c)) in con-
trast to the nearly stoichiometric pure CusN samples which
show distinct pyramid-like crystallites of sizes between 30 nm
and 50 nm (Figs. 3(a) and 4(a)). That the surface assumes a
smoother morphology in Fig. 3(b), while in the corresponding
sample the crystallites are larger, may be attributed to the fact
that the CusN crystallites are generally coated by an amor-
phous layer of pure metal atoms. For the discussion of the
structure and morphology of crystallites for pure CusN, read-
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ers can consult our previous publications.[>?7-28] Similar tex-
ture change has also been encountered in copper—nitride films
when the content of the additional oxygen comes to a criti-
cal value of ~ 11%.!'!] The above results indicate that a small
amount of Ti or In can improve the quality of copper—nitride
deposits, and in this aspect Ti is preferable. The stronger Ti-N
bond may be the reason underlying this observation.

It is also noticeable that with increasing Ti (In) content,
the content of Cu decreases, while that of nitrogen first experi-
ences an increase (to ~ 47.47 at% in Cua; 43Ti11.10N47.47) and
then drops down. This implies that the presence of the foreign
Ti (In) atoms, when the content is small, helps bond more ni-
trogen. This is helpful to overcome the cracking tendency of
the original CusN, which is often N deficient, depending on
the preparation method. Further addition of Ti (In) will grad-
ually deteriorate the CusN structure. Accordingly, the deposit
first sees an improved crystallinity and then becomes deterio-
rated.

Thermal stability of the copper—titanium (indium) nitride
deposits was evaluated by annealing under the protection of
N> gas each for 20 min at different temperatures. The anneal-
ing temperature under which the characteristic (111) peak for
metallic Cu appears on the XRD pattern is taken as the decom-
position temperature of the sample. Figure 5 displays the XRD
patterns for three Cus; 65 Ing 2N39.15 samples, the as-deposited
and two annealed under 330 °C and 360 °C. Obviously, for the
sample annealed under 360 °C, the (001) and (002) reflections
of CuzN become weakened and broadened while the (111) re-
flection of Cu begins to be visible. Compared with the result
on the stoichiometric CH3N,[11] no considerable improvement
to the thermal stability of CusN has been achieved.

Cu (111)
CusN (002)

F ot

Intensity/arb. units

10 20 30 40
20/(°)

Fig. 5. XRD patterns for the film Cusj g5Ing2N39 15: (a) as deposited,
and annealed at (b) 330 °C, and (c) 360 °C.

ot
(e}
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In contrast, Ti seems more effective in raising the decom-
position temperature of copper—nitride. In Fig. 6, the XRD
patterns for the samples of Cusg 31 Tiz 64N3g05 are shown, as
deposited and annealed at 350 °C to 500 °C. It can be seen
that although the Cu (111) peak begins to be visible already at
400 °C, on curve e, corresponding to the sample annealed at

500 °C, the (001) and (002) peaks of CusN are still the dom-
inant features. With a little more Ti incorporated, the results
are quite similar. This is to say that the incorporation of just
a small amount of Ti can significantly raise the decomposi-
tion temperature of copper—nitride and make the decomposi-
tion proceed quite slowly. This explains why a much higher
decomposition temperature was measured for CuzNTi, by the
thermal gravity and thermal enthalpy methods.

CusN (001)

+ Cu (111)
> CusN (002)
t Cu (002)

QL (o

o
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—
corrr

a

10 20 30 40 50 60
260/(°)
Fig. 6. XRD patterns for the samples of Cusg 31 Tiz.64N35,05: (a) as de-

posited, and annealed at (b) 350 °C, (c) 400 °C, (d) 450 °C, and (e)
500 °C.

The incorporation of a small amount of excess metal also
significantly alters the electrical properties of copper—nitride.
We measured the temperature dependence of the electrical re-
sistivity for some Cu,InyN and Cu,TiyN films, as represented
in Figs. 7 and 8. As is well known, CuzN is a typical semi-
conductor, thus the temperature dependence of electrical resis-
tively is a typical exponential curve.!'?! The incorporation of a
small amount of excessive metal atoms, also that of Cu itself,
generally reduces the band gap, thus bringing down the activa-
tion energy for carriers to result in a lower electrical resistivity.
In Fig. 7, the temperature dependence of electrical resistiv-
ity for the sample Cugg.47In4.62N34.91 is presented, from which
the activation energy E, is calculated, based on the equation
P = poexp(E,/kT), to be 6.86 meV, which is smaller than the
21.9 meV calculated for the stoichiometric CuzN sample.

1.2F

0.4F

Resistivity /Q-m

0
150 200 250 300
Temperature/K

Fig. 7. Temperature dependence of electrical resistance for the as-
deposited Cugp 47In4.62N34.9; sample.
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Fig. 8. Temperature dependence of electrical resistance for as-deposited copper—titanium—nitride with varied Ti contents: (a)
Cus1.76Ti0.73N37.51, (b) Cusg 31 Ti2.64N35.05, (¢) Cusy 66Tis 34Naz 50, and (d) Cusy 43Tii1.10N47.47.

As more Ti can be incorporated into the CuzN lat-
tice, consequently the situation is somewhat more com-
plicated. © The temperature dependence of electrical re-
sistivity for four copper—titanium-nitride samples, namely
Cug1.76Ti0.73N37.51, Cuso31Ti2.64N38.05, Cusi.e6Tis.84N42.50,
and Cug 43Ti11.10N47.47, were measured (Fig. 8). With a Ti
content of only 5.8 at%, the room temperature electrical re-
sistivity has been rapidly brought down to 3x 107> Q-m from
3% 1072 Q-m for stoichiometric CuzN. While the curve for the
sample Cug).76Tio.73N37.51, as that for Cugo.47 Ing.62N34.91 in
Fig. 7, remains a monotonously exponential one, which char-
acterizes the stoichiometric CusN (Fig. 8(a)), a hunchback
structure is visible on the curves in Figs. 8(b) and 8(c) indicat-
ing the occurrence of metal-semiconductor transition follow-
ing the variation of temperature. These samples finally behave
like an intrinsic semiconductor at ~ 50 K with the electrical re-
sistance growing steeply to surmount the detection limit within
10 K or so. Understanding the true mechanism underlying the
variation of the electrical resistance with temperature, which
is related to the metal-semiconductor transition here, requires
knowledge of band structure of samples under consideration,
which is, however, very difficult to calculate for these nonsto-
ichiometric solids.

4. Conclusions

In summary, polycrystalline films of ternary compounds
Cu,InyN and Cu,TiyN of various compositions have been pre-
pared by a magnetron co-sputtering method. By characterizing
the film structure, of both as-deposited and annealed samples,

and surface morphology, and measuring the temperature de-
pendence of electrical resistivity, the effect of In and Ti in-
corporation in altering the structure and physical properties
of copper—nitride have been evaluated. More Ti than In can
be accommodated by copper—nitride without completely de-
teriorating the CusN lattice. A small amount of In or Ti can
improve the crystallinity and thus the surface morphology of
the copper—nitride samples. While In has no essential effect in
raising the decomposition temperature of copper—nitride, the
Ti-doped sample Cusg 31 Tiz 64N3sg.05, €ven annealed at 500 °C,
shows an XRD pattern dominated by the characteristic peaks
of the Cu3N lattice. Both In and Ti can reduce the bandgap
of the original CuzN phase, thus bringing down the activation
energy for carriers and the room temperature electrical resis-
tivity. The samples with more Ti content manifest a metal—
semiconductor transition within the temperature range from
50 K to room temperature. These results can be useful in
employing copper—nitride-based thin films in many innovative
applications.
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