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A B S T R A C T

We investigate effects of bottom electrodes on ZrO2 thin films formed through atomic layer deposition (ALD). We
focus on the correlation between interfacial layer formation and electrical properties. For this comparative
study, two different bottom electrodes consisting of TiN and Ru were employed. ALD ZrO2 films are deposited on
these bottom electrodes by using tris(dimethylamino)cyclopentadielnyl zirconium ((C5H5)Zr[N(CH3)2]3) and
ozone as a precursor and oxidant, respectively. Based on detailed investigations using transmission electron
microscopy and X-ray photoelectron spectroscopy, we are able to comparatively characterize the formations and
chemical compositions of the interfacial layers between ALD ZrO2 and both bottom electrodes. Based on the
electrical properties of metal-insulator-metal capacitors fabricated using both the TiN and Ru bottom electrodes,
we observe improved capacitance-voltage and current-voltage characteristics with the Ru bottom electrode,
which are attributed to the suppressed formation of an interfacial layer. We also discuss the correlation between
traps in the interfacial layer and electrical properties.

1. Introduction

Over the past few decades, dynamic random access memory
(DRAM) capacitor techniques have been developed through down-
scaling and three-dimensional structuring [1]. In particular, structural
changes in metal-insulator-metal (MIM) capacitors and the introduction
of high-k dielectrics in conjunction with TiN electrodes have sig-
nificantly improved the electrical properties of sub-100-nm processes.
Various high-k dielectric layers, including HfO2 [2], SrTiO3 [3], TiTaO
[4], Zr(1-x)AlxO2 [5], Ta2O5 [6], La2O3 [7], Al2O3 [8], and HfSixOy [9]
have been combined with TiN electrodes in MIM capacitors and in-
vestigated for the purpose of enhancing memory-cell density in DRAM.
Among the materials above, ZrO2 has attracted enormous attention for
DRAM capacitor dielectrics by virtue of its high enough dielectric
constant (εr = ~25), wide band gap (5.1–7.8 eV), and good thermo-
dynamic stability [10,11]. In comparison to HfO2, moreover, it is ad-
vantageous for transformation into cubic or tetragonal phases with
higher dielectric constant at relatively lower crystallizing temperature
for higher capacitance density [12]. For these reasons, it has been
adopted as the main dielectric material in DRAM cells with a design

rule of <~70 nm. However, a single ZrO2 dielectric layer does not
satisfy the requirements of a capacitance density greater than 7 fF μm−2

and leakage current density less than 10−8 A cm−2 for MIM capacitors
for DRAM, which were defined in 2016 [13]. For sub-60-nm processes,
a ZrO2/Al2O3/ZrO2 structure has emerged as the top choice for com-
mercial DRAM products [14].

When a high-k dielectric thin film is deposited on a TiN electrode,
controlling interfacial layer formation between the dielectric layer and
metal electrode is crucial. Generally, interfacial layers have high defect
densities that create charge traps, resulting in the degradation of device
performance [15]. For example, when high-k dielectric films are de-
posited on TiN using atomic layer deposition (ALD), oxygen-deficient
TiOx layers, which degrade electrical properties, are formed at the in-
terface based on the high chemical reactivity of the bottom TiN layer
during oxide deposition [16]. Accordingly, introducing a suitable sur-
face treatment may help to promote the formation of a stable interfacial
layer between TiN electrodes and high-k dielectrics. For example, post-
plasma treatment using N2 plasma or mixed N2/O2 plasma on TaN
electrodes has been shown to suppress the formation of unwanted in-
terfacial layers [17]. However, when electrodes are exposed to plasma
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treatment, they are subject to being damaged by energetic species, such
as ions and radicals [18]. Additionally, it is difficult to apply plasma
treatment to the mass production of DRAM because non-uniform
treatment is anticipated for MIM devices formed inside deep trenches
with high aspect ratios.

Alternatively, the adoption of stable metal electrodes with high
work functions, such as Pt and Ir, can improve dielectric properties
[19,20]. It has been shown that the use of a Ru electrode is a promising
option based on its good thermal and chemical stability, low resistivity
(ρbulk = 7.6 μΩ cm), high work function (Фbulk = 4.71 eV), and rela-
tively cheap cost among noble metals [21,22]. For example, a previous
study examined the effects of Ru buffer layer growth on a TiN electrode
for TiO2-based MIM capacitors. The Ru buffer layer resulted in im-
proved electrical properties compared to a simple TiN bottom electrode
[23]. In another report, Ru/Ta2O5/Ru MIM capacitors were in-
vestigated and found to provide good electrical performance [24].
However, the interfaces and electrical properties of ALD ZrO2 processes
in conjunction with Ru bottom electrodes have rarely been studied in
comparison to those with TiN electrodes. This motivated us to com-
paratively investigate the dielectric properties of ALD ZrO2 on TiN and
Ru bottom electrodes.

In this paper, therefore, we report the effects of bottom electrodes
on the thin film properties of ALD ZrO2. We focus on the correlation
between interfacial layer formation and electrical properties. Film
thickness, microstructures, and chemical compositions are character-
ized by transmission electron microscopy (TEM) and X-ray photoelec-
tron spectroscopy (XPS). The electrical properties of MIM capacitors
fabricated using both the TiN and Ru bottom electrodes are evaluated
through capacitance–voltage (C–V) and current–voltage (I–V) mea-
surements. The correlation between charge traps in the interfacial layer
and electrical properties is also discussed.

2. Experimental details

We deposited 100-nm-thick TiN and Ru layers for bottom electrodes
by using DC magnetron sputtering with 30 W of plasma power (SNTEK
Co., RSP 5003) on SiO2/Si substrates. We used a commercial shower-
head-type ALD chamber (SNTEK Co., ALD5008) for the ALD ZrO2 thin
film process with tris(dimethylamino)cyclopentadielnyl zirconium
(ZyALDTM: (C5H5)Zr[N(CH3)2]3) as a Zr precursor (Air Liquide Co.) and
O3 (11%) as an oxidizing agent. To produce sufficient vapor pressure,
the temperature of the Zr precursor was maintained at 70 °C in a
stainless-steel bubbler. An Ar carrier gas was used to deliver the Zr
precursor vapors into the reaction chamber. Its flow rate was main-
tained at 50 cm3 min−1 by a mass flow controller. To evacuate excess
molecules and byproducts from the reaction chamber between each
precursor and reactant exposure step, the same flow rate of Ar gas was
used again. The ALD process sequence for ZrO2 followed a pattern of 2-
5-1-5 s and showed a typical ALD growth mode with saturated growth
rates of 0.8 Å cycle−1. During the ALD experiments, the substrate
temperature was maintained at 180 °C.

The film thicknesses and microstructures were characterized
through TEM (FEI, Titan cubed G2 60-300) observation with a 200-kV
acceleration voltage. Impurity levels, chemical compositions, and
binding structures were analyzed using XPS (K-alpha, Thermo VG, U.K.)
with an Al Kα (1486.6 eV) monochromatic source (sampling area dia-
meter of 400 μm). All binding energies were arranged with respect to C
1s (284.5 eV) to calibrate the spectrum energy. For XPS depth profile
analysis, the specimens were sputtered using an Ar+ ion gun (energy of
0.5 keV; induced beam current: 3 mA; rastered over a 2 × 2 mm2

area). The XPS data was analyzed using the Spectral Data Processor
(SDP) (Version 4.11, XPS International LLC, Mountain View, CA). In its
structure, the SDP software uses for the deconvolution of the XPS line a
specific ratio between the Lorentzian and Gaussian shape, and these
characteristics ensures a good fit of experimental data.

To fabricate MIM capacitors, 10-nm-thick ALD ZrO2 dielectric films

were deposited on both the TiN and Ru bottom electrodes, followed by
post-deposition annealing for 10 min at 400 °C in a tube furnace with an
N2 atmosphere. Next, a 100-nm-thick Ru top electrode was deposited
via DC magnetron sputtering with a plasma power of 30 W. A patterned
shadow mask was used to define a contact area with a contact radius of
100 μm. Electrical properties based on C–V and I–V characteristics were
measured using an HP 4284A C–V analyzer (frequency ranges from
1 kHz to 1 MHz) and an Agilent semiconductor parameter analyzer
(Agilent B1500A, Agilent Technologies), respectively.

3. Results and discussion

We investigate the interface properties of ALD ZrO2 thin films on
TiN and Ru bottom electrodes (Table 1). Fig. 1(a) and (b) present cross-
sectional TEM images of ZrO2 on TiN and Ru, respectively, following
185 cycles of ZrO2 ALD. The total film thickness of both samples is
approximately 15 nm, but there is a notable difference in the thick-
nesses of the interfacial layers. From Fig. 1(a) and (b), one can see that
the thickness of the interfacial layer on TiN is approximately 3 nm,
whereas that on Ru is almost negligible because the Ru inhibited the
formation of an interfacial layer. Interfacial layers between metal
electrodes and oxide materials can be formed from oxidation and
oxygen diffusion. Oxidation of the electrode surface by oxygen species
induce an interfacial layer formation during film deposition [25]. In-
terface oxidation depends on the potential barrier height to oxidation
reactions. The most crucial factor of potential barrier height is the work
function of the metal electrode, meaning the choice of a suitable metal
electrode has a significant effect on the degree of interface oxidation
[26]. Moreover, oxygen diffusion through high-k oxide during post-
device-fabrication processes can also cause formation of an interfacial
layer [27]. Diffused oxygen ions leave behind oxygen vacancies that
form oxygen deficient layers or intermix with metal electrode elements.
Exposure to a high-temperature environment is the most crucial factor
for oxygen diffusion, meaning a high-k oxide must be thermo-
dynamically stable where it contacts the underlying electrode [28].
From those two reasons above, the adoption of Ru is more advanta-
geous than TiN to suppress a formation of interfacial layer because Ru
has larger work function than TiN and is more stable in an oxidizing
atmosphere during deposition process and post-device-fabrication
processes [29–31].

Because the presence of interfacial layers on the metal electrodes
was confirmed by TEM, we characterized the chemical compositions of
the interfacial layers using XPS. Fig. 1(c) and (d) present the XPS depth
profiles captured after the Ar sputtering (0, 60, 120, 180, and 240 s) of
15-nm-thick ZrO2 films, where the relative chemical compositions are
plotted versus etching time. With an increase in etching time, the
concentrations of the ALD ZrO2 thin film elements gradually decrease,
whereas the concentrations of the substrate elements increase. In the
case of ALD ZrO2 on TiN, the atomic contents of Zr-O and Ti-N become
very similar after 120 s of etching. This is indicative of element inter-
mixing between the high-k layer and bottom electrode. Therefore, the
XPS spectra captured at 120 s were further analyzed to perform the
detailed comparisons presented in Figs. 2 and 3.

Fig. 2 presents the XPS spectra of the Zr 3d, O 1s, Ti 2p, and N 1s
peaks measured from the same sample used in the depth profile analysis
presented in Fig. 1(c). Fig. 2(a) presents the Zr 3d XPS spectra of the
ZrO2/TiN sample. In pure ZrO2, a regular Zr 3d doublet from the Zr (IV)
in the oxide arises based on the spin-orbit splitting of Zr 3d5/2 (182.2

Table 1
Properties of (a) TiN and (b) Ru metal electrodes.

Bottom Electrode Resistivity (μΩ cm) Work Function (eV)

TiN 11 4.30
Ru 7.6 4.71
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eV) and Zr 3d3/2 (184.5 eV) [32]. However, in this case, one can see
three distinguishable peaks. Based on deconvolution, they were found
to originate from the Zr 3d doublet (ZrO2) mentioned above and the
other bonding features of Zr-related sub-oxides, namely oxygen-defi-
cient Zr-oxide (ZrOx and ZrOy, 0 < x < y < 2), Zr sub-oxynitride
(ZrOxNy), and Zr-Ti sub-oxide materials (ZrTiOx), which are formed
through intermixing with the underlying substrate during oxide de-
position [33–37]. Their relative atomic compositions were determined
to be 8.8%, 21.5%, 31.4%, 16.6%, and 21.7% in order of mention. This
indicates that during ZrO2 ALD, the formation of the interfacial layer
observed in Fig. 1(a) is related to various types of sub-oxides generated
by intermixing between the growing ZrO2 and TiN bottom electrode.
Fig. 2(b) presents the O 1s XPS spectra of the ZrO2/TiN samples. Similar
to the Zr 3d spectra, they can be deconvoluted to reveal the following
chemical bonds: ZrO2 (14.8%), ZrOx (20.3%), ZrOy (21.7%), ZrTiOx

(18.5%), ZrOxNy (9.5%), and TiOxNy (15.2%) [33,36,38–40]. Similar
bonding features can be observed in the XPS spectra of the Ti 2p and N
1s. Fig. 2(c) presents the XPS spectra of the Ti 2p in the ZrO2/TiN
samples. There are three noticeable bonds, namely TiN, ZrTiOx, and
TiOxNy, whose relative atomic concentrations are 33%, 24.9%, and
26.2%, respectively [36,41,42]. The N 1s spectra in Fig. 2(d) were
deconvoluted to reveal TiN, TiOxNy, and ZrOxNy bonds with relative
compositional ratios of 41.7%, 35.8%, and 22.5%, respectively
[43–45].

Fig. 3 presents the XPS spectra of the Zr 3d, O 1s, and Ru 3d peaks
measured from the sample employed in the depth profile analysis
presented in Fig. 1(d). The Zr 3d XPS spectra of the ZrO2/Ru sample

presented in Fig. 3(a) were deconvoluted into three chemical moieties:
ZrO2 (72.6%), ZrOx (14.1%), and ZrOy (13.3%) [46,47]. Unlike the Zr
3d spectra in Fig. 2(a), stoichiometric ZrO2 bonding was largely ob-
served with a relatively small number of sub-oxide moieties based on a
lack of intermixing with the underlying Ru substrate. Similarly, as a
result of deconvolution of the O 1s XPS spectra presented in Fig. 3(b),
we observed that not only was ZrO2 (80.5%) most of the chemical
moieties, but it also possessed a small amount of sub-oxides, namely
ZrOx (8.2%) and ZrOy (6.5%) [0 < x < y < 2] as well as RuOx (4.8%)
[0 < x < 2] [37,38,48,49]. In the fitted spectra of the Ru 3d presented
in Fig. 3(c), the peak positions of the Ru 3d double agree well with the
theoretical spin-orbit splitting of Ru 3d. However, a small number of
RuOx bonds were also found based on the high oxidation potential of O3

during ZrO2 deposition. Nevertheless, RuOx has known to be highly
conductive (~20 μΩ cm) with high work function (>5 eV), thereby
also being one of the promising candidates for capacitor electrodes in
DRAMs [31,50]. The relative atomic compositions of these components
were determined to be 95.5% and 4.5%, respectively (Table 2). These
results all indicate that the formation of an interfacial layer is sig-
nificantly influenced by the choice of bottom electrode material. Be-
cause Ru has good thermal and chemical stability, using a Ru electrode
is beneficial for preventing oxidation, thereby suppressing the forma-
tion of sub-oxide moieties with poor electrical qualities [31,51,52].

Finally, the dielectric properties of ALD ZrO2 films grown on both
TiN and Ru bottom electrodes were evaluated through C–V and I–V
measurements of Ru/10-nm-thick ALD ZrO2/TiN- or Ru-structured MIM
capacitors. Fig. 4(a) and (b) present the C–V characteristics of the MIM

Fig. 1. Cross-sectional TEM images of (a) ZrO2/TiN and (b) ZrO2/Ru structures and XPS depth profiles of chemical composition ratio with etching time for (c) ZrO2/
TiN and (d) ZrO2/Ru structures.
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capacitors measured at various frequencies (1 kHz, 10 kHz, 100 kHz,
and 1 MHz). As the applied voltage increases from −2 V to 2 V, both
capacitance curves level off to nearly constant values. However, the
MIM capacitors with TiN bottom electrodes show larger variations
(approximately 900 pF) in their capacitance values based on the fre-
quency changes. This phenomenon is referred to as frequency disper-
sion. In contrast, the MIM capacitors with Ru electrodes exhibited much
smaller frequency dispersions (approximately 100 pF). The degree of
frequency dispersion can be affected by the existence of interfacial
layers [53,54]. Specifically, because interfacial layers are filled with
charge traps, the C–V characteristics of the dielectric layer are sig-
nificantly influenced in terms of frequency variation. These phenomena
can be explained by the changes in relaxation time with different car-
rier mobility levels in the charge traps of an insulator [55]. This implies
that the greater frequency dispersion in the MIM capacitor with the TiN
bottom electrode compared that with the Ru bottom electrode must
arise from high charge trap densities in the interfacial layer between the
ZrO2 and TiN. Therefore, to ensure the high stability and accuracy of
MIM devices, a Ru bottom electrode is preferable.

Fig. 4(c) and (d) present the normalized C–V curves (denoted △C
((C0 (V))−1) of the two different types of MIM capacitors. In the case of
the MIM capacitors with TiN electrodes, the normalized C–V curves in
Fig. 4(c) exhibit asymmetric quadratic shapes with negative secondary
quadratic coefficients, whereas the curves of the Ru electrodes in
Fig. 4(d) exhibit relatively symmetric secondary quadratic curves with
positive secondary quadratic coefficients. Not only do normalized C–V
characteristics indicate the degree of changes in capacitance relative to
changes in voltage, which is referred to as voltage linearity, but they

also indicate the stability of MIM devices with different metal elec-
trodes. The MIM device with ideal ZrO2 has positive secondary quad-
ratic coefficients [56]. whereas the current-normalized C–V curves for
the TiN electrode have negative secondary quadratic coefficients. This
can be explained by the electrode polarization mechanism. When vol-
tage is applied to a metal electrode, mobile carriers generated by
oxygen vacancies create an accumulation layer, which leads to double-
layer capacitance that can trigger changes in capacitance based on
voltage variation [16]. Therefore, the second-order quadratic coeffi-
cients of the MIM device can change when two or more materials are
deposited between the MIM device electrodes. This phenomenon is
called a compensation effect. In previous studies on the interfacial
layers between ALD ZrO2 and TiN electrodes, it was found that ZrTiOx,
which has negative secondary quadratic coefficients, is one of the main
components of the interfacial layers. Based on the presence of ZrTiOx

beneath the ZrO2 layer, which has positive quadratic coefficients, a
negative second-order quadratic coefficient can be induced and nor-
malized to C–V curves with the negative second-order quadratic func-
tion [57]. In contrast, the MIM capacitor with the Ru electrode formed a
positive second-order quadratic function based on the absence of in-
terfacial components with negative second-order quadratic coefficients.
Additionally, the stability of MIM capacitors can be negatively affected
by the charge traps generated by oxygen vacancies or oxygen inter-
stitials. The asymmetric shape of the resulting C–V curves can be at-
tributed to electron injection from the electrode into the dielectric
layer, which results in capturing in oxide charge traps [58]. Charge trap
density must be suppressed during high-k deposition to obtain good
voltage linearity. Therefore, it can be concluded that the interfacial

Fig. 2. XPS spectra at 120s etching time of the (a) Zr 3d, (b) O 1s, (c) Ti 2p, and (d) N 1s peaks of the sample that was used in the depth profile analysis presented in
Fig. 1(c).
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layer charge traps formed between high-k oxides and underlying metals
result in the degradation of the electrical properties of MIM capacitors.
Therefore, the formation of interfacial layers must be suppressed during
high-k deposition to obtain C–V characteristics with good voltage

linearity and symmetry.
Fig. 5(a) and (b) present the leakage currents of MIM capacitors

with the two different bottom electrodes. One can see that using the TiN
electrode leads to leakage currents approximately five times greater
than those generated by the Ru electrode. Additionally, injected elec-
trons in the charge traps of interfacial layers can trigger trap-assisted
Poole–Frenkel conduction and Schottky emission, resulting in increased
leakage current density [59,60]. Based on the above C–V and I–V results
for both MIM capacitors, we can conclude that controlling the forma-
tion of interfacial layers plays a critical role in achieving improved
electrical properties. Therefore, the results above that indicate im-
proved electrical properties when using Ru electrodes can provide
helpful insights into the fabrication of high-quality MIM capacitors.

4. Conclusion

In conclusion, we confirmed different interfacial layer formation
behaviors during ZrO2 ALD processes on TiN and Ru bottom electrodes
through TEM observations. In the case of TiN, the thickness of the in-
terfacial layer was measured to be approximately 3 nm. In contrast,
negligible interfacial layer formation was observed on the Ru. Based on
XPS analysis, the interfacial layer between ALD ZrO2 and TiN was found
to contain various forms of sub-oxide moieties, such as ZrOx, ZrTiOx,
ZrOxNy, and TiOxNy, whereas that between ALD ZrO2 and Ru was lar-
gely composed of stoichiometric ZrO2 and small amounts of ZrOx and
RuOx. Through comparative investigation of the electrical properties of
MIM capacitors using both types of bottom electrodes, greater fre-
quency dispersions and asymmetric quadratic curves with negative
secondary quadratic coefficients in the C–V curves, as well as higher
leakage currents in the I–V curves, were identified for the MIM capa-
citors with TiN bottom electrodes. This result is attributed to high
charge trap densities in the thick interfacial layer between ZrO2 and
TiN. Therefore, the suppression of interfacial layer formation during
high-k deposition is crucial for achieving improved electrical properties
(Table 3).
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Fig. 3. XPS spectra at 120s etching time of the (a) Zr 3d, (b) O 1s, and (c) Ru 3d
peaks of the same sample that was used in the depth profile analysis presented
in Fig. 1(d).

Table 2
Relative surface composition data obtained by XPS analysis of the (a) ZrO2/TiN
and (b) ZrO2/Ru films after 120s etching time.

Relative atomic composition (%)
Sample (a) ZrO2/TiN after 120-s etching (b) ZrO2/Ru after 120-s etching

Element Zr O Ti N Zr O Ru
% 21.8 31.5 20.1 26.6 33.2 48.5 18.3
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