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ABSTRACT

Enhancing the dielectric constant (k) of conventional gate dielectric materials

such as HfO2 and ZrO2 is one of the important requirements for further scaling

down of devices in future years. One promising approach for achieving this is to

incorporate a specific element in the high-k host material for stabilizing a par-

ticular higher-k crystalline phase. Although Ge has been theoretically suggested

as a stabilizer for ZrO2, there are no experimental studies correlating the

structure of ZrO2 films fabricated by atomic layer deposition (ALD) with their

electrical properties. In this work, we systematically investigated the structural

and electrical properties of Ge-doped ZrO2 films prepared by ALD. We used

germanium butoxide (Ge(OnBu)4) and Zr tris(dimethylamino)cyclopentadienyl

zirconium as the Ge and Zr precursors, respectively, with O3 as a reactant. We

controlled the ALD cycle ratio using a supercycle process (GeO2/ZrO2 = 1:128,

1:64, 1:32, 1:16, 1:8, 1:4, and 1:2) to produce the alloy films. Electrical properties

of these samples were evaluated by measuring the electrical characteristics of

metal-oxide-semiconductor (MOS) capacitors based on them, and the results are

discussed together with crystallographic analysis. The results revealed that Ge

incorporation into ZrO2 induced the stabilization of the cubic/tetragonal phase

of the ZrO2 film at low temperatures and improved its dielectric properties.

Consequently, this is a systematic and facile method to optimize the dielectric

properties of Ge-doped ZrO2 prepared by varying the ALD cycle ratio, and

these films could be applied in future nanoscale devices.
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Introduction

With the continuous scaling down of metal-oxide-

semiconductor field-effect transistors (MOSFETs) for

logic devices and metal-insulator-metal (MIM) capaci-

tors formemorydevices,materialswithahighdielectric

constant (k) have been introduced. ZrO2 is one of the

most promising high-k materials investigated to date,

since it has good thermal stability, dielectric properties

with a high dielectric constant (k * 20), and a wide

bandgap (5.16–7.8 eV) [1–3]. There are several poly-

morphs of ZrO2 with different dielectric constants. It

has been found theoretically that cubic and tetragonal

ZrO2 have higher k values, over 30, than those of the

monoclinic (k * 16–20) and amorphous (k * 16–20)

phases [4]. With increasing temperature, the phase of

ZrO2 changes frommonoclinic (\ 1400 K) to tetragonal

(1400–2570 K) and then to cubic (2570–2980 K). Cubic

and tetragonal phases of ZrO2 are not easily formed

since they are metastable at room temperature.

There have been studies on doping ZrO2 with alio-

valent elements suchasY [5–7],La [8], andTa [9] inZrO2

films to stabilize the cubic/tetragonal phase of ZrO2.

Doping ZrO2 with these elements introduces oxygen

vacancies for charge compensation, leading to the sta-

bilization of the cubic/tetragonal phase of ZrO2 at low

temperatures. For example, upon doping ZrO2 with Y,

oxygen vacancies are generated by the substitution of Y

for Zr atoms, so that the crystalline structure of ZrO2 is

transformed into the cubic/tetragonal phase [5]. In

another study, increasing theLa content suppressed the

monoclinic phase and stabilized the tetragonal or cubic

phase of ZrO2 [8]. In contrast, tetravalent elements such

as Si, Ti, Ce, and Ge can also stabilize the cubic/te-

tragonal phase of ZrO2 at low temperatures without

introducing oxygen vacancies [10–13]. If a tetravalent

dopant is substituted for Zr atoms, the ZrO2 structure is

transformed into the cubic or tetragonal phase, since the

dopant–O atom distance is different than that of Zr–O

atom. For example, Ce doping decreased the crystal-

lization temperature and increased the dielectric con-

stant of ZrO2 without introducing oxygen vacancies

[11]. Furthermore, first-principle calculations suggest

that Ge and Si could be promising stabilizers for the

cubic/ tetragonal phases of ZrO2, since Ge and Si have

the same valence states as the Zr atom [13].

So far, however, only a few studies have been

reported on doping Ge or Si for the stabilization of

ZrO2 or HfO2 [12, 14, 15]. For example, Tomida et al.

reported that Si doping could stabilize the tetragonal

phase of HfO2 obtained by cosputtering HfO2 and

SiO2 targets [12]. Only one research group has

reported the phase stabilization of ZrO2 due to Ge

doping. Tsoutsou et al. demonstrated that the incor-

poration of Ge into ZrO2 on a SiON/Si substrate

using molecular beam epitaxy (MBE) resulted in the

stabilization of the tetragonal phase at low Ge con-

tents (3–6.2 at.%) and low growth temperatures

(225–360 �C). Phase stabilization was proven by

analysis of the tetragonality based on the unit cell

parameters (c and a) of the tetragonal ZrO2 structure.

They reported that the enhancement of the dielectric

constant could be attributed to the increase in the

tetragonality and the obtained tetragonal ZrO2 could

be beneficial for the integration of this dielectric in

scaled devices, due to its excellent thermal stability

and low equivalent oxide thickness [14, 15]. How-

ever, the sputtering process cannot be used for the

deposition of high-k layers in complementary metal-

oxide-semiconductor (CMOS) devices due to poor

conformality and ion bombardment to the region

underneath the surface of the substrate. Although the

MBE process is an epitaxy method for depositing

high-quality thin films, its productivity is low, which

leads to obvious financial burdens. Meanwhile,

atomic layer deposition (ALD), based on self-limiting

growth on the surface, is considered to be one of the

most promising thin film deposition techniques for

enabling nanoscale device fabrication (such as CMOS

devices, memory devices, photovoltaic devices)

owing to its ability to control atomic-scale thickness,

low contamination by impurities, and excellent con-

formality [16–18]. The supercycle process of ALD,

which involves one ALD cycle for the dopant and

n repetitions of ALD cycle for the host material,

enables us to dope different amounts of Ge. How-

ever, although this method allows fine control of the

film contents and can produce high-quality films, the

use of ALD to prepare Ge-doped ZrO2 has not been

experimentally demonstrated. Since the growth

mechanism of ALD is completely different from that

of other methods referred to previously, we believe

that the investigation of Ge-doped ZrO2 films pre-

pared by ALD will have industrial impacts. With

practical applications in the semiconductor field,

especially for the deposition of gate dielectrics, ALD

is an essential process for mass production since it

can provide precise control over composition and

reproducibility. Moreover, properties such as the
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interface trap density (Dit) and leakage current den-

sity with respect to the interface quality and insulat-

ing properties, as well as the dielectric constant,

should be comprehensively examined and discussed

along with the microstructure and crystallinity of the

films.

In this article, we investigated the properties of Ge-

doped ZrO2 films fabricated by ALD as a function of

the Ge content by controlling the GeO2/ZrO2 cycle

ratios. To the best of our knowledge, this is the first

report on the evaluation of the structural and elec-

trical properties of Ge-doped ZrO2 films prepared by

ALD. Based on the Ge content, we mainly focused on

the phase stabilization of Ge-doped ZrO2, which was

studied in correlation with the crystallographic phase

and grain size. In addition, the electrical properties of

Ge-doped ZrO2, such as the capacitance and leakage

current density, were investigated. Thus, we sys-

tematically analyzed the effect of phase stabilization

induced by the doping of ZrO2 with Ge on its elec-

trical properties.

Experimental details

For this study, we used a commercial ALD chamber

(ALD5008 of SNTEK Co.). This setup has a double

shower-head system for improved uniformity. For

ALD, germanium butoxide (Ge(OnBu)4) and

tris(dimethylamino)cyclopentadienyl zirconium

((C5H5)Zr[N(CH3)2]3) were used as the Ge and Zr

precursors, respectively. Each of these precursors

was contained in a stainless-steel bubbler, which was

heated to 105–40 �C, respectively, to achieve suffi-

cient vapor pressures. Both precursor vapors were

transported to a reaction chamber using Ar as the

carrier gas, whose flow rate of 50 sccm was controlled

by a mass flow controller (MFC). Ar gas with the

same flow rate was used to purge the excess gas

molecules and by-products between each precursor

and reactant exposure step. O3 was used as the

reactant for O3-based ALD, and its concentration

(8%) was controlled by an ozone generator (MKS AX

8200 of Applied Materials). The process timings for

the precursor exposure–purge–reactance exposure–

purge sequence was 2–5–2–5 s and 2–5–1–5 s for the

ALD of GeO2 and ZrO2, respectively. The saturated

growth-per-cycle (GPC) of GeO2 and ZrO2 was * 0.3

and 0.8 Å/cycle, respectively. An ALD supercycle

process was utilized to accomplish GeO2 doping into

ZrO2. The supercycle is composed of one ALD GeO2

cycle, followed by n repetitions of the ALD ZrO2

cycles, as schematically and described in Figure S1.

Here, the number of ZrO2 ALD cycles per supercycle,

n, was modulated between n = 2 and n = 128 (GeO2/

ZrO2 = 1:n with n = 2, 4, 8, 16, 32, 64, and 128). By

using this process, we modulated the Ge/(Ge ? Zr)

composition of the Ge-doped ZrO2 films. The sub-

strate temperature was maintained at 300 �C
throughout the ALD process.

The thickness and refractive index of the films were

measured by spectroscopic ellipsometry (Elli-SE-F of

Ellipso Technology). The chemical composition and

impurity contents were analyzed by X-ray photo-

electron spectroscopy (XPS, AXIS NOVA of KRA-

TOS) with a monochromatic Al Ka source (beam

energy 1486.6 eV and analysis area 100 lm2). Before

measurement, 60-s sputtering with Ar? ion bom-

bardment was performed for surface cleaning. The

microstructure of the films was analyzed by X-ray

diffraction (XRD, ATX-G of Rigaku).

For metal oxide semiconductor (MOS) capacitor

fabrication, Ge-doped ZrO2 films fabricated by ALD

were deposited on p-type Si substrates. Then, post-

deposition annealing was carried out using a rapid

thermal annealing system under an N2 environment

at 400 �C for 10 min. Subsequently, Ru was deposited

as a top electrode using DC magnetron sputtering

with a plasma power of 30 W through a patterned

shadow mask. The thickness of Ru was 100 nm, and

the diameter of the patterned dot was 100 lm. Elec-

trical properties based on capacitance–voltage (C–V)

and current–voltage (I–V) characteristics of Ge-doped

ZrO2 were evaluated using a Keithley 590 C–V ana-

lyzer and Agilent 4155 C semiconductor parameter

analyzer, respectively. Dit was determined by the

conductance method using a following equation:

Dit ¼
Gp

x

� �
max

qfD rsð ÞA½ ��1 ð1Þ

where Gp/x is a corrected conductance loss, x is the

angular frequency (x = 2pf, f is the measurement

frequency), q is the electronic charge (1.6 9 1019 �C),
fD is a universal function that depends on the stan-

dard deviation of band bending rs, and A is the area

of the metal gate. In our previous publication, a more

detailed description of the electrical evaluation can be

found [19].
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Results and discussion

Figure 1a, b, c shows the XPS spectra of Zr 3d, O 1 s,

and Ge 2p core levels, respectively, for Ge-doped

ZrO2 obtained by varying the GeO2/ZrO2 cycle ratios

using the ALD supercycle process. The measured Zr

3d peaks (Fig. 1a) were deconvoluted into two sub-

peaks; the peaks at 184.5 and 182.0 eV are assigned to

Zr 3d3/2 and Zr 3d5/2, respectively, and these peaks

show the typical characteristics of ZrO2 [20]. As the

ALD cycle ratio (GeO2/ZrO2) increases, the peaks

corresponding to the Zr content in the films gradually

decreased, indicating that the ALD supercycle grad-

ually modulates the dopant concentration in the host

material. In the O 1 s core level spectra, the peaks

were deconvoluted into three sub-peaks as shown in

Figure S3; the peaks at * 530.3 eV and * 531.8 eV

are assigned to Zr–O–Zr bonding and Zr–OH bond-

ing [21], respectively, and the peak at * 532.3 eV is

assigned to GeO2 [22]. Upon increasing the ALD

cycle ratio, this area gradually increased, resulting in

asymmetric shapes, indicating increased GeO2 con-

tent. The GeO2 content is shown in Fig. 1d. Figure 1c

shows the Ge peaks in Ge2 p core level spectra. The

Ge peak intensity for 1:128 and 1:64 Ge-doped ZrO2

samples was too weak to be observed, indicating that

the Ge concentrations in these films were under the

resolution limit (0.1–1 at.%) of XPS. For the other

samples, one main peak at 1219.5 eV is assigned to

the Ge–O bond, corresponding to GeO2. The intensity

of this peak increased with increasing ALD cycle

ratio, indicating an increase in the Ge content in the

films. At the ALD cycle ratio of 1:8 and 1:4, the Ge

metallic state is observed as a small shoulder at

* 1217.0 eV due to Ar? ion bombardment before

XPS analysis [23]. Other peaks from impurity ele-

ments such as nitrogen and carbon were rarely

detected, indicating high purity of all the samples

(Figure S2). Figure 1d shows the GeO2 ratio obtained

from O 1 s core level spectra and Ge contents, which

were measured and estimated from the deconvolu-

tion of the XPS spectra in Figure S3, in the Ge-doped

ZrO2 films as a function of the ALD cycle ratio of

GeO2 to ZrO2. The Ge content (Ge/(Ge ? Zr)) was

determined by XPS, and the values are summarized

in Table 1. The Ge content was also estimated by

considering the GPC of GeO2 and ZrO2, using the

following formula:

The two curves in Fig. 1d, corresponding to the

measured and estimated amount of Ge in Ge-doped

ZrO2 films, show similar trends, with the Ge content

gradually increasing with increasing GeO2 cycle

ratio. However, the Ge contents determined by XPS

are slightly lower than those estimated by GPC. This

discrepancy between the expected and measured

values for the supercycle process is usually observed

due to differences in the molecular adsorption sur-

face environment between pristine and doped thin

films [24]. However, these XPS results indicate that

the ALD supercycle process allows us to easily

modulate the Ge content by controlling the GeO2/

ZrO2 cycle ratio in the ALD.

The crystallographic phases of the Ge-doped ZrO2

films deposited on p-type Si with varying GeO2/

ZrO2 cycle ratios in ALD were analyzed by XRD after

N2 annealing at 400 �C (Fig. 2a). Undoped ZrO2 films

exhibited a weak peak at 30.7� corresponding to the

(111) plane of cubic/tetragonal phase, in agreement

with previous reports on the existence of cubic/te-

tragonal phases in undoped ZrO2 grown by ALD

[8, 25]. For the 1:128 Ge-doped ZrO2 sample, the

intensity of the cubic/tetragonal (111) peak signifi-

cantly increased and new peaks corresponding to

cubic/tetragonal (200) plane and the monoclinic (111)

plane appeared at 35.6� and 31.6�, respectively. Sub-
stitution of Zr with a dopant can change the atomic

arrangement of the lattice due to the different atomic

radius and electronegativity of the dopant, leading to

stabilization or transformation of the crystal phase. In

this work, Ge incorporation into ZrO2 stabilized the

cubic/tetragonal phase, corresponding to previous

reports on Ge-doped ZrO2 [14, 15]. However, when

the solubility limit of Ge in ZrO2 is exceeded by 3–5%,

Ge atoms do not substitute Zr atoms significantly;

Ge content ¼
GPCð ÞGeO2

� Cycle ratio
� �

GeO2

GPCð ÞGeO2
� Cycle ratio
� �

GeO2
þ GPCð ÞZrO2

� Cycle ratio
� �

ZrO2

ð2Þ
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Figure 1 XPS spectra of Ge-

doped ZrO2 obtained by ALD

with varying GeO2/ZrO2 cycle

ratios: a Zr 3d, b O 1 s, and

c Ge 2p, d GeO2 contents

obtained from XPS O 1 s core

level spectra and Ge mol% in

Ge-doped ZrO2 as a function

of the GeO2/ZrO2 cycle ratio

in ALD.

Table 1 Summary of the electrical properties of MOS capacitors obtained by ALD with varying GeO2/ZrO2 cycle ratios

ALD cycle ratio (GeO2/

ZrO2)

Ge contents

(mol%)

Dielectric

constant

Dit

(cm-2 eV-1)

Hysteresis

(mV)

Leakage current at

- 1 MV cm (A cm-2)

ZrO2 – 16.1 1.95 9 1012 *100 6.48 9 10-8

1:128 0.29 18.5 1.11 9 1012 *200 7.73 9 10-8

1:64 0.45 18.2 6.09 9 1011 *200 1.04 9 10-7

1:32 0.95 18.1 1.02 9 1012 *200 1.06 9 10-7

1:16 2.39 17.9 7.70 9 1011 *200 1.18 9 10-7

1:8 4.02 14.2 1.16 9 1012 *200 1.92 9 10-7

1:4 9.03 12.2 1.25 9 1012 *200 2.16 9 10-7

1:2 14.79 10.5 1.26 9 1012 *200 2.82 9 10-7

GeO2 – 4.04 1.13 9 1012 *200 6.48 9 10-7

Figure 2 a X-ray diffraction

(XRD) patterns of Ge-doped

ZrO2 films obtained by ALD

with varying GeO2/ZrO2 cycle

ratios. b Grain size (nm) as a

function of the GeO2/ZrO2

cycle ratio in ALD.
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thus, stabilization of cubic/tetragonal ZrO2 does not

occur significantly [26, 27]. Furthermore, the amor-

phous GeO2 would be segregated, which was found

in our previous study on ALD of GeO2 with the same

process conditions [28]. Therefore, increasing the

ALD cycle ratio gradually decreases the intensity of

cubic/tetragonal (111) peak. Furthermore, a high Ge

concentration (over * 10%) has been known to

increase the crystallization temperature of ZrO2 to

over 500 �C [29]. Corresponding to the previous

results, the 1:4 and 1:2 Ge-doped ZrO2 samples in this

work showed amorphous structures with similar

ranges of Ge concentration [26, 27]. Thus, we can

draw the following conclusions: First, the cubic/te-

tragonal phase of ZrO2 is stabilized by Ge doping.

Second, the stabilization occurs for a range of Ge

contents below a critical value, and the film becomes

amorphous when the critical Ge content is exceeded.

In addition, the cubic/tetragonal (111) diffraction

peak is the prominent peak, and the grain sizes of the

films were calculated using the Scherrer equation,

DXRD ¼ Kk=B cos h ð3Þ

where D, B, k, K, and h are the grain size, corrected

full width at half maximum (FWHM), diffraction

wavelength, a shape factor, and diffraction angle,

respectively [30]. In Fig. 2b, the effect of Ge doping

on the grain size is clearly shown, with the undoped

ZrO2 film plotted as the leftmost point. With the

addition of a small amount of Ge into ZrO2, the grain

sizes significantly increased. Particularly, for the

1:128 Ge-doped ZrO2 sample, the grain size increased

from 9.39 to 16.7 nm, which is attributed to stabi-

lization of the crystallinity of the ZrO2 film caused by

Ge doping, as shown in Fig. 2a. As the ALD cycle

ratio increases, the grain size remains nearly constant

until the 1:8 Ge-doped ZrO2 sample. Further increase

in Ge increased the amorphous content in the 1:4 and

1:2 Ge-doped ZrO2 samples due to the increased

crystallization temperature.

To examine the effect of Ge doping in ZrO2 on the

electrical properties of the films, MOS capacitors

consisting of a Ru/17-nm-thick undoped ZrO2, Ge-

doped ZrO2, and GeO2/p-type Si structure were pre-

pared. The C–V and I–V curves of the MOS capacitors

for various GeO2/ZrO2 ALD cycle ratios are shown

in Fig. 3a, b, respectively, and the characteristic val-

ues calculated from these graphs are summarized in

Table 1. As shown in Fig. 3a, the accumulation

capacitance increased with the change in the cycle

ratio from 1:128 to 1:16. The accumulation capaci-

tance is determined by Cacc = Cox = ke0/t, where Cacc,

Cox, k, e0, and t are the accumulation capacitance,

oxide capacitance, dielectric constant, permittivity of

free space, and oxide thickness, respectively [31].

Since the total thickness of the dielectric was the same

for all samples, the change in the accumulation

capacitance is attributed to the dielectric constant.

While the dielectric constant of undoped ZrO2 is

* 16.1, the maximum dielectric constant of Ge-

doped ZrO2 is * 18.5 at the ALD cycle ratio of 1:128.

Modulation of the dielectric constant by doping can

be attributed to the change of the crystal structure

and inherent dielectric properties of the dopants. In

this work, introduction of the optimal amount of Ge

enhanced the crystallinity and grain size of cubic/

tetragonal ZrO2 by substituting Zr atoms with Ge

atoms, which is direct evidence of the stabilization of

ZrO2 films by Ge doping. Stabilization of the cubic/

tetragonal phase increases the dielectric constant by

changing the unit cell volume and polarizability

[32, 33]. However, introducing Ge atoms beyond the

solubility limit of 3–5%, as in the 1:8 Ge-doped ZrO2

samples in this work, will not result in significant

further substitutions of Zr atoms and thus will not

result in further stabilization of the cubic/tetragonal

phase of ZrO2 observed using XRD. On the contrary,

segregation of amorphous GeO2 decreases the

dielectric constant due to the inherently low dielectric

constant (k * 5–6) of GeO2 [28]. Furthermore,

amorphization of the ZrO2 films in the 1:4 and 1:2 Ge-

doped ZrO2 also decreased the dielectric constant.

Therefore, the decrease in the dielectric constants of

the 1:8, 1:4, and 1:2 Ge-doped ZrO2 relative to

undoped ZrO2 was attributed to low stabilization of

the cubic/tetragonal phase of ZrO2. The hysteresis

related to the trapped oxide charges and the Dit val-

ues do not significantly change with Ge doping of

ZrO2, as shown in Table 1. Thus, we observed that Ge

doping of ZrO2 does not significantly change the bulk

and interface qualities and is achieved without sig-

nificant degradation of the film.

Figure 3b shows the insulating properties of the

Ge-doped ZrO2 films as a function of the ALD cycle

ratio. The leakage current density is observed at

- 1 MV cm-1 in the I–V measurements. With an

increase in GeO2 cycle ratio, the leakage current

density at - 1 MV cm-1 (shown in Table 1)

increased gradually. The leakage current density in

gate dielectrics can be affected by various factors,

15242 J Mater Sci (2018) 53:15237–15245



such as band structure, trapped charge, film mor-

phology. The energy bandgap of dielectrics is a key

factor for the leakage current since it acts as an energy

barrier against field-assisted thermionic emission of

electrons by the Schottky effect [34]. However, ZrO2

and GeO2 have similar bandgap ranges (* 5–6 eV)

[35]; thus, a significant change in bandgap energy by

Ge doping into ZrO2 is not expected. Also, the values

of bandgap energies are large enough to block the

Schottky emission of electrons. The trapped charges

inside the bandgap can increase the leakage current

by Pool–Frenkel emission and trap-assisted tunneling

[34, 36]. The trapped charge densities can be esti-

mated from the C–V curves, as shown in Table 1, but

the hysteresis related to the trapped oxide charges

and the interface trap density (Dit) values do not

significantly change with Ge doping of ZrO2. Mean-

while, the crystal structures are affected by Ge con-

centration, as shown in Fig. 2. Although 1:128 Ge-

doped ZrO2 has the maximum grain size, a further

increase in Ge concentration reduces the grain size of

ZrO2, which leads to an increase in the volume den-

sity of the grain boundary in the films [37]. The grain

boundary has been considered as a critical leakage

path in gate dielectrics [38–40]. Along the grain

boundary, surface depressions form and reduce the

thickness of the films at the grain boundary relative

to the area inside the grains [38]. Thus, since the

electric field across the film is concentrated at a rel-

atively thin spot, the leakage current increases due to

significant electron emission [39]. Moreover, since the

grain boundary is an unstable region compared to the

grain, impurities such as oxygen vacancies in metal

oxides have a stable energy state at the grain

boundary [38]. The segregated impurities at the grain

boundary present favorable percolation paths for

electron tunneling through the film, leading to a high

leakage current [38]. Therefore, we conclude that the

increase in the number of grain boundaries would be

predominantly responsible for the high leakage cur-

rent density with increasing Ge concentration.

The change in the dielectric constant (k) and leak-

age current density depending on the ALD cycle ratio

is shown in Fig. 4. With increasing ALD cycle ratio,

the dielectric constant improved from 16.1 to 18.5 due

to the stabilization of the cubic/tetragonal phase of

ZrO2. For higher Ge contents, it rapidly decreased

because of the crystallization of low-k GeO2 and

amorphization of the film. However, the leakage

current density gradually increased from

6.48 9 10-8 A cm-2 (undoped ZrO2) to

2.82 9 10-7 A cm-2 (1:2 Ge-doped ZrO2). This is

attributed to the increase in the number of grain

boundary caused by the reduction in the grain size.

Figure 3 Electrical characteristic of MOS capacitors based on 17-nm-thick Ge-doped ZrO2 films obtained by ALD with varying GeO2/

ZrO2 cycle ratio: a C–V curves and b I–V curves.

Figure 4 Dielectric constant (closed circle) and leakage current

density (open circle) of Ge-doped ZrO2 obtained by ALD as a

function of the GeO2/ZrO2 cycle ratio.
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Conclusion

In summary, we investigated the chemical, crystal-

lographic, and dielectric properties of undoped ZrO2

and Ge-doped ZrO2 films deposited by ALD on

p-type Si substrates. Using Ge(OnBu)4 and (C5H5)-

Zr[N(CH3)2]3 as precursors, stoichiometric films were

obtained with negligible impurities. An ALD super-

cycle, which offers easy control over the dopant

contents, was utilized to achieve various Ge contents

ranging from 0.29 to 14.79 mol% by controlling the

ALD cycle ratio (GeO2/ZrO2). We systematically

demonstrated that the electrical properties including

the dielectric constant, interface trap density, hys-

teresis, and leakage current density vary according to

the crystallographic properties of the Ge-doped ZrO2

films, based on XRD studies. We confirmed that the

cubic/tetragonal phases of Ge-doped ZrO2 films

were stabilized due to Ge incorporation into ZrO2. By

varying the ALD cycle ratio, the dielectric properties

of Ge-doped ZrO2 can be improved and optimized

for use in future nanoscale devices.
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