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Use of 1,1-Dimethylhydrazine in the Atomic Layer Deposition of
Transition Metal Nitride Thin Films
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Atomic layer deposition (ALD) of TiN, TaNx, NbN, and MoNx thin films from the corresponding metal chlorides and 1,1-dimethyl-
hydrazine (DMHy) was studied. Generally, the films deposited at 4008C exhibited better characteristics compared to the films
deposited at the same temperature using NH3 as the nitrogen source. In addition, films could be deposited at lower temperatures
down to 2008C. Even though the carbon content in the films was quite high, in the range of 10 atom %, the results encourage fur-
ther studies. Especially the effect of carbon on the barrier properties and the use of other possibly less carbon-contaminating
hydrazine derivatives should be studied.
© 2000 The Electrochemical Society. S0013-4651(00)03-044-5. All rights reserved.

Manuscript submitted March 10, 2000; revised manuscript received May 19, 2000.
Transition metal nitride thin films are important in many areas of
microelectronics. The most important challenge today is the adop-
tion of copper interconnects in the integrated circuits, which requires
the use of a diffusion barrier because copper is known to diffuse
through silicon dioxide-based dielectrics. The most promising diffu-
sion barrier materials are transition metals, metal nitrides, metal sili-
cides, and metal-silicon-nitrides. Because for a long time the semi-
conductor industry has used Ta-, Ti-, and W-based materials, these
transition metals and their compounds are also the most studied
materials for barrier applications.1

In addition to the important barrier film properties, like low resis-
tivity and dense microstructure, there are several other requirements
for barrier deposition techniques to be used in future microelectron-
ic circuits manufacturing. The thickness of the films must be well
controlled because the films need to be very thin, preferably below
100 Å. The films should be conformal and exhibit good uniformity
over large wafers. Also the future requirements for the deposition
temperature are quite demanding. The films should preferably be
deposited below 4008C, considering the tolerance of the other, poly-
mer-based low-k materials used in the circuits.

The deposition of nitride thin films has mainly been performed
with various physical vapor deposition (PVD) and chemical vapor
deposition (CVD) techniques. These, however, suffer from various
difficulties. Films can be grown at quite low temperatures using the
PVD techniques, but their step coverage is poor and therefore their
use in manufacturing the future generation integrated circuits is lim-
ited. More conformal films are achieved by using the CVD tech-
niques, but unfortunately the needed growth temperatures are often
too high. In addition good conformality and good electric properties
are often difficult to achieve at the same time. In the traditional CVD
deposition processes, titanium nitride (TiN) films are deposited from
TiCl4, H2, and N2 at temperatures above 7508C.2 If NH3 is used
instead of H2 and N2, high conductivity films with low chlorine con-
tamination levels can usually be deposited at temperatures exceeding
5508C.3-9 Nowadays alternative precursors, particularly alkyl
amides,10-15 additional energy sources,16 and post- or intermediate
deposition plasma treatments17,18 have been widely examined in
order to reduce the CVD growth temperature.

Atomic layer deposition (ALD), also known as atomic layer epi-
taxy (ALE),19-21 is one of the most promising techniques to fulfill
the above mentioned requirements. It is a CVD-related technique
and therefore the name atomic layer chemical vapor deposition
(ALCVD) is also sometimes used. The most important difference
between CVD and ALD is that in ALD the precursors are introduced
onto the substrates alternately. Between the reactant pulses the reac-
tor is purged with an inert carrier gas. Under properly adjusted
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experimental conditions the surface reactions are self-controlled,
and the film grows in a self-limiting manner with no detrimental gas
phase reactions. As a result, the film thickness can be accurately con-
trolled by the number of deposition cycles and conformality is excel-
lent.22 In addition, practise has also proven that usually the temper-
atures needed for depositing high quality thin films are lower than in
the alternative methods.23,24 Perhaps the most severe disadvantage
of ALD is that it is rather slow. On the other hand, the uniformity of
the deposited films over large batches is a clear advantage. In the
future, the device dimensions will continue to shrink and very thin
films are needed. So, the slowness of the method will no longer be a
big problem.

TiN,25-28 TaN,27,29 NbN,27,30 MoN,27 WN,31 and Ti-Si-N32 films
have already been deposited by the ALD method. Except for Ti-Si-
N and one TiN process, where alkyl amines were used,28 halides
have been used as the metal source and ammonia as the nitrogen
source. An intermediate zinc pulse between the chloride and ammo-
nia pulses has been proven to be effective in improving the electrical
properties of the TiN,25,33 TaN,29 and NbN30,33 films. However, the
use of zinc in electronic applications is undesirable, because it has a
tendency to dissolve into silicon producing electronically active de-
fect sites which weaken the properties of the electric circuit. On the
other hand, without the intermediate zinc pulse the resistivity of the
films is higher and the deposition temperatures that have to be used
to achieve comparable film qualities are higher, though still quite
comparable to CVD. 

The oxidation number of the metal in the conventional precursors
is higher than in the desired nitride and therefore reduction is re-
quired. At the present time ammonia has been the most often used
and studied nitrogen source in ALD. However, NH3 is quite stable
and not a very effective reducing agent and therefore, alternative
more reactive nitrogen sources should be sought. One of the possi-
ble choices is hydrazine, N2H4, which is more reactive than NH3.
The radical formation enthalpies34 are

N2H4 r 2NH•
2 DH8 5 297 kJ/mol [1]

NH3 r NH•
2 1 H DH8 5 461 kJ/mol [2]

which are favorable for using N2H4, especially at lower temperatures.
The advantages of N2H4 have been successfully demonstrated espe-
cially in the CVD growth of GaN.34-36 Also in the ALD growth of
Si3N4, N2H4 has proven to be effective.37 The problem with using
N2H4 is that it is a carcinogen, highly flammable, and even explosive
under certain conditions.38 Therefore methylized derivatives, for exam-
ple, (CH3)(H)NNH2,39,40 (CH3)2NNH2,41-44 and (CH3)3C(H)NNH2,45

are somewhat safer to use and have been examined in the growth of
nitrides.

In this paper studies on the use of unsymmetrical dimethylhy-
drazine, (CH3)2NNH2 (DMHy), in the ALD growth of some nitrides,
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namely, TiN, TaN, NbN, and MoN are presented. The goal of these
studies is to evaluate the potential of DMHy as a nitrogen precursor
to replace NH3 for the low temperature growth of these nitrides. 

Experimental

The films were grown on 5 3 5 cm soda-lime glass substrates
using a commercial flow-type F120 ALD reactor (ASM-Micro-
chemistry Ltd., Espoo, Finland)23 operated under a pressure of
10 mbar. Nitrogen (99.9995%), generated by Nitrox UHPN 3000,
was used both as a carrier and a purging gas. The metal precursors
were chlorides TiCl4 (99.9%, Aldrich), MoCl5 (Cerac, 99.5%), TaCl5
(Merck), and NbCl5 (99.9%, Aldrich). All the other chlorides except
TiCl4 are solid at room temperature and therefore seldom utilized in
CVD. TiCl4 vapor was generated in an external reservoir held at
198C and pulsed into the reactor with the aid of a solenoid valve. All
the other metal precursors were evaporated from an open boat held
at 908C inside the reactor, and their pulsing was realized by means
of inert gas valving.23 Unsymmetrical dimethylhydrazine (DMHy)
(98%, Aldrich), (CH3)2NNH2, is a liquid with a vapor pressure of
>80 Torr at room temperature. In these experiments DMHy vapor
was generated in an external reservoir held at 2208C (vapor pressure
about 8 Torr) and its pulsing was accomplished in the similar man-
ner as that of the TiCl4 vapor. The effects of the pulse and purge
lengths were not examined in detail in this study. For titanium, nio-
bium, and molybdenum chlorides 0.2 s, and for tantalum chloride
0.5 s pulse lengths were used because they were known to be appro-
priate from the previous studies with NH3-based processes. For
DMHy a pulse length of 0.3 s was chosen. The purge length after
each reactant pulse was 0.5 s, and all the films were grown using
5000 deposition cycles. The films were deposited at different tem-
peratures, TiN between 200-5008C, TaN between 300 and 4008C,
and both NbN and MoN at 4008C.

Impurities and film thicknesses were determined at approximate-
ly 3 cm from the leading edge of the substrate with energy disper-
sive X-ray spectroscopy (EDX) using a Link ISIS EDX spectrome-
ter installed in a Zeiss DSM 962 scanning electron microscope
(SEM) and a GMRFILM program.46 In the EDX analysis only the
chlorine and titanium could be measured and nitrogen was calculat-
ed from the stoichiometry. In other words in these routine analyses
it was supposed that those were the only constituents in the films.
Because the films also contain carbon, hydrogen, and oxygen resi-
dues, a more detailed impurity analysis was performed on selected
samples with time-of-flight elastic recoil detection analysis (TOF-
ERDA).47,48 In the TOF-ERDA analysis, the samples were bom-
barded with 53 MeV I101 ions.

Film crystallinity was examined with a Bruker AXS D8 advance
powder X-ray diffractometer (XRD) using Cu Ka radiation. Film
resistivity was measured with the standard four- point probe method.

Results and Discussion

In this paper the main focus is on the properties of the metal
nitride films deposited from the corresponding metal chlorides and
DMHy. The possible reaction mechanisms are not discussed or spec-
ulated any further, but on the basis of the recent study on the WF6-
NH3 process,31 the film growth may be suggested to take place as
follows. When the metal chloride (MCla) is pulsed to the reactor, it
reacts with surface -NHy* groups (* denotes all the possible surface
species after adsorption step) forming adsorbed -NMClx* and
gaseous reaction product HCl, which is pumped away. During the
DMHy pulsing sequence gaseous DMHy reacts with surface
-NMClx* groups forming adsorbed -NMNHy* species and again HCl.

TiN films were studied in the most detail, not only because it may
be the most promising diffusion barrier material, but also because its
ALD deposition has earlier been studied most thoroughly.25-27 The
summary of the present and previous results is given in Table I.

TiN.—The deposition rate, the chlorine contents, and the resis-
tivity of the films were strongly dependent on the deposition tem-
perature (Fig. 1 and 2). The chlorine content, determined by EDX,
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decreases strongly with increasing temperature so that at 2008C it is
as much as 23 atom % but at and above 4008C only about 2 atom %.
The chlorine content at 4008C is three times lower than in the films
deposited at the same temperature by the TiCl4-Zn-NH3 ALD pro-
cess.25 Also the growth rates are somewhat higher than those
achieved by the ammonia-based processes. At 2508C the growth rate
already exceeds 0.02 nm/cycle, which is slightly higher than the
growth rate achieved with the TiCl4-Zn-NH3 process at 5008C.25

Between 350 and 4508C the growth rate is the highest, 0.026-
0.028 nm/cycle.

Figure 2 shows the resistivity of the films as a function of the
deposition temperature. Conducting films are deposited already at
2508C, and the resistivity decreases with increasing temperature until
3508C where it is the lowest, about 500 mV cm. This is, however,
about two times higher than the resistivity of the films grown at
4008C by the TiCl4-Zn-NH3 ALD process.25 The rather high resis-
tivity is most likely caused by high carbon and oxygen content of the
films. TOF-ERDA analysis shows that the film deposited at 4008C
contains 13 atom % carbon, 14 atom % oxygen, and 2 atom % chlo-
rine, which are quite uniformly distributed through the whole film
(Fig. 3). The carbon content is evidently caused by the decomposi-
tion of DMHy at 4008C because at 3008C the carbon content is much
lower (6 atom %). The onset of DMHy decomposition is reported to
occur at 3708C producing (CH3)2N and NH2 that decompose further
to H2CN and CH which are the most likely the reason for the high
carbon contents.49 Oxygen incorporation into the film can occur dur-
ing and/or after the deposition and cooling steps, since nitride mate-
rials are known to be very sensitive to oxygen and the reaction of tita-
nium nitride with oxygen-forming TiO2 is thermodynamically favor-
able (DG8 5 2582 kJ/mol).50 The most potential oxygen sources
during the deposition sequence are impurities in DMHy and in the N2
carrier gas. On the other hand, it is more likely that most of the oxy-
gen incorporation takes place after the deposition sequence when the
film is exposed to air. The oxygen content of the previous ALD-
grown TiN films was also quite high and this was thought to be
caused by preferential oxidation through grain boundaries. This kind
of oxygen incorporation mechanism is also supported by other
groups51,52 and most likely also takes place with the films deposited
in this study. Hydrogen content, on the other hand, is quite low, only
2 atom % at both 300 and 4008C as analyzed by TOF-ERDA. The
much lower hydrogen content compared to the carbon content (6-
13 atom %) suggests that carbon is present in the films as carbide
rather than CHx species. However, the high carbon content could
possibly be considered only as a minor drawback, because carbides
are known to be quite conducting and strongly bonded compounds,
and therefore could be used as diffusion barriers.53

According to the XRD measurements the films grown at 250,
300, and 4008C are only weakly crystalline cubic TiN (Fig. 4). As a
distinction to the other ALD TiN processes,25,26 the only reflection
is [200], which is quite weak. This is a rather promising result since
amorphous films work better as diffusion barriers as they contain no
grain boundaries through which copper and silicon could migrate.
Thinner films might very well be amorphous because the films
grown in this study were quite thick (>100 nm).

TaNx.—Earlier it was shown that the reducing power of NH3 is
too weak to reduce Ta(V) in TaCl5 into Ta(III) in TaN and only semi-
conducting (r 5 0.5 V cm at 4008C) Ta3N5 film was deposited. How-
ever, the contamination levels of the films deposited at higher tem-
peratures were quite low, for example, at 4008C, Cl, H, O <3 atom %.
On the other hand, the films obtained at 400 and 5008C by using an
intermediate zinc pulse between TaCl5 and NH3 pulses were con-
ducting TaN with a resistivity of 9 3 1024 V cm. So, unlike NH3, Zn
is capable of reducing Ta(V) to the oxidation state 1III. Also with Zn
the contamination levels were quite low, for example, at 4008C, Cl,
O < 5 atom % and Zn, H < 1 atom %.29 Because zinc was previous-
ly found to be crucial in obtaining conductive TaN films, the idea of
replacing NH3 by a more reactive and reducing nitrogen source that
could reduce Ta(V) into Ta(III) is especially important. 
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Table I. Summary of the present and previous results. The chlorine content is determined by TOF-ERDA, if not otherwise indicated.

Deposition temperature Growth rate Resistivity Cl content
Material/Precursors (8C) (nm/cycle) (mV cm) (atom %) Ref.

TiN
TiCl4, NH3 500 0.017 250 <0.5 25
TiCl4, Zn, NH3 400 0.013 200 6 25

500 0.019 50 <0.5 25
TiCl4, DMHy 200 0.011 — 23 (EDX) This study

250 0.022 3,200 18 (EDX) This study
300 0.022 990 7 This study

9 (EDX)
350 0.026 530 6 (EDX) This study
400 0.026 650 2 This study

2 (EDX)
450 0.028 670 3 (EDX) This study
500 0.021 1,500 2 (EDX) This study

TaNx
TaCl5, NH3 400 0.024 500,000 <1 29

500 0.024 500,000 <0.1 29
TaCl5, Zn, NH3 400 0.020 900 4 29

500 0.015 900 <0.1 29
TaCl5, DMHy 300 0.031 — 14 (EDX) This study

400 0.013 — <0.5(EDX)
NbN

NbCl5, NH3 300 0.011 — 24 (EDX) This study
400 0.010 >10,000 15 (EDX) This study
500 0.025 550 <0.3 30

NbCl5, Zn, NH3 500 0.018 200 <0.3 30
NbCl5, DMHy 400 0.023 2900 5 (EDX) This study

MoNx
MoCl5, NH3 400 0.0020 — 10 (EDX) This study

500 0.031 100 1 (EDX) This study
MoCl5, Zn, NH3 400 0.078 3,600 7 (EDX) This study

500 0.040 490 <1 (EDX) This study
MoCl5, DMHy 400 0.057 930 3 This study

5 (EDX)
n

Unfortunately, DMHy did not bring any improvement to the con-
ductivity as compared with the NH3-based ALD process, but rather
the resistivity was so high that it could not be measured with the
standard four-point probe method. In addition, the films were partly
transparent, which indicates that they were Ta3N5 rather than TaN.
According to the XRD analysis the films deposited at both tempera-
tures were amorphous. Clearly, DMHy is not efficient enough for
reducing tantalum. The growth rate, however, was rather good (0.03
nm/cycle) at 3008C but the chlorine content was also high (14 atom

Figure 1. Chlorine content and deposition rate of the TiN films as a function
of deposition temperature. The chlorine content and the film thickness are
determined by EDX.
 address. Redistribution subject to ECS ter130.203.136.75loaded on 2016-10-06 to IP 
%, determined by EDX). At 4008C the situation was inverse as the
growth rate was lower (0.01 nm/cycle) but only below 0.5 atom %
chlorine was detected by EDX.

NbN.—In the previously reported studies on the ALD growth of
NbN, the films were deposited from NbCl5 and NH3 with and with-
out the intermediate Zn pulses only at 5008C.30 Without the inter-
mediate Zn pulses the resistivity was higher, 550 mV cm, than with
the Zn pulse, 200 mV cm. On the other hand, the use of zinc caused

Figure 2. Resistivity of the TiN films as a function of deposition temperature.
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the growth rate to decrease (0.025 nm/cycle vs. 0.018 nm/cycle).
Because the future demands for the growth temperature are below
5008C, for comparison some NbN films were grown also from
NbCl5 and NH3 at 300 and 4008C. The growth rate of those films
was rather low, only 0.010 nm/cycle at both temperatures. Accord-
ing to the EDX analysis, the films contained quite a lot of chlorine,
24 atom % at 3008C and 15 atom % at 4008C, and the conductivity
of the films was very poor (resistivity over 10,000 mV cm). 

The resistivity of the film deposited from NbCl5 and DMHy was
approximately 2,900 mV cm, which is much higher than the resis-
tivity achieved in the previous study at 5008C30 but considerably
lower than was obtained with the NbCl5-NH3 process at 4008C.
However, the deposition rate is comparable (0.023 nm/cycle) to the
5008C processes and according to the EDX analysis the film con-
tained 5 atom % of chlorine. In the XRD analysis only one peak was
detected. Because this peak was broad, it could not be distinguished
as to whether it corresponded to either the [200] or [002] or even
both reflections of the tetragonal Nb4N3 or the [200] reflection of the
cubic d-NbN.

MoNx.—The growth of MoNx by ALD has earlier been reported
only briefly.27 Both cubic Mo2N and hexagonal MoN films could be
grown from MoCl5 and NH3 at 5008C. As no further details had been
reported, we also studied the MoCl5-NH3 process for comparison.
MoN films were grown from MoCl5 and NH3 with and without the
intermediate Zn pulses at 400 and 5008C. The film grown at 5008C
without the intermediate Zn pulses with a rate of 0.03 nm/cycle had
a resistivity of only about 100 mV cm. With a Zn pulse the resistiv-
ity increased to about 500 mV cm, most likely because of Zn
residues (2 atom % as determined by EDX). The films deposited at
4008C were of quite poor quality. Only very thin (9 nm with 5,000
deposition cycles) could be grown without Zn. The films grown with
the intermediate zinc pulses had a high resistivity (about 3600 mV
cm) and also rather high chlorine (7 atom %) and zinc (2 atom %)
content. On the other hand, the growth rate of the MoCl5-Zn-NH3
process was quite high (0.08 nm/cycle) at 4008C and only half of that
at 5008C. The decrease in the growth rate may result from an in-
creased etching of MoNx by MoCl5 at higher temperatures.54

The resistivity of the film deposited from MoCl5 and DMHy was
about 930 mV cm which is much lower than those achieved with the
previous processes at 4008C. Also the deposition rate (0.06 nm/cycle)
was higher than those of the films deposited by the previous process-
es at both 400 and 5008C, if the higher resistivity film deposited with
zinc at 4008C is excluded. According to the TOF-ERDA analysis, a
quite large amount of carbon (10 atom %) is incorporated into the
film. However, the amounts of the other impurities are quite low
(oxygen 2 atom %, hydrogen 2 atom %, and chlorine 3 atom %).

Figure 3. TOF-ERDA analysis of the elemental depth profiles of the TiN film
deposited at 4008C.
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According to the XRD analysis the film exhibited quite weak
(111) and (200) reflections typical for the cubic Mo2N, although the
XRD peaks were slightly shifted and quite broad. The difference
between the d values of the obtained peaks (d111 5 2.44 Å, d200 5
2.10 Å) and the reference values (d111 5 2.404 Å, d200 5 2.081 Å)
is 0.04 Å for (111) and 0.02 Å for (200) orientation. In addition, the
(111) reflection of the cubic Mo2N is quite close to the (200) reflec-
tion of the hexagonal MoN (d200 5 2.479 Å). The TOF-ERDA
analysis showed that the Mo:N ratio was close to 1:1. It could be
possible that the extra nitrogen is present in the Mo2N matrix or the
matrix is in fact amorphous MoN with nanocrystallites of Mo2N.
Extensive conclusions, however, cannot be drawn since the XRD
peaks are only weak and shifted.

Conclusions

TiN, TaNx, NbN, and MoNx films were deposited by ALD from
the corresponding metal chlorides and 1,1-dimethylhydrazine
(DMHy). The aim of this study was to find out if by using a more
reactive nitrogen source instead of the normally used NH3, better
quality films could be prepared at 4008C.

In the case of TiN and MoNx, reasonably good quality films were
indeed deposited, although the resistivities measured were quite high
(about 500 mV cm for TiN and about 900 mV cm for MoNx). This is
due to the rather high impurity contents of the films. In addition to
chlorine (in both films about 2-3 atom % at 4008C) and oxygen (about
14 atom % in TiN and about 2 atom % in MoNx at 4008C) which are
known to have a negative effect on the electrical properties, the
decomposition of DMHy also results in carbon incorporation (about
10 atom % in both films at 4008C). On the other hand, the hydrogen
content of the films is quite low (2 atom % in all cases), which is an
indication of the carbidic nature of the incorporated carbon. 

The deposited TaNx and NbN films were not as good as the TiN
and MoNx films. The TaNx films prepared were not even conducting,
and the resistivity of the NbN film was nearly 3000 mV cm.

Although the use of DMHy in the growth of nitrides by ALD did
not bring any major improvement as compared to the films deposit-
ed with NH3 at 5008C, one very important issue is the low growth
temperature. The films deposited at 4008C with DMHy were almost
without exception better than the films deposited with NH3 at the
same temperature, although the films contained rather large amounts
of carbon. The carbon impurities could probably be decreased by
using other hydrazine derivatives.
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