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ABSTRACT: Zirconium oxide (ZrO2) thin film was deposited on nitrogen-doped
carbon nanotubes (NCNTs) by atomic layer deposition (ALD) using tetrakis-
(dimethylamido)zirconium(IV) and water as precursors. The observation using
scanning electron microscope and transmission electron microscope (TEM)
revealed that the tubular films of 100-cycle ZrO2 were very uniform and conformal
on NCNTs. Further characterization using X-ray diffraction, Raman spectroscopy,
selected area electron diffraction, and high-resolution TEM disclosed that the
crystallinity of the deposited ZrO2 films was controllable with deposition
temperatures in the range of 100−250 °C. In contrast to the pure amorphous
ZrO2 film deposited at 100 °C, tetragonal crystalline ZrO2 film was prepared at 250
°C, while a mixture of the former two phases was found between 150 and 200 °C. In
all cases, the growth of ZrO2 tubular films on NCNTs showed a transformation from an island-growth mode to a layer-by-layer
growth mode with increasing ALD cycles. The ZrO2−NCNT nanocomposites with controllable crystallinity will have great
potential for various applications in fuel cells, batteries, electronics devices, and chemical sensors.

1. INTRODUCTION
Since the work by Iijima in 1991,1 carbon nanotubes (CNTs)
have been drawing much attention from various areas because
of their unique properties.2,3 Up to now, CNTs have been
involved in a wide range of potential applications, such as
reinforced materials, nanoelectronic devices, field emission
display sources, and energy storage and conversion devices.4,5

Recently, great interest has been raised to make one-
dimensional nanocomposites by using CNTs as supports for
the deposition of various materials.6−9 In particular, CNTs have
been considered as the most promising templates for
fabricating metal oxide−CNT nanocomposites, which possess
exceptional chemical, mechanical, and physical properties.10−15

These advanced nanocomposites are likely to become key
components in the next generation of magnetic, optical, and
electronic devices.
Zirconium oxide (ZrO2) is an attractive material in many

fields because of its excellent mechanical, thermal, optical, and
electrical characteristics.16,17 ZrO2 can present three poly-
morphic crystalline structures, that is, monoclinic (below 1170
°C), tetragonal (1170−2370 °C), and cubic (above 2370 °C).17
Recently, there were many efforts devoted to fabricate ZrO2−
CNT nanocomposites in hopes of broadening the applications
of ZrO2.

18−23 For example, ZrO2−CNT nanocomposite
prepared by a hydrothermal method was found to be a good
biocompatible matrix for protein immobilization.18 In addition,
it was also found that the Pt catalyst supported by ZrO2−CNT
nanocomposites exhibited significantly improved catalytic
activity toward methanol and ethanol oxidation in direct

methanol and ethanol fuel cells compared with that supported
by either CNTs or commercial C.19,20 Moreover, CNT
transistors integrated with high-k ZrO2 were applied as
advanced gate dielectrics, which will be crucial for future
molecular electronics.21 Thus, ZrO2−CNT nanocomposites are
promising for applications in fuel cells, batteries, electronics
devices, and chemical sensors.
To fulfill these applications, it is of great importance to

controllably synthesize ZrO2−CNT nanocomposites. In
previous studies, the fabrication of ZrO2−CNT nanocompo-
sites was mainly achieved by solution-based methods.16,17,23−25

For example, Sun et al.23 synthesized ZrO2−CNT nano-
composites via decomposition of Zr(NO3)4·8H2O in super-
critical carbon dioxide−ethanol solution with dispersed CNTs
at relatively low temperatures. Shan and Gao24 prepared ZrO2−
CNT nanocomposites with phase-controlled ZrO2 by hydro-
thermal treatment of CNTs in ZrOCl2·8H2O aqueous solution
at 150 °C. Most of these studies were focused on controlling
the phase17,24,25 or morphology16 of ZrO2 coated on CNTs,
and the CNTs used in these studies required a pretreatment
process by either covalent26 or noncovalent14,27 methods to
functionalize their inert surface. The pretreatment might
adversely affect the inherent properties of the CNTs.
Herein, we developed an alternative approach to synthesize

ZrO2−CNT nanocomposites. This approach features crystal-
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linity-controlled deposition of ZrO2 tubular films directly on
nitrogen-doped carbon nanotubes (NCNTs) using atomic layer
deposition (ALD), which has been our research interest both in
synthesizing28−32 and in applications.33,34 ALD is a unique
technique which allows the deposition of conformal and
uniform thin films via sequential and self-terminating gas−solid
reactions with controlled film thickness at atomic level.35,36 The
coating of ZrO2 on CNTs was previously achieved with the use
of ZrCl4 and H2O as precursors, whereas detailed studies are
still lacking.21 Moreover, the use of ZrCl4 as Zr precursor may
constrain the application of ZrO2 because ZrCl4 suffers from
serious processing problems including the corrosion of
deposition system caused by HCl generated during the
reaction, high risk of small particles being transported into
substrates, and high evaporation temperature (165 °C) because
of its low volatility.37 In comparison, tetrakis(dimethylamido)-
zirconium(IV) [Zr(NMe2)4] as an ALD precursor has several
advantages over ZrCl4, such as sufficient volatility, thermal
stability, and high reactivity to a hydroxylated surface.38−40

Using Zr(NMe2)4 and H2O as ALD precursors, for example,
ZrO2 films were successfully deposited on Si and glassy carbon
substrates with a growth per cycle (GPC) of 0.096 ± 0.002 nm
in the range of 50−250 °C.38,39 It was reported that the ALD of
ZrO2 (ALD-ZrO2) using these two precursors consists of two
half reactions38

|| − +

→ || − +

OH Zr(NMe ) (g)

OZr(NMe ) C H N(g)
2 4

2 3 2 7 (1)

|| − + → || − +NMe H O(g) OH C H N(g)2 2 2 7 (2)

where || represents substrate surface and (g) denotes vapor
species. Therefore, in this work, Zr(NMe2)4 and H2O were
employed as precursors for ALD-ZrO2. The NCNTs were
homemade and were suitable for ALD processes without any
additional pretreatment steps.29,31 In summary, this work

describes the uniform deposition of ALD-ZrO2 films on
NCNTs with not only precisely controlled thickness at
nanoscale level but also highly tunable crystallinity from
amorphous to crystalline. In addition, the growth process of
ALD-ZrO2 on NCNTs was explored, and the growth
mechanisms of ALD-ZrO2 on NCNTs were proposed. This
kind of ZrO2−NCNT nanocomposites synthesized by ALD
may find many potential applications, such as fuel cells,
batteries, electronics, and gas sensors.

2. EXPERIMENTAL SECTION

2.1. Synthesis of NCNTs. NCNTs were prepared by a
chemical vapor deposition (CVD) method using melamine
(C3H6N6, 99+%, Aldrich) as the only source for both carbon
and nitrogen. The substrate used for the growth of NCNTs was
a carbon paper, which had been sequentially coated by an
aluminum film (30 nm in thickness) and an iron film (5 nm in
thickness) in a sputtering system. The aluminum film as a
buffer layer could improve the quality and growth rate of
NCNTs, while the iron film could catalyze the growth of
NCNTs.41 In a typical process, NCNTs were grown by the
pyrolysis of melamine at 800 °C using argon (99.999% in
purity) as a protective and carrier gas. More details can be
found in our previous work.42

2.2. ZrO2−NCNTs by ALD. The deposition of ZrO2 on
NCNTs was achieved by alternatively supplying Zr(NMe2)4
(99%, STREM) and deionized water (H2O) into a commercial
ALD reactor (Savannah 100, Cambridge Nanotech Inc., United
States). Zr(NMe2)4 was heated to 75 °C, while water was kept
at room temperature. In that case, sufficient precursor vapors
could be supplied for the deposition of ZrO2. Additionally, the
delivery lines were heated to 100 °C to prevent the precursors
from condensation. Nitrogen gas (99.999% in purity) was used
as a carrier gas with a flow rate of 20 sccm, and the ALD reactor
was maintained at a low level of base pressure (typically 0.3−
0.4 Torr) by a vacuum pump (Pascal 2005 I, Adixen). One

Figure 1. (a, b) SEM images, (c) TEM image, and (d) Raman spectrum of NCNTs synthesized by the CVD method.
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ALD cycle was executed with the following six steps: (1) a
supply of Zr(NMe2)4 with a t1 pulse time; (2) a 3.0 s extended
exposure of Zr(NMe2)4 to NCNTs; (3) a purging of
oversupplied Zr(NMe2)4 and any byproducts with a t2 purge
time; (4) a supply of H2O with a t3 pulse time; (5) a 3.0 s
extended exposure of H2O to NCNTs; (6) a purging of excess
H2O and any byproducts with a t4 purge time. In short, the
deposition procedure can be described as t1−t2−t3−t4. ZrO2
was deposited on NCNTs by repeating the above ALD cycle at
250, 200, 150, and 100 °C, respectively.
2.3. Characterization of ZrO2−NCNTs. The morphology

and structure of as-synthesized ZrO2−NCNT nanocomposites
were characterized by a field-emission scanning electron
microscope (SEM, Hitachi S4800) equipped with energy-
dispersive X-ray spectroscopy (EDS), transmission electron
microscope (TEM, Hitachi H-7000), high-resolution TEM
(HRTEM, JEOL 2010 FEG), micro-X-ray diffraction (XRD,
Bruker D8, Co Kα source, λ = 1.7892 Å), and Raman
spectrometer (HORIBA Scientific LabRAW HR800) with an
incident laser beam of 532.4 nm.

3. RESULTS AND DISCUSSION
3.1. Results. Figure 1 (a−c) shows the morphology and

structure of NCNTs prepared by the CVD method. From
Figure 1 (a, b), it can be seen that the carbon paper was totally
covered by high-density NCNTs with diameters in a range of
20−35 nm. The TEM image in Figure 1c indicates that the
synthesized NCNTs possess a typical bamboolike structure,
which is induced by nitrogen doping in the hexagonal
framework of carbon layers.42,43 The Raman spectrum of the

NCNTs shows two first-order Raman peaks centered at ∼1342
cm−1 and ∼1582 cm−1, which are so-called D-band and G-band,
respectively, as seen in Figure 1 d. The intensity ratio between
D-band and G-band (ID/IG) is calculated to be 0.94 for the
NCNTs revealing its high degree of disorder because of
nitrogen doping.43

To find out the conditions for saturated growth of ALD-
ZrO2, the pulse time and purge time for both precursors were
optimized. The deposition temperature was chosen to be 200
°C using Zr(NMe2)4 and H2O as precursors.38 The
optimization was carried out by changing one parameter at a
time while keeping the others constant. The results indicated
that a 0.5 s pulse of Zr(NMe2)4 and a 1.0 s pulse of H2O are
sufficient to realize saturated growth of ALD-ZrO2 thin film on
NCNTs (Figure SI-1 of the Supporting Information). The
purge time required is at least 30 s in order to avoid CVD-like
growth of ZrO2 (Figure SI-2a, b of the Supporting Information)
and to achieve uniform deposition of ALD-ZrO2 thin film
(Figure SI-2c, d of the Supporting Information). A prolonged
purge time had no obvious effect on the thickness and
uniformity of ALD-ZrO2 thin film (Figure SI-2e, f of the
Supporting Information). Therefore, all the ALD-ZrO2 was
conducted with the procedure of 0.5 s, 30 s, 1 s, 30 s.

3.1.1. Crystalline Development of ALD-ZrO2. The structural
phases of 100-cycle ALD-ZrO2 prepared at 250, 200, 150, and
100 °C were identified by XRD and Raman techniques, and the
results are presented in Figure 2. Figure 2a shows the XRD
patterns of 100-cycle ZrO2−NCNTs prepared at 250, 200, 150,
and 100 °C. It can be seen that all samples exhibit two strong
peaks at 30° and 64° and a weak one at 50°, which are indexed

Figure 2. XRD patterns (a) and Raman spectra (b) of 100-cycle ZrO2−NCNTs prepared at 250, 200, 150, and 100 °C. (c) Deconvolution of Raman
spectrum of 100-cycle ZrO2−NCNTs prepared at 250 °C. (d) EDS spectrum of 100-cycle ZrO2−NCNTs prepared at 100 °C.
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as (002), (004), and (100) planes of graphite (JCPDS PDF No.
08-0415), respectively. They are apparently induced by the
carbon paper and NCNTs grown on it. For the ZrO2−NCNTs
prepared at 250 °C, the other peaks located at 36°, 41°, 59°,
and 71° are well consistent with the planes of (101), (110),
(112), and (211) of tetragonal ZrO2 (JCPDS PDF No. 79-
1768), respectively. The four peaks could be also assigned to
cubic ZrO2, however, the existence of which is excluded later by
Raman examination. With a decrease in deposition temper-
ature, the peak of (101) plane of tetragonal ZrO2 shifts to
higher degrees and becomes broader in terms of half-width. In
the meantime, the other peaks belonging to tetragonal ZrO2
become weaker in intensity. They totally disappear in the
ZrO2−NCNTs prepared at 100 °C. The XRD results indicate

that the ALD-ZrO2 experienced a gradual decrease in its
crystallinity when decreasing the deposition temperature.
Raman spectroscopy was carried out on the above samples in
a region of 100−800 cm−1, and the results are presented in
Figure 2b, c. From Figure 2b, it can be seen that Raman spectra
are approximately the same for ZrO2−NCNTs prepared at 250,
200, and 150 °C. Deconvolution of the Raman spectrum for
ZrO2−NCNTs prepared at 250 °C reveals six peaks located at
140.8, 263.0, 308.0, 452.6, 538.8, and 637.3 cm−1 (Figure 2c),
which can be clearly assigned to the six Raman active modes
(A1g + 2B1g + 3Eg) of tetragonal ZrO2.

44,45 Similar results were
also obtained for ZrO2−NCNTs prepared at 200 and 150 °C.
For the ZrO2−NCNTs prepared at 100 °C, however, broad
peaks with weak intensities are observed in their Raman

Figure 3. SEM (a, c, e, g) and TEM (b, d, f, h) images of 100-cycle ZrO2−NCNTs prepared at 250 °C (a, b), 200 °C (c, d), 150 °C (e, f), and 100
°C (g, h). (Inset in each TEM image corresponds to its SAED pattern.)
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spectrum (Figure 2b) from which it is hard to identify the
phase of the deposited ZrO2. This kind of Raman spectrum is
probably due to the extremely limited long-range periodicity of
ZrO2 prepared at such low temperature.45 Nonetheless, EDS
analysis verified the presence of Zr and O elements in the
ZrO2−NCNTs prepared at 100 °C as seen in Figure 2d.
Tetragonal ZrO2 is generally stable at high temperatures

(1170−2370 °C),17 while in our case, it was not only prepared
at temperatures below 250 °C but was also stable at room
temperature. The occurrence of tetragonal ZrO2 at low
temperatures has been reported previously.46−49 Earlier studies
believed that the low-temperature tetragonal ZrO2 should be
ascribed to grain size effect, that is, ZrO2 with small size and
high surface area can provide high surface energy to stabilize
metastable tetragonal ZrO2 at low temperatures.48,49 In this
work, NCNTs acted as promising ALD-ZrO2 substrate with
high surface area and high surface energy, which in return help
the stabilization of tetragonal ZrO2 at temperatures below 250
°C.
The morphologies of 100-cycle ALD-ZrO2 on NCNTs

prepared at 250, 200, 150, and 100 °C were observed by SEM
and TEM, and the results are presented in Figure 3. From
Figure 3 (a, c, e, g), it can be clearly seen that NCNTs are
homogeneously coated with ZrO2 tubular thin films at
deposition temperatures of 250, 200, 150, and 100 °C. TEM
observation reveals that these ZrO2 thin films are extremely
uniform and conformal on NCNTs in all the cases as shown in
Figure 3 (b, d, f, h). Furthermore, selected area electron
diffraction (SAED) was employed and the crystallinity of ALD-
ZrO2 was revealed as shown by the insets in Figure 3 (b, d, f,
h). For the ZrO2−NCNTs prepared at 250 °C, the SAED

diffraction rings can be indexed as (101), (112), and (211)
planes of tetragonal ZrO2 indicating its polycrystalline feature
(see the inset in Figure 3b). From Figure 3d and f, it can be
clearly seen that the diffraction rings become more diffusive
with the decreasing deposition temperature. In the case of 100
°C, only diffusive rings are observed as shown by the inset in
Figure 3h manifesting that the ALD-ZrO2 consists of only the
amorphous phase. The SAED results indicate that ALD-ZrO2

on NCNTs is temperature-dependent in the crystallinity. In
particular, the information extracted from SAED and XRD
results (see Figure 2a) is consistent with the crystallinity of the
ALD-ZrO2 prepared at different deposition temperatures.
The microstructures of 100-cycle ALD-ZrO2 were further

investigated using HRTEM as shown in Figure 4. Figure 4a
reveals that ALD-ZrO2 thin film is fully crystalline at 250 °C,
and the interplanar spacing of 0.298 nm (as marked in Figure
4a) is consistent with the spacing distance between (101)
planes of tetragonal ZrO2. In the case of 200 °C, the ZrO2 thin
film is composed of both crystalline nanoparticles and
amorphous layers. These nanoparticles with tetragonal ZrO2

phase randomly distribute in the matrix of the amorphous ZrO2

as shown in Figure 4b. At the lower deposition temperature of
150 °C as shown in Figure 4c, it is found that these
nanoparticles become sparse, and the matrix of amorphous
ZrO2 layers takes the dominance. At the lowest deposition
temperature of 100 °C as shown in Figure 4d, only amorphous
ZrO2 thin film can be identified. On the basis of the above
results, it can be concluded that the crystallinity of ALD-ZrO2 is
temperature-dependent, that is, the deposited ZrO2 shows
crystalline tetragonal phase at 250 °C, amorphous phase at 100

Figure 4. HRTEM images of 100-cycle ZrO2−NCNTs prepared at (a) 250 °C, (b) 200 °C, (c) 150 °C, and (d) 100 °C.
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°C, and a mixture of the former two in the range of 200−150
°C.
During ALD processes, growth per cycle (GPC) is an

important measure to evaluate the growth ability of desirable
materials. In this work, the GPC of ALD-ZrO2 is calculated on
the basis of the thickness of 100-cycle ALD-ZrO2 thin films as
shown in Figure 4. The GPC turns out to be 0.081, 0.085,
0.094, and 0.142 nm at 250, 200, 150, and 100 °C, respectively
(as plotted in Figure 5). It can be seen that the GPC of ZrO2

stays almost the same (around 0.085 nm) from 250 to 150 °C.
One can also find that the GPC of ZrO2 at 100 °C (0.142 nm)
is apparently higher than those at the other temperatures.
3.1.2. Growth Process of ALD-ZrO2. The morphological

evolution of ALD-ZrO2 with ALD cycle was explored by SEM
and HRTEM on the ZrO2−NCNTs prepared at 200 °C and

presented in Figure 6. Comparing Figure 6a with b, it is obvious
that the surface of NCNTs is coated with many nanoparticles
after only five ALD cycles. With the increase of ALD cycles,
these nanoparticles start to coalesce (Figure6c) and eventually
close into a uniform thin film after 30 cycles (Figure 6d).
Further increasing ALD cycles leads to a thicker thin film with
its uniformity maintained as shown in Figure 6e and Figure 3c.
The morphological development of ALD-ZrO2 was confirmed
by HRTEM in Figure 6f−i. SEM observation on the ZrO2−
NCNTs prepared at 250, 150, and 100 °C indicates the similar
growth process of ALD-ZrO2 (Figures SI-4−6 of the
Supporting Information). This phenomenon implies that the
growth of ALD-ZrO2 on NCNTs follows an island-growth
mode at the very early stage and a layer-by-layer growth mode
afterward.
HRTEM images of the ZrO2−NCNTs prepared at 200 °C

after different ALD cycles also disclose the crystalline
development of ALD-ZrO2 with ALD cycles as displayed in
Figure 6f−i. Before 10 cycles, the ALD-ZrO2 exhibits the
amorphous state as seen in Figure 6f, g. After 30 cycles, the
ALD-ZrO2 thin film is still dominated by the amorphous phase
in the matrix of which some crystalline tetragonal ZrO2
nanoparticles (diameter around 1.5 nm) can be found (Figure
6h). With increasing ALD cycles, these crystalline ZrO2
nanoparticles grow into bigger sizes, while the amorphous
ZrO2 thin film becomes thicker as shown in Figure 6i and
Figure 3d. Thus, at 200 °C, the growth of amorphous ZrO2
continues during the whole ALD process, while nucleation and
growth of crystalline ZrO2 start in the matrix of amorphous
ZrO2 at the intermediate stage. The thicknesses of ZrO2 thin
films after different ALD cycles at 200 °C are measured in
Figure 6g−i and are plotted as a function of ALD cycle number
(see the inset in Figure 5). In Figure 5, it can be clearly seen
that the film thickness of ALD-ZrO2 shows an almost linear
relationship with ALD cycles indicating the self-limiting growth
of ALD-ZrO2 on NCNTs.

Figure 5. GPC of ALD-ZrO2 on NCNTs as a function of deposition
temperature (inset shows the thickness of ZrO2 thin film deposited at
200 °C as a function of ALD cycle number).

Figure 6. SEM images (a−e) of NCNTs without ZrO2 coating (a) and with ZrO2 coated at 200 °C after (b) 5 cycles, (c) 10 cycles, (d) 30 cycles,
and (e) 50 cycles. HRTEM images (f−i) of NCNTs with ZrO2 coated at 200 °C after (f) 5 cycles, (g) 10 cycles, (h) 30 cycles, and (i) 50 cycles. The
scale bar in a−e and f−i represents 20 and 5 nm, respectively.
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3.2. Discussion. From the results in section 3.1, one can
easily see that ALD is distinguished as an innovative approach
to synthesize ZrO2−NCNT nanocomposites in a well-
controlled manner. The deposited ZrO2 thin films not only
have highly tunable crystallinity from amorphous to crystalline
but also have precisely controlled thickness at the atomic level.
The first feature is mainly ascribed to temperature dependence
of ALD-ZrO2, whereas the second one results from the self-
terminating nature of the ALD process. To better understand
the characteristics of ALD-ZrO2, it is essentially important to
clarify the influence of ALD process parameters, that is, the
temperatures, substrates, and precursors,36 on the growth
process, the GPC, and the crystallinity of ALD-ZrO2 on
NCNTs.
As disclosed in section 3.1.2, the growth of ALD-ZrO2 on

NCNTs follows an island-growth mode at the very early stage
and a layer-by-layer growth mode after coalescence of these
islands into a thin film in a temperature range of 100−250 °C.
Interestingly, island growth of ALD-ZrO2 was also previously
observed on the substrate of hydrogen-terminated silicon using
ZrCl4 and H2O as precursors.50−52 The reason for this
undesired ALD process was attributed to the lack of functional
OH adsorption sites on the hydrogen-passivated surfaces, and
the island growth of ZrO2 started most likely at reactive defect
sites of the substrate.50 Another study reported that ZnO
nanoparticles could be grown on single-walled carbon nano-
tubes (SWCNTs) by ALD because of the sparse amount of
defective sites on SWCNTs.53 Thus, the NCNT substrate in
our case is believed to play a crucial role in determining the
special growth process of ALD-ZrO2. As well-known, NCNTs
are rich in surface defects induced by nitrogen doping.43 These
N-induced defects make the surface of NCNTs more reactive
than that of CNTs and are thereby suitable for the direct
growth of metal nanoparticles or nanowires on it.54,55 In our
previous work, NCNTs were also employed as substrates for
ALD-SnO2, and it was found that the surface defect sites,
especially induced by pyridine-like N and graphite-like N, were
preferable sites for the nucleation of ALD-SnO2.

29 Therefore, in
this work, it is reasonable to believe that N-induced defect sites
at the surface of NCNTs are responsible for the island growth
of ALD-ZrO2 at the very early stage. During the first cycle,
Zr(NMe2)4 would chemically bond with these N-induced
defect sites, and then introduced H2O would react with the
chemisorbed Zr(NMe2)4 via eq 2 generating −OH group
terminated surface.38 The following ALD cycles would happen
preferably on the existing ZrO2 surface via eq 1 and eq 2
sequentially leading to the island growth of ALD-ZrO2 on
NCNTs (see Figure 6b, f). With a further increase of ALD
cycles, these ALD-ZrO2 islands would grow in both vertical and
lateral directions and finally would coalesce into a film (Figure
6c, d, g, h). From this point on, the deposition of ZrO2 would
occur on the film following a layer-by-layer growth mode
(Figure 6e, i and Figure 3c, d). The thickness of ZrO2 thin film
can be simply but accurately controlled by the number of ALD
cycles (see Figure 5). In addition, it was demonstrated that
chemically bonded N in NCNTs was thermally stable up to 800
°C,56 and thus, the N-induced defects on NCNTs in our case
could be considered to remain unaffected by the temperature
change from 100 to 250 °C. Moreover, theoretical calculation57

showed that for Zr(NMe2)4, scission of metal−ligand bonds
was more feasible than scission of N−C bonds, and experiment
study38 also indicated that the reaction of Zr(NMe2)4 and H2O
in ALD would follow eqs 1 and 2 in the temperature range of

100−250 °C. Therefore, in our case, it can be considered that
the temperature change does not affect the substrate and the
reaction mechanism of precursors. At all deposition temper-
atures, ALD-ZrO2 followed a similar growth process, that is,
island growth mode at the very early stage and layer-by-layer
growth mode after the close of these islands into a thin film as
presented in Figure 6 and Figures SI-4−6 of the Supporting
Information.
GPC is an important factor to measure the growth of ALD

materials. In this work, the GPC of ALD-ZrO2 experienced an
increase with decreasing temperature (see Figure 5). In
particular, the GPC of ALD-ZrO2 at 100 °C (0.142 nm) is
obviously higher than those at the other temperatures (around
0.085 nm). Earlier studies have shown that the temperature
could affect the GPC of ALD materials by having an effect on
the number and types of reactive sites on the substrates and the
preferred reaction mechanisms.36 As discussed above, the
temperature change from 100−250 °C seemed not to affect the
reaction mechanism of Zr(NMe2)4 and H2O in the ALD
process.38,57 However, temperature does have an influence on
the −OH groups, which were reactive sites for the ALD process
and which were generated via eq 1. Many previous studies58−60

have indicated that the number and types of hydroxyl groups
were temperature-dependent, and high temperature could lead
to dehydroxylation. During ALD-ZrO2, the dehydroxylation of
hydroxyl groups was described as follows:59

|| − → || − − || +2 Zr OH Zr O Zr H O2 (3)

Undoubtedly, this dehydroxylation would reduce the number of
−OH groups and thereby would lead to a lower GPC at higher
temperatures. Besides hydroxyl groups, physisorbed Zr(NMe2)4
and H2O are probably accountable for the higher GPC at 100
°C. Ritala and Leskela ̈61 have shown that even at 500 °C, the
desorption of water from the hydroxyl-terminated surface could
be slow enough, and long purge periods were needed.
Hausmann et al.38 have proved that it took a much longer
time to purge all surface-physisorbed Zr(NMe2)4 and H2O at
lower temperatures. Therefore, given the same purge time in
our case, there would be more surface-physisorbed Zr(NMe2)4
and H2O at lower temperatures, which would in return
contribute to the growth of ZrO2. Surprisingly, the ZrO2 thin
film at lower temperatures still maintained its uniformity as
shown in Figure 3 and Figure 4. A prolonged purge time (60 s)
for both precursors did not obviously affect the thickness of
ZrO2 thin film (Figure SI-3 of the Supporting Information).
Probably, a longer purge time than 60s is required in order to
avoid the surface-physisorbed precursors, but it will inevitably
increase the preparation time of ALD-ZrO2.
Besides growth mode and GPC, it is of great interest to

explain the temperature dependence of the crystallinity of ALD-
ZrO2. In section 3.1.1, one can find that the deposition
temperature is the only parameter that distinguishes the four
samples in this work. Apparently, it plays a crucial role in
determining the crystallinity of ALD-ZrO2. A similar trend of
crystallinity as a function of temperature was also previously
reported in ALD-grown ZrO2,

38,62,63 TiO2,
28,64 HfO2,

65 and
SnO2.

29,30 It was demonstrated that the temperature had strong
effects on surface mobility of absorbed species,64,66 reaction
mechanisms,29,30,63 and surface reactive sites29,63 thereby
influencing the crystallinity of ALD-grown materials. High
temperatures could enhance the surface mobility of absorbed
species and could promote the ordering of the structure with
minimum energy thus leading to the growth of crystallites.64,66
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Meng and co-workers29,30 prepared phase-controlled ALD-
SnO2 using SnCl4 and H2O as precursors and proposed that the
change of reaction mechanism from ligand exchange and
chlorination with increasing temperatures was responsible for
the phase transition from amorphous to crystalline. In addition,
Scarel et al.63 suggested that the reaction mechanism between
−OH species and ZrCl4 could be changed by the decreased
density of −OH species with increasing temperatures thus
affecting the crystallinity of deposited ZrO2. In our case, a
higher temperature could help the mobilization of absorbed
species and could enable the Zr and O ions to occupy the
positions corresponding to the lowest free energy of the
crystal64 resulting in the crystalline phase of ALD-ZrO2. XRD
(Figure 2a) and HRTEM (Figure 4) results indicated that the
ZrO2 was preferentially oriented in the [101] direction, which
seems to have the lowest free energy. Until now, there was no
evidence showing that the reaction mechanism between
Zr(NMe2)4 and H2O is temperature-dependent in the
temperature range we employed as discussed previously.
Nonetheless, the increase of temperature can modify the
surface reactive sites via the dehydroxylation process described
in eq 3 leading to reduced hydroxyl groups at the surface. This
might be a reason accountable for the increased crystallinity of
ALD-ZrO2 with elevating temperatures. Unfortunately, there is
to date little knowledge about the effect of decreased hydroxyl
groups on the reaction mechanism and the crystallinity of ALD-
ZrO2 using Zr(NMe2)4 and H2O as precursors, and further
investigations are needed. Another potential reason for ZrO2
being amorphous at lower temperatures is the residual
dimethylamido ligand in the film, which could possibly prevent
the crystallization of ZrO2. From the above discussion, one can
clearly see the critical effect of temperature on the crystallinity
of ZrO2 at a given ALD cycle. One the other hand, at a given
temperature, the crystallinity of ZrO2 would be mainly related
to the film thickness, and more crystalline ZrO2 could be found
in the thicker film as disclosed in Figure 6. This phenomenon
was also observed in previous studies and could be explained as
follows.39,67 At a given temperature, the nucleation events of
crystalline ZrO2 were distributed randomly over the surface of
the substrate during each ALD cycle. The increase of ALD
cycles could lead to the nucleation of more crystalline ZrO2
nuclei in the thicker film. Once crystalline ZrO2 nuclei formed,
the following ALD cycle would contribute further mass to the
nuclei resulting in the growth of crystalline ZrO2. Therefore,
the thicker film induced by more ALD cycles contained more
crystalline ZrO2 than the thinner film did. In this work, no
more than 100 ALD cycles of ZrO2 were used. A further
increase of ALD cycles could lead to the change of ZrO2 in its
crystallinity (amorphous or crystalline),33,67 its phase (tetrag-
onal, cubic, or monoclinic),67 or even its surface roughness.33

Figure 7 presents a schematic diagram to summarize the
crystallite and morphological developments of ALD-ZrO2 at
temperatures between 100 and 250 °C. ZrO2 exhibits only
amorphous phase at 100 °C, whereas it exhibits only crystalline
phase at 250 °C. At intermediate temperature (150− 200 °C),
the growth of amorphous ZrO2 starts at the very beginning and
continues during the whole process, while crystalline ZrO2
nucleates and grows only during the intermediate process.
Crystalline ZrO2 was embedded in the matrix of amorphous
ZrO2 and did not affect the uniformity of the ZrO2 thin film. At
all temperatures, the growth of ALD- ZrO2 follows an island-
growth mode at the very early stage and a layer-by-layer growth
mode after the coalescence of these islands into a film.

4. CONCLUSIONS
In this work, ZrO2−NCNT nanocomposites were successfully
prepared by ALD at deposition temperatures from 100 to 250
°C. The results showed that the crystallinity of ZrO2 thin film
experienced a gradual decrease with the decrease of temper-
ature. The deposition temperature of 250 °C resulted in pure
crystalline ZrO2, while 100 °C leaded to pure amorphous ZrO2.
Mixed phases of crystalline and amorphous ZrO2 appeared in
ZrO2−NCNTs between 150 and 200 °C. The ZrO2 thin film
was very uniform and conformal. The GPC of ZrO2 was 0.081,
0.085, 0.094, and 0.142 nm at 250, 200, 150, and 100 °C,
respectively. At all deposition temperatures, the growth of ZrO2
followed island-growth mode during the early stage and layer-
by-layer growth mode after the coalescence of the islands into a
film. It is expected that such ZrO2−NCNT nanocomposites
have great potential for various applications in fuel cells,
batteries, electronics devices, and chemical sensors.
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