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Enhancing chemisorption efficiency and thin-film
characteristics via a discrete feeding method in
high-k dielectric atomic layer deposition for
preventing interfacial layer formation†

Ae Jin Lee, Seungwoo Lee, Dong Hee Han, Youngjin Kim and
Woojin Jeon *

Interfacial layer formation between electrodes and insulators is a well-known issue in metal–insulator–metal

capacitors and can severely limit their electrical properties. In this study, we investigate the use of the discrete

feeding method (DFM) in atomic layer deposition (ALD) to prevent the degradation of electrical properties

caused by the interfacial layer. Our results show that the DFM can significantly improve the chemisorption effi-

ciency of precursors, increase the growth rate, and reduce deposition time in ALD. Furthermore, we demon-

strate that the thin-film characteristics can be improved through dense chemisorption of precursors. By

applying the DFM to the deposition of ZrO2, which is commonly used as an insulator in dynamic random-

access memory capacitors, we show that interfacial layer formation can be prevented. We confirm the

effectiveness of the DFM by comparing the effects of different precursor sizes, analyzing the chemical states of

Zr and Ti, and performing AC non-linearity and equivalent oxide thickness analyses. These findings provide new

insights into the origin and solution of interfacial layer formation in metal–insulator–metal capacitors and have

important implications for the development of electronic devices.

Introduction

High dielectric constant (k) materials, such as ZrO2, TiO2, and
SrTiO3, have been investigated as insulating layers to enhance
the performance of dynamic random access memory (DRAM)
capacitors. Among them, TiO2 and SrTiO3 have attracted con-
siderable attention because of their high k values (k = 90–250).
However, employing new high-k materials in actual devices is
limited because of the need to apply a noble metal electrode or
the leakage current problem in thin-films with a physical
thickness of below 5 nm. Therefore, despite a relatively low k
value of less than 40,1 ZrO2-based thin films with TiN electrodes
have been adopted for metal–insulator–metal (MIM) capacitors
for DRAM applications for over a decade. Further improvement
of the TiN/ZrO2-based structure is necessary for its application
in next-generation DRAM devices. However, decreasing the
thickness of each component in a DRAM capacitor to below
5 nm is difficult in the deposition process and leads to leakage
current degradation, such as inducing a tunneling current.
Additionally, at the interface of different thin films, the inter-
face of the electrode and insulator in the MIM capacitor case,
an interfacial layer is formed owing to numerous reasons, such
as differences in the crystal structure. However, although the
thickness of the dielectric film is reduced, the interfacial layer
does not decrease proportionally. Hence, decreasing the physical
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thickness of the insulator increases the proportion of the inter-
facial layer and may occupy more than 10% of the total dielectric
film. The formation of an interfacial layer results in capacitance
reduction because such a layer has a low relative permittivity.1–3

Additionally, interfacial layers induce leakage current degrada-
tion by acting as trap sites. The reliability of a DRAM capacitor is
also deteriorated by its interfacial characteristics.4–7 Eventually,
interfacial characteristics degrade the electrical properties of an
entire MIM capacitor.

The mechanism of interfacial layer formation has not yet
been clearly elucidated. In particular, for the TiN and ZrO2

interfaces, two mechanisms were suggested for interfacial layer
formation. First, owing to the difference in chemical reactivity
with oxygen between TiN and ZrO2, the oxygen scavenging
effect of the deposited ZrO2 thin film occurred on the TiN
substrate; the oxygen of ZrO2 moved to TiN, thereby resulting in
the formation of a TiON layer at the surface of the TiN substrate
as well as the formation of oxygen vacancies in ZrO2, which is
denoted ZrO2�x (x o 1).6,8 During the early stage of the atomic
layer deposition (ALD) process of ZrO2, the unoccupied pre-
cursor chemisorption site on the TiN surface is exposed to the
oxidant of the ZrO2 ALD process, thus resulting in the for-
mation of an interfacial layer of TiON at the TiN surface.5 The
redox reaction between TiN and ZrO2 is difficult to suppress
because it originates from the oxidation potential difference,
which is an inherent property. However, oxidation of the TiN
surface by the oxidant in the ZrO2 ALD process can be avoided.

The steric hindrance effect, a factor that interferes with the
adsorption behavior of a precursor, is a phenomenon wherein
precursors cannot reach the chemisorption sites because of the
physical size of the ligand of the adjacent precursors.9–11 In the
ideal case, when the chemisorption sites are fully occupied, the
exposed area of the TiN surface is an inherent property because
the steric hindrance effect only governs the exposed area. In this
regard, the area exposed by the steric hindrance effect depends
on the precursor employed in the ALD process; in turn, this is
inherent. However, in the actual ALD process, an excess precursor
is introduced into the chamber, and the chemisorption and
physisorption of the precursor occur simultaneously. During this
stage, some part of the physisorbed precursor screens the unoc-
cupied chemisorption site, unintentionally, thereby reducing the
precursor chemisorption density, which is called the ‘‘screening
effect’’.11–14 Accordingly, the screening effect is one of the
mechanisms that increases the exposed area in the early stage
of the insulator ALD process. In contrast to the steric hindrance
effect, the screening effect can be effectively eliminated by
reducing the physisorbed precursor. To reduce the physisorbed
precursor, the discrete feeding method (DFM) was employed
herein.

DFM was developed to increase the growth rate of ALD. The
DFM is a method that splits the precursor feeding–purging step
of the conventional ALD several times.9,11–13 This facilitates the
effective chemisorption of precursors by adding a ‘‘cut-in
purge’’ to the total precursor feeding time. The cut-in purge
of the DFM removes the physisorbed precursors in the pre-
cursor feeding step and exposes the screened and unoccupied

chemisorption sites to the subsequently introduced precursor.
Thus, the precursors can be densely adsorbed into the chemi-
sorption sites during the subsequent precursor feeding step.
More adsorption is achieved with the same feeding time, thus
inducing an increase in the growth rate.9,12,14 Therefore,
employing the DFM in the insulator ALD process can effectively
reduce the exposed area of the TiN surface to the oxidant of the
ALD process.

Experimental details

ZrO2 thin films were deposited using ALD (iOV dX1, iSAC
Research) with cyclopentadienyltris(dimethylamino)zirconium
(CpZr[N(CH3)2]3, CpZr, SKtrichem) and tetrakis-ethylmethylamino-
zirconium (Zr [N(CH3)(C2H5)]4, TEMAZ, SKtrichem). O3 was used
as an oxygen source at a concentration of 170 g m�3. The canisters
of CpZr and TEMAZ were maintained at 80 and 60 1C, respectively,
to acquire the appropriate vapor pressures of each precursor. The
deposition temperatures were set to 300 and 270 1C to deposit
ZrO2 thin films using CpZr and TEMAZ, respectively. The conven-
tional ALD sequences for the base of ZrO2 film deposition using
CpZr and TEMAZ as the Zr precursor contained Zr precursor
feeding, Ar purge, O3 feeding, and Ar purging steps of 7–10–3–
20 s and 3–10–3–10 s, respectively. The sequence of employing the
DFM on the ALD was performed by dividing the precursor feed-
ing–purging steps into five times [(1.4–2) � 5]–3–10 s for CpZr and
three times [(1–3.3) � 3]–3–10 s for TEMAZ (Fig. 1). The substrate
contained 50 nm-thick TiN as the bottom electrode on a thermally
oxidized (100) Si wafer. Postdeposition annealing was performed at
600 1C for 30 s under a N2 atmosphere using a rapid thermal
process. To measure the electrical properties, an MIM capacitor
was fabricated with a top electrode containing 10 nm-thick TiN
and 50 nm-thick Pt film deposited via DC sputtering, defined by a
metal shadow mask with a 300 mm diameter hole.

The film thickness was determined by calculating the layer
density, which was measured using X-ray fluorescence spectro-
scopy (ARL Quant’X, Thermo ScientificTM) and was correlated with
spectroscopic ellipsometry (ESM-300, J. A. Woollam) measure-
ments and transmission electron microscopy (TEM, JEM-2100F)
images. Glancing angle incident X-ray diffraction (GA-XRD, X’pert
Pro, PANalytical) with an incident angle of 0.51 was used to
examine the crystal structures of the films. The densities of the
ZrO2 films were measured using X-ray reflectivity (XRR, X’pert Pro,
PANalytical). The electrical properties were evaluated by measuring
the capacitance versus voltage and capacitance versus frequency
using Agilent 4284, and the current versus voltage characteristics
were measured using an Agilent 4155C semiconductor parameter
analyzer.

Results and discussion

The change in the growth rate (growth per cycle, GPC) was
investigated by employing DFM depending on the precursors.
As shown in Fig. 2(a), the GPC of the ZrO2 thin film with TEMAZ
as a base sequence (TEMAZbase) of 0.129 nm per cycle was
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relatively higher than that of CpZr with a base sequence
(CpZrbase) of 0.105 nm per cycle. This difference originates
from the steric hindrance effect difference; the relatively bulky
cyclopentadienyl ligand induces a greater steric hindrance
effect.15 The GPC values when employing the DFM cases for
both precursors increased to 0.150 and 0.110 nm per cycle for
TEMAZ (TEMAZDFM) and CpZr (CpZrDFM), respectively. To
investigate the GPC change in more detail, the differentiating
growth rate (DGPC) of the ZrO2 thin film as a function of the
number of ZrO2 ALD cycles is depicted in Fig. 2(b), acquired
from the data in Fig. 2(a). Evidently, the trends in DGPC for all
the cases exhibited identical behavior. In all cases, up to 30
cycles of ALD, DGPC values decreased with the increasing
number of ALD cycles. This result indicates that both precur-
sors had a higher chemisorption density on the TiN substrate
than on the ZrO2 thin film. Furthermore, the increment in the
DGPC by employing the DFM compared with the base condi-
tion for each ALD process using TEMAZ and CpZr, i.e.
TEMAZDFM – TEMAZbase and CpZrDFM – CpZrbase, respectively,
was investigated (Fig. 2(c)). Given that the growth rate in the
ALD process was determined by the amount of chemisorbed
precursor, the increment value directly indicates the increasing
amount of the chemisorbed precursor by employing the DFM,
that is, the screening effect on the growth rate. In contrast to

Fig. 2(b), the increment varied with the cycle number and
exhibited different behaviors depending on the employed pre-
cursor. In the case of TEMAZ, the increment was constant at
0.022 nm per cycle, regardless of the cycle number. However, the
increment in the case of CpZr was 0.013 nm per cycle at the
beginning and gradually decreased to 0.0084 nm per cycle at 100
cycles. Moreover, in the overall cycle number, the increment in
the case of CpZr was much smaller than that in the TEMAZ case.
The comparison between the TEMAZ and CpZr cases revealed
that the screening effect of the physisorbed precursor was
influenced by the physical size of the ligand in the precursor;
the precursor with the smaller ligand exhibited a higher screen-
ing effect. Essentially, the screening effect is dominant when the
chemisorption density of the precursor is high. In the case of
CpZr, a significant increment in DGPC was observed at 10 cycles,
where the chemisorption density of CpZr was the highest.

The physical and chemical status of the deposited ZrO2 thin
film, and the formation of the interfacial layer influenced by
the screening effect during ZrO2 thin film deposition were
investigated (Table 1 and Fig. 3). Evidently, the film density
deposited by ALD was strongly influenced by the chemisorption
density of the precursor.15,16 In the case deposition by the base
sequence, the ZrO2 thin film using TEMAZbase exhibited a
relatively higher film density of 5.20 g cm�3 compared with

Fig. 2 (a) ZrO2 thin film thickness, (b) differential growth rate (DGPC), and (c) increment of growth rate with respect to the cycle number varied by
employing precursors and sequence.

Fig. 1 Schematic of the ALD process sequences of base sequence with (a) TEMAZ (TEMAZbase), (b) CpZr (CpZrbase), and DFM sequence with (c) TEMAZ
(TEMAZDFM), (d) CpZr (CpZrDFM).

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/1

4/
20

26
 5

:2
7:

37
 P

M
. 

View Article Online

https://doi.org/10.1039/d3tc00704a


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 6894–6901 |  6897

that of CpZrbase (5.00 g cm�3). This is because TEMAZ has a
relatively higher chemisorption density compared with that of
CpZr because of the steric hindrance effect. In this regard, the
film density in the case employing DFM was increased to 5.50
and 5.11 g cm�3 for TEMAZDFM and CpZrDFM, respectively.
Moreover, the TEMAZDFM case exhibited a greater increase
compared with that of CpZrDFM, which was consistent with
the increase in DGPC. The oxygen vacancy (VO) concentration of
the 3 nm ZrO2 thin film deposited on TiN was quantified from
the Zr 3d XPS spectra (Fig. 3(a)–(d)). Owing to the high chemical
reactivity of the bottom TiN layer, Ti in TiN acquires oxygen
from ZrO2 during oxidation, thereby forming oxygen-deficient
ZrO2�x (x o 1). In the Zr 3d5/2 peaks, binding energies of 182.3
and 181.8 eV correspond to the energy of ZrO2 and ZrO2�x,
respectively.17 The ZrO2�x peak with a lower binding energy
indicates a less oxidized Zr ion; therefore, ZrO2�x represents
interfacial layer formation by the oxygen scavenging effect
caused by the chemical reactivity difference with oxygen
between TiN and ZrO2.5 In the case of ZrO2, the ratio values
of ZrO2�x to ZrO2 for all cases were almost identical at below
0.1, which is lower than the error margin from deconvolution.
Therefore, this implies that the formation of ZrO2�x was
intrinsically independent of the employed precursor and

deposition procedure. Simultaneously, TiN may be oxidized to
form TiON, which is one of the suggested mechanisms for the
formation of the interfacial layer.4,18,19 In the Ti 2p spectra, the
2p3/2 peak was deconvoluted into peaks at the binding energy of
454.6 and 458.4 eV corresponding to Ti–N and Ti–O–N bonding,
respectively.18 Due to air exposure, the TiN substrate has an
oxidized surface of TiON, inevitably. While performing the ZrO2

ALD process, the TiN substrate was further oxidized and TiON
formation occurred (Fig. S1 in ESI†). In contrast to the Zr 3d
case, the formation of TiON was strongly affected by the Zr
precursor. Under the base conditions, the ratio of TiON to TiN
(TiON/TiN) was much higher in TEMAZbase (3.03) than in
CpZrbase (1.94). However, in the case of employing DFM, the
difference in TiON/TiN between CpZrDFM and TEMAZDFM was
reversed: twice as high in CpZrDFM (1.75) than in TEMAZDFM

(0.808). This was because CpZr exhibited a slight (1.94 to 1.75)
and a dramatic decrease in TEMAZ (3.03 to 0.808). The result
implies that in contrast to the ZrO2�x formation, the interfacial
layer formation of TiON on TiN was strongly influenced by the
exposed area of the TiN surface.

From the above results, the interfacial layer formation
mechanism of TiON on TiN/ZrO2 can be described by a schematic
of the chemisorption behavior of the Zr precursor on TiN with
respect to the employed precursor and sequence (Fig. 4). In the
case of TEMAZbase (Fig. 4(a) and (b) depict precursor feeding and
precursor purge steps, respectively), exposure of the TiN surface on
the oxidant of the ZrO2 ALD sequence during the O3 feeding step
was inevitable because of the relatively small physical size of the
ligand. Moreover, the screening effect affected the chemisorption
density of TEMAZ in the base sequence, thereby resulting in an
increase in the number of unoccupied chemisorption sites, even
after the precursor purge step (Fig. 4(b)). Consequently, TiON

Table 1 Ratios of the interfacial layer (sub ZrO2�x and TiON) obtained by
XPS results

TEMAZ CpZr

Base DFM Base DFM

ZrO2�x/ZrO2 0.062 0.038 0.060 0.034
TiON/TiN 3.03 0.808 1.94 1.75
Density of ZrO2 [g cm�3] 5.20 5.50 5.00 5.11

Fig. 3 XPS spectra of (a)–(d) Zr 3d and (e)–(h) Ti 2p of ZrO2 thin film deposited on TiN substrate using (a), (e) TEMAZbase, (b) and (f) TEMAZDFM, (c) and (g)
CpZrbase, and (d) and (h) CpZrDFM.
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formation at the surface of TiN should be severe because of the
considerable exposure area of the TiN surface to O3. In the case of
CpZrbase, an unoccupied chemisorption site was formed (Fig. 4(e)
and (f)) by the screening effect, as in the case of TEMAZbase.
However, in the CpZr case, the unoccupied sites were also con-
siderably screened by the steric hindrance effect originating from
the large physical dimension of the Cp ligand to the extent that
chemisorption was significantly limited. In this regard, as the
reach of the precursor on the surface was hindered, substrate
exposure by O3 in the subsequent ZrO2 ALD process was limited by
the steric hindrance effect. Consequently, although the chemi-
sorption density of CpZr was lower than that of TEMAZ in terms of
GPC and film density, TiON formation was lower in CpZrbase than
in TEMAZbase. This difference in the precursor strongly affected
the change in the TiON interfacial layer formation when employ-
ing DFM. As depicted in Fig. 2(c), the increase in GPC of CpZrDFM

was almost negligible. This indicates that the steric hindrance
effect was too decisive in the case of using a precursor with a
physically large ligand, such as CpZr, thus causing no additional
chemisorption, whereas the screening effect was removed by
eliminating the physisorbed precursor using DFM (Fig. 4(h)).
Moreover, this implies that the O3 exposure area of the surface
under the CpZrbase condition was diminutive. In this regard, the
difference in the exposure area between CpZrDFM and CpZrbase was
small; hence, the ratio of TiON/TiN slightly decreased even when
employing the DFM. Following the elimination of the ligand,
which induced the steric hindrance effect by the O3 feeding step,
the formation of TiON by the TiN surface exposed to excess O3 was
intrinsically unavoidable. Therefore, the TiON interfacial layer
formation was suppressed only limitedly when CpZr was used.
The electrostatic repulsive effect of Cp ligand can also contribute
to the behavior in the DFM. Since the Cp ligand has highly
localized charge density,22 the precursor containing Cp ligands
exerts a large electrostatic repulsive force on each other. This
repulsive force could suppress the chemisorption as well as
physisorption, which induces the screening effect. In this regard,
the CpZr cases did not exhibited any significant difference between
the base and the DFM. And, the TiON formation was relatively
higher in CpZr cases than in the TEMAZ cases. However, in the

case of TEMAZ, the screening effect predominantly affected the
film deposition behavior because the steric hindrance effect was
negligible. This indicates that when TEMAZ was introduced on the
surface after conducting the cut-in purge (Fig. 4(b) and (c)), the
unoccupied chemisorption site, screened by the physisorbed pre-
cursor (Fig. 4(a)), was densely occupied by introduced precursors
during second feeding (Fig. 4(c) and (d)). The significant increase
in the GPC and film density in the TEMAZDFM case also indicates
an increase in the chemisorption precursor density when the DFM
was applied. Consequently, the exposure area of the TiN surface to
O3 was substantially decreased, thus resulting in the effective
suppression of TiON interfacial layer formation.

Fig. 5 shows the AC non-linear character of the MIM
structures of the 10 nm-thick-ZrO2 thin films deposited with
various precursors and sequences. The AC nonlinearity measure-
ment was performed by modulating the AC level during capaci-
tance–voltage measurement with a fixed DC bias and frequency.20

This induces charging and discharging of the defect corres-
ponding to the applied AC level. Consequently, the relatively
increased capacitance (C/C0, where C0 denotes the capacitance
density of the AC level of 0 V) with respect to the increased AC level
qualitatively indicates the defect density. Moreover, the defect
density difference based on the location in the dielectric thin film
was evaluated by applying a DC bias. In this work, as the signal was
applied to the top electrode and the bottom electrode was
grounded, the conditions of applying a DC bias of –0.5, 0, and
+0.5 V represent the interface of top TiN and ZrO2, bulk region of
ZrO2, and interface of bottom TiN and ZrO2, respectively. As shown
in Fig. 5, the AC nonlinearity changed depending on the applied
DC bias. At a DC bias of �0.5 V, where the interface of the top
electrode and ZrO2 contributed, C/C0 did not change in either
TEMAZ or CpZr. This is because the interface between the top
electrode and ZrO2 was not influenced by the deposition condi-
tions of the insulator. In contrast, C/C0 values were changed by
applying the DFM at DC biases of 0 and +0.5 V in both CpZr and
TEMAZ precursor cases. Moreover, the decreasing C/C0 in the case
of the DFM was gradually increased by increasing the DC bias
from 0 to +0.5 V. First, the change in the C/C0 depending on the
DC bias exhibited a gradual increase with a DC bias of�0.5, 0, and

Fig. 4 Schematic diagram for depicting the precursor feeding procedure of TEMAZbase (a and b), TEMAZDFM (a–d), CpZrbase (e–f)) and CpZrDFM (e–h) in
the ZrO2 ALD process.
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+0.5 V for both CpZr and TEMAZ cases, thus indicating that the
defect density contributing to the trap and detrap was increased in
the insulator, along with the thickness direction from the interface
with the top electrode to the interface with the bottom electrode.
This implies that the defect generation at the interface of the
bottom electrode and insulator was significantly more severe than
that in the other regions of the insulator. The relatively harsh
defect generation at the bottom electrode was reduced when
employing DFM. Both MIM capacitors deposited with the CpZrDFM

and TEMAZDFM sequences exhibited a decreased C/C0 at a DC bias
of +0.5 V compared with CpZrbase and TEMAZbase. Simultaneously,
C/C0 at a DC bias of 0 V also decreased. This suggests that the
defect density in the bulk region of the ZrO2 thin film is also
influenced by the properties of the interface with the bottom
electrode. Furthermore, C/C0 values in all cases of CpZr were
higher than those of TEMAZ. As the TEMAZbase case exhibited
an almost identical ZrO2�x ratio and a relatively higher TiON ratio
compared with the CpZr cases (Table 1), other factors were also

assumed to govern the C/C0 characteristics along with the interface
properties depicted in the formation of ZrO2�x and TiON. Mean-
while, applying the DFM reduced the C/C0 values at the 0 and
+0.5 V DC biases for both precursor cases. Moreover, note that the
C/C0 values at the 0 and +0.5 V DC biases were reduced to almost
identical levels or even lower than that of �0.5 V by employing the
DFM, thus indicating that the DFM successfully suppressed
defect formation at the interface of the bottom electrode. Essen-
tially, the screening effect, which induced degradation at the
interface of the bottom electrode, was successfully eliminated by
applying the DFM.

Furthermore, the frequency dependence behaviors were
examined in MIM capacitors with base and DFM ZrO2 using
TEMAZ and CpZr (Fig. 6) with thickness of 10 nm. As the
frequency of the AC bias was increased, C/C1k (C1k denotes the
capacitance at an AC frequency of 1 kHz) decreased in the MIM
capacitors owing to defects in the bulk region of the
insulator.20,21 As the frequency increased, the contribution of
defects, VO in this case, to the capacitance decreased, thereby
resulting in a relatively high decrease in C/C1k depending on
the frequency. In the C/C1k vs. frequency (C/C1k–freq.) curve, the
ZrO2 thin film-deposited CpZrDFM and TEMAZDFM sequences
exhibited improved properties compared with those of CpZrbase

and TEMAZbase. Furthermore, the improvement in C/C0-freq.
was significantly higher in the TEMAZ case than in the CpZr
case, which coincided with an increase in film density. The
above results confirm that the cut-in purge removed the screen-
ing effect of the physisorbed ligands and impurities bonded to
the Zr atoms, thereby enhancing the film density. If the
deposited thin film contains numerous impurities, the impu-
rities bonded to the Zr atoms are removed via thermal treat-
ment, thereby generating oxygen defects in the ZrO2 thin film,23

eventually, resulting in increasing the frequency dependence of
the insulator and the capacitance loss. This implies that the
bulk defects in the ZrO2 thin film can be reduced using the
DFM, and the density of ZrO2 deposited with TEMAZ, which

Fig. 5 (a) Relative capacitance density (C/C0, where C0 denotes the
capacitance at the AC level of 0 V) at the AC level of 2.0 V with respect
to the DC bias varied by employing precursors and sequences; C/C0 vs. AC
level plot with DC bias of�0.5, 0, and 0.5 V for (b) CpZrbase, (c) CpZrDFM, (d)
TEMAZbase, and (e) TEMAZDFM. The thickness of ZrO2 was 10 nm for all
samples.

Fig. 6 Relative capacitance density (C/C1k, where C1k denotes the capa-
citance at a frequency of 1 kHz) vs. frequency for the ZrO2 thin films with a
thickness of 10 nm.
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had a higher cut-in purge effect than CpZr, was improved, and
the frequency dependency was reduced.

The crystal structures of the 10 nm-thick base and DFM ZrO2

were evaluated using XRD analysis (Fig. 7(a)). Note that the
tetragonal phase of ZrO2 is thermodynamically stable without
doping in ALD-deposited thin films.24 Therefore, the base and
DFM ZrO2 of both precursors crystallized in the tetragonal phase
almost identically, without any significant difference. In this
regard, the change in capacitance density depending on the
ALD sequence was almost negligible. As shown in Fig. 7(b), the
capacitance density was slightly increased by employing DFM for
both precursors, which is almost negligible compared with the
previous results. In contrast to the capacitance density change,
the leakage current density ( J) dramatically changed depending
on the ALD sequence. Moreover, the TEMAZDFM case exhibited
improved properties compared with those of CpZrDFM, which
coincided with the previous results. In the MIM capacitor
employing ZrO2 as the insulator, J is governed by trap-assisted
tunneling and Poole–Frenkel emission mechanisms.7,20,24,25

These two mechanisms are strongly related to the defects incor-
porated in ZrO2. Therefore, TEMAZDFM exhibited significantly
improved J characteristics owing to the suppression of interfacial
layer formation of TiN/ZrO2 and VO in the bulk region. However,
in the CpZrDFM case, J was slightly decreased when a positive bias,
where the electron injected from the bottom electrode, was
applied, thus implying a relatively small improvement on the
interface in the CpZrDFM sequence. The enhancement in J

increased with decreasing physical thickness of the ZrO2 film
because the ratio of the interface in the entire MIM structure
increased (Fig. 7(d)). In addition, the enhancement of J with
decreasing film thickness was more strongly related in the
TEMAZDFM case than in the CpZrDFM case. Consequently, scaling
of the equivalent oxide thickness (tox) was significantly enhanced.
In the J–tox plot (Fig. 7(d)), the tox change between the base and
DFM sequences was insignificant because of the small change in
the k value. However, the J value was decreased by employing
DFM, thus inducing scaling on the tox.

Conclusions

The interfacial layer formation between electrodes and insulators
originating from the oxidation step during insulator deposition
by employing the ALD process was thoroughly investigated. The
analyses revealed that the damage to the surface of the electrode,
generally in unintended oxidation, can be attributed to the
exposure of the surface of the electrode to the oxidant due to
the screening effect of the physisorbed precursor as well as the
steric hindrance effect of the ligand. Consequently, the elimina-
tion of the screening effect by employing the DFM effectively
suppressed interfacial layer formation, thereby resulting in a
significant improvement in the electrical properties of a MIM
capacitor. This result indicates that suppressing the interfacial
layer formation becomes more important as the physical

Fig. 7 (a) XRD patterns, (b) capacitance density vs. DC bias curves, and (c) leakage current density vs. applied bias curves for the 10 nm-thick-ZrO2 thin
films; and (d) J–tox plot for the ZrO2 thin films for varied physical thickness.
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thickness of insulators in MIM capacitors decreases; thus, suppres-
sing the interfacial layer formation by employing the DFM is the
most effective method to develop next-generation DRAM capacitors.
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