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Demonstrating the Ultrathin Metal–Insulator–
Metal Diode Using TiN/ZrO2–Al2O3–ZrO2
Stack by Employing RuO2 Top Electrode

Woojin Jeon , Youngjin Kim, Cheol Hyun An, Cheol Seong Hwang, Patrice Gonon, and Christophe Vallée

Abstract— Metal–insulator–metal (MIM) diodes with ultra-
thin insulators are highly promising for a variety of appli-
cations, such as vertical integration technology. However,
MIM diodes with thin enough structures have not been
achieved in previous studies on diodes using Schottky
emission or tunneling conduction asymmetry. In this paper,
we demonstrate an MIM diode with an ultrathin, 5-nm
ZrO2/Al2O3/ZrO2 insulator, using the work-function differ-
ence between the top and bottom electrodes. The rectifying
properties of the diode were enhanced by employing RuO2
as an electrode, due to its high work function and the cat-
alytic effect on oxygen decomposition, contributing to the
suppression of trap-assisted tunneling. This paper presents
an important development in understanding MIM structures
with respect to the electrical and chemical properties.

Index Terms— Capacitance–voltage (C–V) nonlinearity,
catalytic effect, metal–insulator–metal (MIM) diode, oxy-
gen vacancy, trap-assisted tunneling (TAT), work-function
difference.

I. INTRODUCTION

VERTICAL integration is a critical attribute for the future
development of semiconductor devices, as it addresses

the limitations of patterning [1]–[4]. Reducing the total
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thickness of each component is crucial to the success of
vertical integration. Hence, minimizing the thickness of
a metal–insulator–metal (MIM) diode, which has recently
attracted significant attention for application in electronic
devices such as infrared photodetectors [5]–[8], rectennas for
energy harvesting [9]–[11], hot electron transistors [12], [13],
high-frequency mixers [14], [15], and selectors or switching
components in semiconductor memory [16]–[21], is necessary.
Especially, the concept of vertical integration has attracted
much attention, particularly in the study of semiconductor
memory; however, there is a new limitation associated with
this technique; the total thickness of a full stack, i.e., the
stack height in the conventional planar integration, is limited
by the design rule [4]. Thinner elements are thus more
favorable for vertical integration. Moreover, thinner elements
are advantageous for the development of a competitive fabri-
cation process, with respect to factors such as cost and time.
In [16], [17], [22]–[25], and [26], high asymmetry ( fASYM)
and nonlinearity ( fNL) were obtained in the current density–
voltage (J–V ) curves of MIM diodes based on Schottky
emission or tunneling conduction asymmetry. These properties
were attributed to differences in the work function of the
electrodes [20]–[22], [26], [27] or to the bilayer insulator
structure [22], [26]. However, the insulator in an MIM diode
based on Schottky-emission processes should be thick enough
to prevent dielectric breakdown. The asymmetry from the
tunneling current decreases in line with the thickness of the
insulator, due to the increased tunneling probability in both
directions [22], [26], making the construction of MIM diodes
capable of vertical integration difficult.

Of the various high-k dielectric materials available, an insu-
lator consisting of a ZrO2/Al2O3/ZrO2 (ZAZ) stacked struc-
ture has been widely used as the dielectric for dynamic
random access memory capacitors, because this structure has
a low-leakage current density even when it is only a few
nanometers thick [28]–[30]. Accordingly, ZAZ is a suitable
insulator for extremely thin MIM diodes (e.g., <10 nm).
Consequently, we have demonstrated an MIM diode consisting
of an extremely thin 5-nm ZAZ insulator, and 10-nm TiN and
5-nm RuO2 as bottom electrode (BE) and top electrode (TE),
respectively, which exhibited an fASYM of 228.7 and an
fNL of 13.6. This paper also presents related mechanisms
for explaining the enhanced rectifying properties of an MIM
diode, based on various electrical and chemical analyses.
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Fig. 1. (a) J–V curves of MIM structures consisted of TiN for BE, 5-nm-thick ZAZ for insulator, and TiN (blue), RuO2 (green), and Pt (red) for
TE, respectively. The J–V curve measurement was performed after employing PMAOx. (b) fASYM versus V and (c) fNL versus V plots for the MIM
structure with TiN, RuO2, and Pt TE from the J–V curves measured in (a).

II. EXPERIMENTAL PROCEDURES

To fabricate the MIM diode, a ZAZ film was deposited
on a substrate comprising 10 nm of sputtered TiN, acting as
a BE, on a thermally oxidized (100) Si wafer. The ZrO2 and
Al2O3 layers were deposited on the substrate using atomic
layer deposition (ALD), with Tetrakis–ethylmethylamino–
zirconium [Zr(N-(CH3)(C2H5))4, TEMAZ] and trimethylalu-
minum [(CH3)3Al, TMA] as precursors, and O3 as an oxidant,
respectively. The process temperature was 250 °C. The thick-
ness of the ZAZ stack was controlled to 5 nm. A desirable
current density was obtained using a film stacked from bottom
to top with ZrO2, Al2O3, and ZrO2, at thicknesses of 2, 1.5,
and 1.5 nm, respectively. The materials in the TE (TiN, Pt, and
RuO2) were deposited as follows: 5-nm-thick TiN and 30-nm-
thick Pt were deposited using radio frequency (RF) sputtering
in Ar/N2 atmosphere and in Ar atmosphere, respectively.
The 5-nm-thick RuO2 layer was deposited using dc reactive
sputtering in Ar/O2 atmosphere. An additional 30-nm-thick Pt
layer was deposited on the TiN and RuO2 layers, to improve
probing contact during the electrical measurement. The depo-
sition conditions for the TE were carefully optimized, to min-
imize the sputter-damage effect on the insulator layer, which
has been reported elsewhere in [31]. Following TE deposition,
we performed different postmetallization annealing (PMA)
processes, including oxygen-promoted annealing (PMAOx)
in 95%:5% N2/O2 atmosphere, at 400 °C for 30 min, and
oxygen-prohibited annealing (PMAN) in N2, at 400 °C for
30 min, using a tube furnace.

The film thicknesses were measured via spectroscopic
ellipsometry (J. A. Woollam, ESM-300), X-ray fluorescence
(Thermo Scientific, ARL Quant’X), and X-ray reflection
(PANalytical, X’Pert Pro). The chemical composition of
the film was characterized using X-ray photoemission spec-
troscopy (XPS, Thermo Fisher, theta 300) and time-of-
flight secondary ion mass spectrometry (ToF-SIMS, Cameca,
IMS-4FE7). To fabricate a testing cell for measurement of
the electrical properties of the fabricated device, the TE
was defined using a metal shadow mask, with a 300-μm-
diameter hole. Adhesive indium paste was applied to the
side of the sample to create contact with the TiN layer of
the BE. The electrical performance of the fabricated device
was studied by measuring the capacitance–voltage (C–V )
and the J–V curves, using a picoammeter/dc voltage source

TABLE I
SUMMARY OF THE VALUES EXTRACTED FROM THE ELECTRICAL

MEASUREMENTS FOR EVALUATING THE DIODE

CHARACTERISTICS AND C–V NONLINEARITY

(Hewlett Packard 4140D), and an impedance analyzer (Hewlett
Packard 4194A). The ac excitation bias and frequency used in
C–V measurement were 0.02 V and 10 kHz, respectively. The
TE was biased, and the BE was grounded, during the electrical
tests.

III. RESULTS AND DISCUSSION

A. Current–Voltage Characteristics

The diode characteristics, i.e., the J–V , fASYM versus
voltage and fNL versus voltage curves, relating to the TE
were investigated, as shown in Fig. 1. A PMAOx treat-
ment was performed with all the samples, as described in
experimental section. As fASYM is defined as positive cur-
rent density divided by negative current density, or |J+/J−|,
fASYM = 1 indicates no rectification. fNL is defined as
the ratio of the differential conductance to the conductance,
(d J /dV )/(J /V ). With a TiN TE, the MIM structure had an
asymmetric J–V curve, where the maximum value of fASYM
was 35.2 at +1.7 V. The values extracted from electrical
measurement of all the samples are summarized in Table I.
The current density in the negative sweep direction was higher
with the TiN sample than with either the RuO2 sample or the
Pt sample, due to the lower work function of TiN. Even though
there is no work-function difference between the TE and BE,
the current density in the positive sweep direction is relatively
higher than that in the negative sweep direction, creating some
asymmetry ( fASYM), possibly due to the degradation of the
interface between the TiN BE and the ZrO2 film [32]–[34],
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as will be discussed in Section III-C. However, this MIM
structure, which has the same metal in the TE and BE,
is limited in its ability to increase fASYM. The value of
fASYM was increased significantly with the RuO2 TE and
the Pt TE, where they were 228.7 and 52.3, at +3.1 and
+2.4 V, respectively. While the work function of RuO2 is
lower than that of Pt, the MIM structure with the RuO2 TE
had a higher value of fASYM than the structure with the
Pt TE. Moreover, with the RuO2 TE sample, the slope of the
fNL–V plot was significantly increased when the applied bias
was approximately +1 V, where fASYM begins to increase.
However, similar fNL behavior was not observed with the TiN
TE and Pt TE samples.

To evaluate why the RuO2 TE sample demonstrated higher
values of fASYM and fNL, we investigated the differences
between the J–V curves of the TiN TE, RuO2 TE, and Pt TE
samples. First, we observed that in the negative bias sweep
condition, the current density of the RuO2 TE sample was
lower than that of the TiN TE and Pt TE samples. The slope
of the J–V curve in the negative sweep direction significantly
increased at an applied bias of approximately −1.2 V, in the
case of the TiN TE, whereas this increase was observed at
approximately −2.5 V in the case of the RuO2 and Pt TEs.
This is because electrons are injected from the TE when a
negative bias is applied, meaning that the difference in electron
injection observed in the negative sweep condition depends
on the work-function differences of the TEs, which are 4.6,
5.1, and 5.6 eV, for TiN, RuO2, and Pt samples, respectively.
However, in the negative sweep direction, the slope of the
J–V curve of the RuO2 TE sample was much lower than
that of the Pt TE sample, even though the work function of
RuO2 is lower than the work function of Pt. It appears that
this result is caused by Fermi-level pinning at the interface
of the Pt TE and the ZrO2 film. Fermi-level pinning is
typically observed in MIM structures with high-k dielectrics
and metal electrodes [35]–[38]. The Fermi level of the metal
electrode is pinned to traps in the band gap of the high-k
dielectric, lowering the effective work function of the metal
electrode [35], [37]. The RuO2 TE is more favorable than
the Pt TE with respect to Fermi-level pinning, as activated
oxygen is used in its fabrication, which can annihilate traps
in a high-k dielectric. This trap annihilation induces the lower
current density observed with the RuO2 TE sample.

The J–V curves collected in the positive sweep condi-
tion also exhibited different behaviors with respect to the
TE materials. In this condition, electrons are injected from
the BE. Therefore, the fact that all the samples employ TiN
in the BE causes less of a difference between the current
density of the samples, compared with the negative bias sweep
condition. However, we observed a significant difference in the
J–V curves of the RuO2 TE and Pt TE samples. Whereas the
magnitude of the current density and the slope of J–V curves
were identical at applied biases above +2 V, we noted, from
the J–V curve of the RuO2 TE sample, a lower current density
than the Pt TE sample, for applied biases below +2 V, where
the slope of the J–V curve changes. These features in the
J–V curve of the RuO2 TE sample explain the enhanced MIM
diode properties, with respect to fASYM and fNL.

Fig. 2. (a) ln(J/E) versus E1/2 plots of the MIM structure with TiN, RuO2,
and Pt TE to confirm the Poole–Frenkel emission mechanism. The red
lines indicate the well-fitted region for RuO2 + PMAOx sample where
exhibits linearity with adequate optical dielectric constant extracted
from (1). (b) J–E curves of the MIM structure with TiN TE, RuO2 TE,
and Pt TE to show the region where the current flow is well fitted with the
Poole–Frenkel emission mechanism, indicating with the red lines. The
well-fitted region is only observed in RuO2 + PMAOx sample.

The differences in the J–V curves of the RuO2 TE and
Pt TE samples, following a positive sweep, were further
investigated with respect to current conduction. There are
three current conduction mechanisms for MIM structures
that use ZrO2 as the insulator: trap-assisted tunneling (TAT),
Poole–Frenkel (P–F) emission, and Fowler–Nordheim (F–N)
tunneling [30], [39]–[44]. F–N tunneling depends on the bar-
rier height created by the work-function difference at the
interface of the metal electrode and the insulator, and affects
current conduction in relatively high electric field (E-field)
regions. The similarity in the J–V curves of the RuO2 TE
and Pt TE samples at applied biases above +2 V is thus
consistent with the features of F–N tunneling, as both samples
have a similar interface between the TiN BE and the ZrO2
layer. Moreover, the fact that the differing behavior was
observed in a low applied bias region (below 2 V) indicates
that TAT and P–F emission dictate the differences in the
J–V curves [30], [39]. To quantitatively explain differences
in the low bias region and the relative contribution of each
conduction mechanism, the J–V curves for TiN TE, RuO2
TE, and Pt TE samples were plotted in P–F emission coordi-
nates, in Fig. 2(a), according to the following equation:

J ∝ E exp

(
−q

(
φB − √

q E/(πε0ε∛)
)

kB T

)
(1)

where J , E , q , φB , ε0, ε∛, kB , and T are the current density,
applied E-field, elementary charge, barrier height, vacuum
permittivity, optical dielectric constant, Boltzmann’s constant,
and temperature, respectively. According to (1), the slope of
the linear regression region in each graph gives the optical
dielectric constant (ε∛). From the value of ε∛ calculated, only
the RuO2 sample displayed behavior consistent with the P–F
emission mechanism, in the region defined by the bias point,
where the slope of the J–V curve starts to increase, to the bias
point where the current density of the RuO2 TE sample and
the Pt TE sample coincide. The shape of the J–V plot, and
the E-field in the “well-fitted” P–F emission region, indicated
with red lines in Fig. 2(b), is consistent with the previous
results [39], [40]. However, no region with an appropriate
value of ε∛ is observed in the plots of the TiN TE and Pt
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Fig. 3. C–V curves of the MIM structure with TiN TE, RuO2 TE, and Pt
TE at (a) as-deposition state of TE and (b) after employing PMAOx state,
respectively. The closed and opened symbols indicate the dc bias sweep
direction of −2 to +2 V and +2 to −2 V in a single test cell, respectively.

Fig. 4. Plots of (a) C/C0 versus dc bias and (b) C/C0 versus frequency
for the MIM structure with TiN TE, RuO2 TE, and Pt TE. The closed and
opened symbols in both (a) and (b) indicate after employing PMAOx and
PMAN states, respectively.

TE samples, indicating that another mechanism contributed
to current conduction, simultaneously. The likeliest of these
mechanisms is TAT, as it is also functional in low E-field
regions [39]. Hence, the result of P–F emission fitting suggests
the suppression of TAT at the interface of the TiN BE and ZrO2
in the RuO2 sample.

B. Capacitance–Voltage Characteristics

To investigate changes in the trap density of the MIM
structure, we performed analysis of the C–V curve. Fig. 3
shows the C–V curves of MIM structures with TiN TE,
RuO2 TE, and Pt TE in an as-deposited state, and following
a PMAOx treatment. We observed large hysteresis in the
C–V curves of the TEs in the as-deposited state, possibly
originating from sputtering damage, which occurs during the
deposition of the TE. The C–V curve of the Pt TE sample
had significantly larger hysteresis compared to the curves of
the RuO2 and TiN samples, caused by the differing sputtering
conditions. We also observed severe negative curvature in
the C–V nonlinearity in the positive dc bias region, i.e., the
dependence of the capacitance density (C) on the dc bias (V ).
While the hysteresis in the C–V curve disappears following
the PMAOx treatment, the C–V nonlinearity is still observed.
We observed a decrease in capacitance density in only the Pt
TE sample. We suggest that this decrease is related to either
the large hysteresis in the as-deposition state or originates
from the chemical or structural transitions of Pt during the
PMAOx process [45]. The dc-bias-dependent (V ) relative
capacitance (C/C0, where C0 is the capacitance at zero dc
bias) curves for the PMAOx samples are shown in Fig. 4(a)

Fig. 5. Zr 3d XPS spectra of ZAZ/TiN(BE) (black), RuO2(TE)/
ZAZ/TiN(BE) at as-deposited state (gray), RuO2(TE)/ZAZ/TiN(BE) with
PMAOx (red), and RuO2(TE)/ZAZ/TiN(BE) with PMAN (blue).

to determine the dependence of the C–V nonlinearity on the
composition of the TE. The C/C0–V curves of the PMAOx-
treated samples show an opposite trend. In contrast to the TiN
and conducting PMAOx (TiN + PMAOx) sample, and the Pt
and conducting PMAOx (Pt + PMAOx) sample, no depen-
dence of C/C0 on dc bias was observed with the RuO2 and
conducting PMAOx (RuO2 + PMAOx) sample. Moreover, for
the RuO2 + PMAOx sample, the quadratic voltage coefficient
of the capacitance (α), which is derived from the expression,
C/C0 = 1+βV +αV 2, where β is the linear voltage coefficient
of the capacitance, was calculated to be 0.005 V−2. For TiN
+ PMAOx and Pt + PMAOx samples, α was calculated to be
0.07765 and 0.05837 V−2, respectively. Hence, this opposite
trend in the C–V nonlinearity implies that defects (or traps)
in the MIM structure, which induce the dependence of C/C0
on the dc bias, are not formed in the processing of the RuO2
+ PMAOx sample. The C–V nonlinearity can be explained
using the Maxwell–Wagner space charge polarization (also
called electrode polarization) model [18], [46]–[48]. Accord-
ing to the electrode polarization mechanism, C–V nonlinear-
ity depends on a hopping carrier, through ionic conduction
of an oxygen vacancy (VO) (migration of oxygen vacan-
cies) or localized electronic conduction (electronic hopping
between vacancy sites). The plot of the dependence of ac
frequency on the TE [Fig. 4(b)] also indicates the different
contributions of electrode polarization to the capacitance of
the TE, since carrier hopping decreases with increasing ac fre-
quency. The trend in this plot complements the trend observed
in C–V nonlinearity, suggesting that the defect causing the
C–V nonlinearity depends on the TE. The comparatively high
C–V nonlinearity of the TiN + PMAOx sample indicates that
the VO in ZrO2, from the formation of TiOx (or TiOxNy),
which originates from the reaction of ZrO2 and TiN, causes
the C–V nonlinearity, since the TiN + PMAOx sample has two
interfaces of ZrO2 and TiN, at the TE and the BE, respectively.

However, the RuO2 + PMAOx sample exhibited extremely
low C–V nonlinearity, even though, as with the Pt + PMAOx
sample, the RuO2 + PMAOx sample has a ZrO2/TiN interface
at the BE. This differing behavior can be explained by the
catalytic effect of RuO2. The RuO2 layer acts as a catalyst
for oxygen decomposition because of its oxidation–reduction
reaction characteristics [46]. This feature contributes to the
enhanced growth rate of the TiO2 film deposition using
the ALD technique [49], [50]. The catalytic decomposition
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Fig. 6. SIMS analyses of the MIM structure with TiN for BE, 5-nm-thick ZAZ for insulator, and (a) RuO2 TE at as-deposited state, (b) TiN TE after
employing PMAOx, (c) RuO2 TE after employing PMAOx, and (d) Pt TE after employing PMAOx.

of RuO2, with the help of the Ru in the film, increases the
magnitude of active oxygen, enhancing the growth rate of the
TiO2 film, through the reaction between the active oxygen and
the adsorbed Ti precursor. The RuO2 TE induces the decompo-
sition of oxygen in atmosphere during the PMAOx process, and
supplies active oxygen atoms to the MIM structure, resulting
in the decreased VO density in the ZrO2 layer. The TAT
suppression in the RuO2 + PMAOx sample can also be
explained by the decreased VO density in the ZrO2 layer, as the
dominant trap contributing to TAT at the TiN/ZrO2 interface
is the VO in ZrO2 [43]. Hence, the reduced contribution of
TAT to current conduction in the positive sweep condition of
the RuO2 TE sample is due to a combination of the PMAOx
process and the RuO2 TE. However, the value of α in the
C/C0–V plot of the PMAN-treated RuO2 TE sample (RuO2
+ PMAN) is 2.59, which is higher than that of the RuO2 +
PMAOx sample (Table I). We also note greater dependence
of C/C0 on ac frequency with the RuO2 + PMAN sample,
compared with the RuO2 + PMAOx sample. These results
indicate that the RuO2 TE acts solely as a catalyst, and the
oxygen atoms for annihilating VO originate from O2 in the
atmosphere during the PMAOx process.

C. Chemical Analysis

To characterize the chemical state of the films, XPS and
SIMS analyses were conducted (Figs. 5 and 6). Prior to
performing XPS measurements, Ar-ion beam etching was
employed on the top surface of the sample, for clearer
measurement of the chemical state of the ZrO2 layer at the
interface of the TiN BE. Fig. 5 shows XPS spectra of the 3d
core levels of Zr for a ZAZ/TiN(BE) sample, a sample with
RuO2(TE)/ZAZ/TiN(BE) in the as-deposited state, a PMAOx-
treated RuO2(TE)/ZAZ/TiN(BE) sample, and a PMAN-treated
RuO2(TE)/ZAZ/TiN(BE) sample. The Zr 3d XPS spectra of
the four samples are composed of Zr 3d5/2 peaks centered at
binding energies of ∼184 and 179.8 eV, which correspond
to the energies of ZrO2 and metallic Zr, respectively. The
metallic Zr is probable induced by the damage from employed
Ar-ion etching. In the cases of the ZAZ/TiN(BE) sample,
the sample with RuO2(TE)/ZAZ/TiN(BE) in the as-deposited
state, and the PMAN-treated RuO2(TE)/ZAZ/TiN(BE) sam-
ple, the Zr peak corresponding to ZrO2 was observed at
∼183.7 eV, indicating that the reaction between the TiN BE
and ZrO2 induces a ZrO2−x phase during ALD of the ZrO2
layer [39], [51]. Moreover, the binding energy of the peak

corresponding to ZrO2 in the XPS spectrum of the PMAOx-
treated RuO2(TE)/ZAZ/TiN(BE) sample was 184.1 eV, which
is consistent with stoichiometric ZrO2, revealing that the
ZrO2−x is reoxidized by ambient O2 and the catalytic effect
of the RuO2 TE [49]. Consequently, when a PMAOx-treated
RuO2 TE is employed, the electrical characteristics related to
the VO are significantly reduced. We examined the chemical
state and depth profile of TiN and TiOx using SIMS analysis,
as this technique can detect the presence of oxidized TiN
regardless of its chemical state (TiOx or TiOxNy), and provide
depth-profile information without severe degradation to the
sample through sources such as the electron charging effect,
which might be induced during ion sputtering. In Fig. 6(a),
the intensity curve corresponding to TiO− ions, collected from
a sample following deposition of the RuO2 TE, exhibited a
peak located at the interface of ZrO2 and TiN BE, possibly
originating from oxidation during the ZrO2 deposition process.
The TiO− curve of the remaining samples, following PMAOx
treatment [Fig. 6(b)–(d)], were broad, with a high intensity,
indicating that a reaction occurs between ZrO2 and the TiN
film during the PMAOx process. Two peaks were observed in
the TiO− curve of the TiN + PMAOx sample, at the interfaces
of the TE/insulator and the BE/insulator, respectively. The lack
of a significant difference in the TiO− curve of the RuO2 +
PMAOx sample, compared to the curve of the Pt + PMAOx
sample, suggests that the formation of TiOx depends on the
thermal energy of the PMA process, and not on the deposition
of the TE.

IV. CONCLUSION

An MIM diode with an extremely thin stack, consisting of
a 10-nm-thick TiN, 5-nm-thick ZAZ, and 5-nm-thick RuO2,
was demonstrated, and mechanisms explaining the rectifying
property of the device were investigated. The higher fASYM
of the RuO2 TE sample was achieved by a decrease in the
current density of the negative bias sweep, owing to the higher
work-function of RuO2, and a lack of Fermi-level pinning.
Moreover, the electrical property of the interface between the
TiN BE and the ZrO2 layer is affected by the TE. In the case of
the RuO2 + PMAOx sample, the VO in ZrO2, at the interface
with the TiN BE, was effectively annihilated as a result of the
catalytic effect of RuO2 on oxygen decomposition, inducing
an improvement in C–V nonlinearity and suppression of TAT.
The XPS results also confirmed the dependence of the ZrO2−x

ratio on the PMA condition.
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