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Abstract—Ge-based metal-oxide semiconductor structures exhibiting thin ALD-grown high-k dielectric
HfO2 films were fabricated and characterized chemically, structurally, and electrically. X-ray photoelectron
(XP) spectroscopy confirms the good stoichiometry of the ALD-grown HfO2 films. Furthermore, through
the analysis of the XP spectra, the conduction and valence band offsets of HfO2|p-Ge were calculated to be
equal to 1.8 ± 0.2 eV and 2.8 ± 0.2 eV, respectively. C(V) and G(V) analysis reveals structures with a well-
defined MOS behavior with Dit values in the range of 1011 eV–1 cm–2 and a dielectric constant of HfO2 films
of 20. The dominant carrier transport conduction mechanisms were studied through J(V) analysis, performed
at both substrate and gate electron injection. Specifically, in the low voltage region (V < 0.2 V), the prevailing
conduction mechanism is Ohmic, with an activation energy of 0.28 eV for both substrate and gate electron
injection. In the voltage range 0.4–1.5 V, the dominant conduction mechanism is Frenkel–Poole, through
which the trap energy level into HfO2 films (ϕt) is calculated to be ϕt = 0.36 eV. Schottky conduction mech-
anism is the prevailing one, for high applied bias voltages (V > 3.0 V) and high temperatures (>450 K). Apply-
ing Schottky’s emission model the energy barrier heights of HfO2|p-Ge and Al|HfO2 interfaces were evaluated
equal to 1.7 ± 0.2 eV and 1.3 ± 0.2 eV, respectively. Combining the XPS and J(V) analysis results, the energy
band diagram of Al|HfO2|p-Ge structures is constructed. The calculated values of conduction and valence
band offsets via XPS and J(V) measurements are in very good agreement.
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1. INTRODUCTION

Germanium (Ge) is considered as an alternative to
Si channel material, into future Complementary
Metal-Oxide Semiconductor (CMOS) devices mainly
due to its enhanced intrinsic electron and hole mobil-
ities [1, 2]. The electron mobility of bulk Ge is almost
two times higher than that of Si while the hole mobility
is the highest compared even to composite III–V
semiconductors such as InGa or GaAs [3]. On the
other hand, the instability of dielectric Germanium
Oxide (GeOx) is a limiting factor/deterrent in imple-
menting Ge in CMOS technology [1, 2]. Thus, the
growth of a gate insulator material leading to the for-
mation of advanced MOS devices, exhibiting simulta-
neously superior electrical properties and low leakage
currents for higher performance and lower power con-
sumption circuits, is critical [4–9].

The integration of high-dielectric constant gate
oxides for Ge-based MOS devices has already
attracted much attention due to their enhanced elec-

trical strength and stability [9–14]. Among the basic
criteria for the implementation of high-k oxides as gate
dielectrics, two of the most crucial factors are the
understanding of carrier transport mechanisms
through the gate dielectric and the study of the energy
band profile/diagram of the whole MOS structure
(Metal | High-k gate dielectric | Semiconductor)
through the identification of the energy barrier heights
between metal | gate dielectric and gate dielectric |
semiconductor, which would effectively block elec-
trons and holes [15, 16].

Among many possible gate dielectrics, hafnium
dioxide (HfO2) seems to be one of the most promising
candidates for gate dielectric [17, 18] due to, relatively
to other high-k materials, its large band gap [19], high
dielectric constant, excellent thermodynamic stability
[20], and high breakdown electric field (~8.5 MV/cm)
[21]. There are a lot of studies concerning thin dielec-
tric HfO2 films as an alternative to SiO2 gate dielectric,
in Si-based MOS structures due to the potential ben-
efit of increasing the physical oxide thickness of the
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dielectric film by taking advantage of its high permit-
tivity value. In these studies, HfO2 films were exten-
sively characterized through capacity-voltage mea-
surements [22, 23], J(V) measurements leading to the
identification of conductivity mechanisms through
the film [18, 22, 24, 25], XPS analysis [26], TEM
analysis [27] and AFM analysis [23], etc. Although,
there are studies concerning HfO2 as a possible gate
dielectric onto p-Ge semiconducting substrates, these
studies are mainly focused on the optimization of the
electrical response of the structures through the pas-
sivation of the interface HfO2|p-Ge via the insertion of
interlayers (IL) between HfO2|IL|p-Ge [1, 12, 28–34]
or other methods [35–38]. The evaluation of the
energy barrier heights of Metal|HfO2 and HfO2|p-Ge
leading to the construction of energy band diagram
from experimental results, as well as the systematic
study of the conduction mechanisms of the structures,
have not been addressed in detail.

In the present work, thin HfO2 dielectric films were
directly deposited via atomic layer deposition (ALD)
technique onto p-Ge semiconducting substrates. A
systematic study of the conductivity mechanisms of
the structures was performed, in structures with 10
and 15 nm thickness of HfO2, for a wide temperature
and voltage range. Furthermore, the chemical and
electrical characterizations on HfO2|p-Ge and
Al|HfO2 interfaces were performed via X-ray photo-
electron spectroscopy analysis (XPS) and electrical
measurements, respectively, leading to the construc-
tion of the energy band profile of the whole structure
Al|HfO2|p-Ge, combining the experimental results of
these two independent techniques.

2. EXPERIMENTAL

Thin dielectric HfO2 films with thicknesses varying
from 3 to 15 nm were grown onto Czochralski grown
p-type (100) semiconducting Ge substrates with
0.04–0.4 Ω cm resistivity, supplied from Umicore Inc.
Prior to the deposition procedure, Ge substrates were
chemically cleaned, in order to remove the organic
residues and the native oxide from the substrates,
through five alternating immersions into an (i) HF
solution 2% v/v and (ii) deionised water (18.2 MΩ) for
15 and 20 s, respectively [28].

A Savannah-100 ALD (Cambridge-Nanotech,
USA) system was used, with tetrakis(dimethylam-
ido)hafnium [Hf(NMe2)4] [39, 40] (heated at 75°C) as
deposition precursor and H2O and co-reactant/oxi-
dant. ALD films were grown through the repetition of
identical deposition cycles, each of which includes the
precursor and oxidant pulses for 0.15 and 0.015 s,
respectively. Each pulse was followed by a 5-s time
interval of the carrier gas (N2), purging at a f low rate of
20 sccm. The duration between pulses (5 s) as well as
the growth per cycle (GPC) of the film (GPC =
0.94 Å/cycle) was defined by the temperature of the
deposition, which was kept constant at 250°C. Thus,
according to ALD specifications, for the growth of 5,
10, and 15 nm of HfO2 films at 250°C, the repetition
of 54, 106, and 160 cycles was required. HfO2 mono-
layers were grown through a double-exchange chemi-
cal reaction, taking place in the chamber of the depo-
sition system, of the form (1) [41]

(1)
The chemical composition and thickness of all the

ex situ prepared samples were investigated using XPS.
The experiments were performed in an ultra-high vac-
uum (UHV) chamber. For the XPS measurements, a
non-monochromatized AlKα X-ray source (1486.6 eV)
was used. Photoemission spectra were collected via a
Leybold EA-11 hemispherical energy analyzer operat-
ing at constant pass energy of 100 eV at 0-degree take-
off angle. To compensate for the electrostatic
charging, the predominant aliphatic contribution to
the C1s peak at 284.8 eV binding energy was used as a
reference in all the X-ray photoelectron spectra. XPS
spectra were analyzed using the XPS peak4.1 software.
A Shirley-type background correction was used inside
the region of analysis with three average points at end
points.

The structural characterization of the samples was
carried out through transmission electron microscopy
(TEM), using a Philips CM20 TEM, operating at
200 kV. The cross-sectional specimens were prepared
through a mechanical thinning and an ion beam
milling.

For the electrical characterization of the grown
films, patterned Al|HfO2|p-Ge capacitive structures
were performed via magnetron sputtering using pho-
tolithography and lift-off processes. The thicknesses
of the Al gate top electrodes were varying between
200–300 nm. InGa eutectic alloy and silver conduc-
tive paste were used as the back ohmic contact of the
structures. Capacity–voltage C(V) measurements
were performed via an ALPHA-N broadband dielec-
tric spectrometer (Novocontrol). Current–voltage
measurements were performed through a Keithley
2611A sourcemeter both for substrate and gate elec-
tron injection in the temperature range between 163
and 533 K and gate voltage range from +5.0 to –5.0 V.

3. RESULTS AND DISCUSSION
In Fig. 1, the Hf4f core-level doublet spectrum

with a spin-orbit splitting of 1.7 eV and an area ratio 3:4
is presented. The Hf4f7/2 and Hf4f5/2 components
appear at binding energies 16.8 ± 0.1 eV and 18.5 ±
0.1 eV, respectively, for the thick (15 nm) HfO2 film
that was used as a reference. The binding energies of
Hf4f core-level doublet spectra for 3-, 5-, and 8-nm
ultra-thin films of HfO2, grown on p-Ge wafers are
shifted by 0.2 eV towards higher binding energies with-

+ → +3 2 4 2 2 3 2Hf N CH 2H O HfO 4HN CH[ ( ) ] ( ) .
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Fig. 1. The Hf4f XPS peaks of the Ge|HfO2 structure.
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out any change in the spin-orbit splitting, area ratio or
shape of the peaks and are in agreement with the
reported binding energies for HfO2 [42].

Since there is an overlap of the Ge3d and the Hf5p
peak, in order to investigate the substrate contribution,
the Ge3p XPS peak (Fig. 2) was measured instead of
the strongest Ge3d peak. The Ge3p XPS peak appears
as a double peak, Ge3p1/2 and Ge3p3/2, due to the
spin-orbit interaction in all structures. As it is shown at
the normalized spectra in Fig. 2, the Ge3p peak was
fitted by a doublet with 4.1 eV splitting and an intensity
ratio of 2:1 with the Ge3p1/2 and Ge3p3/2 peaks at the
binding energies of 125.7 ± 0.1 eV and 121.6 ± 0.1 eV,
respectively, corresponding to elemental GeO [43].
SEMICONDUCTORS  Vol. 54  No. 5  2020

Fig. 2. The Ge3p XPS peak of the Ge|HfO2 struc
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It must be pointed out that no Ge sub oxides were
detected between p-Ge and the HfO2 film.

For the calculation of the HfO2 thin film thickness,
the method reported by Ladas et al. [44] was used. The
thickness was calculated from simulations of measured
intensity ratios Ge3p|Hf4f, using appropriate data-
bases for the relative sensitivity factors (RSF) for the
used analyzer of the Ge3p and Hf4f photoelectrons
and the respective escape depths in different layers.
The values of the HfO2 film calculated by XPS analy-
sis are shown in Table 1 and the estimated uncertainty
is ±10%.

In Fig. 3, the valence band maximum of the (a)
Ge|15-nm HfO2 and (b) Ge wafer were determined to
be 2.6 ± 0.1 and 0.0 ± 0.1 eV, respectively.

The valence band offset (ΔEV) and the conduction
band offset (ΔEC) at the Ge|HfO2 interface were deter-
mined according to Kraut’s methodology [45] by the
following equations:

(2)

(3)

where the energy differences  –
 between the selected

core levels and the valence band are determined for
bulk Ge and for a thick HfO2 film. The term

 is defined as the energy dif-
ference between the core levels in the thin (3-, 5-, and
8-nm) HfO2 films on Ge.
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Table 1. Calculated HfO2 thickness

Calculated thickness, nm 3.2 4.9 8.5

Nominal ALD thickness, nm 3 5 8
Inserting the values of XPS analysis in Eq. (2), the
valence band offset value of ΔEV = 2.8 ± 0.2 eV was

extracted. Finally, the conduction band offset value
(ΔEC = 1.8 ± 0.2 eV) was determined using Eq. (3)

where  and  are the band gaps of HfO2

[19, 46] and Ge [47], respectively.

Figure 4 shows a cross-sectional high-resolution
(HR) TEM micro image of the 5-nm HfO2|p-Ge

deposited at 250°C. At first, HfO2 thin film appears to

be a uniform and dense thin layer with a relatively
sharp Ge|HfO2 interface. The analysis of the TEM

micro image reveals that the thickness of the ALD-
grown HfO2 was around 4.5–4.8 nm, in very good

agreement with the expected one from ALD (nominal
thickness 5 nm).

In the interface between HfO2|p-Ge, an ultrathin

amorphous interlayer of about 0.5 nm is present,
attributed to GeOx monolayers [48–51].

Figure 5 depicts the capacitance-voltage character-
istics as a function of frequency at room temperature
for Al|10-nm HfO2|p-Ge structure deposited at 250°C.

Typical C(V) behavior is observed, with the three dis-
tinct regions of accumulation, depletion, and inver-
sion.

Note here that in the depletion/weak inversion
regime, the appearance of the so called “humps” is a
common feature in Ge-based C(V) curves, and is
attributed to minority carrier response of Ge [52].
Accumulation at MOS structures with p-type semi-
conductors occurs for negative voltages where the neg-

2HfO

gE Ge

gE
Fig. 3. The valence band XP spectra of (a) Ge|15-nm HfO2
and (b) Ge wafer.
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ative charge on the gate attracts holes, which are the

only positive charges available in the semiconductor,

from the substrate to the oxide-semiconductor inter-

face. The holes concentration at the interface is above

the bulk value, thus leading to the so-called accumu-

lation state. Depletion occurs for low positive voltages.

The positive voltage on the gate depletes the majority

carriers, i.e., holes in the semiconductor’s surface.

Inversion occurs at high positive voltages. In addition

to the depletion layer charge, a negatively charged

inversion layer forms at the oxide-semiconductor

interface (minority carriers, i.e., electrons), thus the

semiconductor surface inverts its conduction type

from p-type to n-type [53]. Furthermore, due to the

fact that, compared to Si, Ge exhibits a lower, almost

half of that of Si, energy band gap Eg (Eg = 0.67 eV) as

well as a much larger intrinsic carrier concentration (ni),

the “low frequency C(V) behavior” is observed at, rel-

atively to Si, higher frequencies [2].

The dielectric constant of HfO2, calculated from

the analysis of the C(V) curves and XPS results (thick-

ness evaluation) is found to be equal to 20, typical

value according to the literature [37, 54].

Inset of Fig. 5 depicts the C(V) and G(V) curves for

the frequency of 900 kHz. The conductance (G) peak,

located in the depletion/weak inversion regime, sug-

gests that the loss mechanism is attributed to density of

interfacial traps Dit [55]. The evaluation of Dit was per-

formed through Hill–Coleman method [56], which is

mathematically expressed by Eq. (4)

(4)
ω

=
 ω + − 
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Fig. 4. HR TEM micro image of a 5-nm HfO2|p-Ge struc-
ture.
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Fig. 5. C(V) characteristics as a function of frequency for Al|10-nm HfO2|p-Ge structures Inset: C(V) and G(V) curves at 900 kHz

for Al|10-nm HfO2|p-Ge structures.
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where q is the electron charge, A is the gate area, ω is
the radial frequency, Gm, max is the maximum measured
conductance, Cox is the maximum capacitance located
in the accumulation regime, and Cm is the measured
capacitance at the peak of the conductance. The cal-
culated Dit values equal to 7 × 1011 eV–1 cm–2.

The same analysis (not shown here) was performed
for Al|5-nm HfO2|p-Ge structures, deposited at

250°C. Values of equivalent oxide thicknesses, permit-
tivity values as well as density of interfacial traps for
both tested structures are summarized in Table 2.

It is well known that when an electric field is
applied to a MOS structure, the leakage currents are
attributed to various conduction mechanisms, each
one exhibiting different electric field and/or tempera-
ture dependence [56]. Thus, the study of the conduc-
tion mechanisms, as well as the evaluation of the
energy barrier heights of Al|HfO2 and HfO2|p-Ge,

demand the analysis of J(V) measurements as a func-
tion of both temperature and applied bias voltage.

In order to identify the carrier transport mecha-
nisms through the structures, a second batch of sam-
ples, of 15 nm of HfO2 films, were prepared, following

the exactly same conditions, in order to reassure that
the grown films are thick enough to prevent tunneling
currents (bulk HfO2 film). Figure 6 depicts the J(V)
SEMICONDUCTORS  Vol. 54  No. 5  2020

Table 2. Dielectric constant, density of interfacial traps and E
structures

Structure Dit, 1012 eV–1 cm–2

Al|10-nm HfO2|p-Ge 0.7

Al|5-nm HfO2|p-Ge 2.0
measurements of Al|15-nm HfO2|p-Ge structures in

the temperature range between 163 to 393 K and
applied bias voltages from –1.5 to 1.5 V under both
substrate and gate electron injection. Note here that
positive applied voltages refer to plus (+) on the gate
Al electrode while negative applied voltages refer to
minus (–) on the gate Al electrode.

Although J(V) characteristics appear almost sym-
metrical for substrate (positive applied voltages) and
gate (negative applied voltages) electron injection, it is
clear that the leakage currents in the case of substrate
electron injection are affected more by the tempera-
ture. This is better understood if someone notice that,
in the measured temperature range, leakage currents
at +1.5 V increase by almost 2 orders of magnitude
while at –1.5 V by almost 1 order of magnitude.

In order to determine/identify the mechanism(s)
governing the observed behavior for both substrate and
gate electron injection, several conduction mecha-
nisms were tested in each voltage and temperature
region.

Figures 7a and 7b presents the lnJ vs. lnE diagram
in the low positive and low negative applied bias volt-
age region (V < 0.2 V) and temperatures from 253 to
393 K, respectively.
OT values for Al|10-nm HfO2|p-Ge and Al|5-nm HfO2|p-Ge

Dielectric constant k EOT, nm

20 2.0

16 1.3
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Fig. 6. J(V) characteristics of Al|15-nm HfO2|p-Si capacitor structures, under substrate and gate electron injection, in the tem-

perature range from 163 to 393 K.
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It is obvious that in the voltage and temperature

region, the current exhibits a linear voltage depen-

dence in the J(E) logarithmic-scale diagram (solid

lines) with a calculated slope of about ~1.0. This is a

strong indication that the prevailing conduction

mechanism is Ohmic described by Eq. (5):

(5)

where J is the current density, q is the electron charge,

μ is the electron mobility in insulator, Nc is the effec-

tive density of states in the conduction band, K is

−

= μ
act

,

E
kT

cJ qN Ee
Boltzmann constant, T is the absolute temperature,

and Eact is the electron activation energy [57].

In order to evaluate the Ohmic’s conduction acti-

vation energy (Eact), Arrhenius plots, as shown in the

insets of Figs. 7a and 7b, were performed, for positive

and negative applied bias voltages respectively. The

activation energy of the Ohmic conduction mecha-

nism is calculated, in both cases equal to 0.28 eV.

In order to identify the dominant conduction

mechanism, in the case of substrate electron injection

and for voltages higher than 0.5 V, ln(J/E) as a func-
SEMICONDUCTORS  Vol. 54  No. 5  2020
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Fig. 8. (a) lnJ/E vs. E1/2 characteristics for substrate electron injection at applied voltages higher than 0.38 V in the whole tem-
perature range. (b) Intercept B as a function of 1/T in the same temperature range.
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tion of E1/2 diagram was constructed (Fig. 8a), with
temperature as a parameter.

It is clear that for values of E1/2 higher than 5 ×

103 (V/m)1/2 (i.e. V > 0.38 V), a linear dependence of

ln(J/E) vs. E1/2 is present (solid lines). Therefore, the
prevailing conduction mechanism is Frenkel–Poole
(FN), which is mathematically expressed through
Eq. (6) [58]:

(6)

where J is the current density, q is the electronic
charge, Nc is the density of states in the conduction
band, μ is the mobility, E is the electric field, ϕt is the
trap energy level in HfO2 thin films, T is the absolute
temperature, k is the Boltzmann’s constant, ε0 is the
permittivity of free space, and ε is the dynamic electric
constant of HfO2.

The analysis of FP equation

(7)

reveals that the slope of the solid lines (Fig. 8a), at

each temperature, corresponds to  value,

while their intercepts (B) to ln(qNcμ) – qϕt/kT. Thus,

through the slope of the dependence of B as a function
of the inverse temperature (1/T), shown in Fig. 8b, the
evaluation of the trap energy level into HfO2 films (ϕt)

is possible. A value of ϕt = 0.36 eV is calculated.

According to the previous analysis, Fig. 9a depicts

the dependence ln(J/E) as a function of E1/2 with tem-
perature as a parameter, while Fig. 9b represents the
dependence of intercept B as a function of inversed
temperature, for the case of gate electron injection and
for applied bias voltages higher than –0.4 V.

− ϕ − πεε

= μ
0( / )

( ) ,

tq qE
kT

cJ qN Ee

ϕ πεε= μ − +
3

0/
ln ln( ) ,t

c
q qJ qN E

E kT kT

πεε3

0/q
kT
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Following the same analysis, the ϕt value is calcu-

lated equal to 0.36 eV, as expected.

Due to the fact that both Ohmic and Frenkel–
Poole conduction mechanisms belong to the general
category of the bulk conduction mechanisms, J(V)
measurements should be performed in a broader volt-
age and temperature range (V > 2.0 V and T > 393 K)
in order to get a view of the electrode limited Schottky
conduction mechanism, through which the evaluation
of energy barrier heights between HfO2|p-Ge and

Al|HfO2 can be evaluated.

In order to detect the region where the conduction
of the structure is governed by the Schottky mecha-
nism, J(V) measurements were performed in an
applied voltage region from –5.0 to +5.0 V and tem-
peratures higher than 430 K.

For the standard Schottky emission, expressed
through

(8)

where A* = (4πqm*K2/h3) = 120 × 104(m*/m0) A/cm2 K2,
J is the current density, A* is the effective Richardson
constant, T is the absolute temperature, q is the elec-
tronic charge, E is the electric field, K is the Boltz-
mann’s constant, ε0 is the permittivity of free space,
ε is the dynamic electric constant of HfO2, qϕB is the
Schottky barrier height, m* is the electron effective
mass in HfO2, h is Planck’s constant, and m*/m0 = 0.5
[22]. The dependence of ln(J/T2) as a function of the
square root of the electric field (E1/2), presented in
Figs. 10a and 10b, should be linear [56]. For both sub-
strate and gate electron injection cases, the experi-
mental data, in the temperature range from 453 to
533 K and values of electric field higher than
2.5 MV/cm (i.e., E1/2 = 16 × 103 (V/m)1/2 and V =
4.0 V) and 2.0 MV/cm (i.e., E1/2 = 14 × 103 (V/m)1/2

− ϕ − πεε

=
B 0( /4 )

2
* ,

q qE
kTJ A T E
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Fig. 9. (a) lnJ/E vs. E1/2 characteristics for gate electron injection for applied voltages higher than 0.4 V in the whole temperature
range. (b) Intercept B as a function of 1/T in the same temperature range.
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Fig. 10. lnJ/T 2 as a function of E1/2 for (a) substrate and (b) gate electron injection for temperatures higher than 453 K and
applied voltages higher than 4 and 3 V respectively for Al|15-nm HfO2|p-Ge structures.
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and V = 3.0 V, respectively, fit the Schottky emission
theory very well (solid lines).

Through the analysis of Schottky mechanism’s
equation,

(9)

It is clear that the intercept of the fitted lines corre-
sponds to C = lnA* – qϕB/kT.

The energy barrier heights ϕB at HfO2|p-Ge and

Al|HfO2 interfaces were calculated, through the inter-

cepts of fitted lines in Figs. 10a and 10b, equal to 1.7 ±
0.2 eV and 1.3 ± 0.1 eV, respectively.

The same Schottky analysis was performed in
structures exhibiting 10-nm thickness of HfO2. Fig-

ures 11a and 11b represent the dependence of ln(J/T2)
as a function of the square root of the electric field

πεεϕ= − +
3

0B

2

/4
ln ln * .

q EqJ A
kT kTT
(E1/2) in the temperature range from 373 to 513 K and

values of electric field higher than 1.0 MV/cm (i.e.,

E1/2 = 10 × 103 (V/m)1/2 and V = 1.0 V) for substrate

electron injection case and from 393 to 513 K and in

values of electric field higher than 2.0 MV/cm (i.e.,

E1/2 = 14 × 103 (V/m)1/2 and V = 3.0 V) for substrate

electron injection case, respectively. The energy bar-

rier heights at HfO2|p-Ge and Al|HfO2 interfaces were

calculated and values of 1.7 ± 0.2 eV and 1.3 ± 0.2 eV

were acquired, respectively. Thus, HfO2 structures of

15 and 10 nm present the same results as expected.

Combining the XPS and J(V) analysis results, pre-

sented above, the energy band diagram for Al|HfO2|p-Ge

structures is depicted in Fig. 12. Please note here that

the energy band diagram represents that of an ideal

MOS structure at zero bias voltage, which is a typical

way to present MOS energy band diagrams [59].
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Fig. 11. lnJ/T 2 as a function of E1/2 for (a) substrate and (b) gate electron injection for Al|10-nm HfO2|p-Ge structures.
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It is evident that the calculated, from the analysis of

XPS and J(V) experimental data, results of conduction

and valence band offsets are in very good agreement.

Specifically, taking into account the value of energy

band gap of HfO2 (Eg = 5.3 eV) [19, 47], the XPS eval-

uated conduction band offset is 1.8 ± 0.2 eV while the

one extracted from J(V) measurements is 1.7 ± 0.2 eV.

Additionally, the XPS evaluated valence band offset is

2.8 ± 0.2 eV while the one extracted from J(V) mea-

surements is 2.9 ± 0.2 eV. Finally, the energy barrier

height of Al|HfO2, evaluated through the J(V) analysis,

is found equal to 1.3 ± 0.2 eV, in excellent agreement

with literature values [22, 25].
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Fig. 12. Energy band diagram of Al|HfO2|p-Ge structures

through XPS and J(V) analysis. Bold black data corre-
spond to the XPS and J(V) evaluated values, respectively,

while the light ones are literature values.
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CONCLUSIONS

Atomic Layer Deposited high-permittivity HfO2

films with thicknesses varying between 3 and 15 nm
were grown onto pre-cleaned p-Ge substrates and
characterized structurally, chemically, and electrically
through TEM, XPS and C(V), G(V) as well as J(V)
electrical measurements. XPS analysis reveals the stoi-
chiometry of the ALD-grown HfO2 films. Addition-

ally, the conduction and valence band offsets of
HfO2|p-Ge were evaluated to be equal to 1.8 ± 0.2 eV

and 2.8 ± 0.2 eV, respectively. J(V) measurements, in
a wide applied voltage (–5.0 to +5.0 V) and tempera-
ture (163–533 K) ranges, reveal that for both substrate
and gate electron injection, the dominant conduction
mechanism at voltages lower than 0.2 V (V < 0.2 V) is
Ohmic with an activation energy 0.28 eV. At voltages
higher than 0.4 V, for both substrate and gate electron
injection the prevailing conduction mechanism is the
Frenkel–Poole, through which the trap energy level
into HfO2 films (ϕt) is calculated to be equal to 0.36 eV.

Schottky conduction mechanism is detected, as
expected, in the high-voltage and high-temperature
region. Specifically, for voltages higher than 3.0 V and
temperatures greater than 450 K, Schottky mechanism
is the prevailing one. Applying Schottky’s emission
model, the HfO2|p-Ge as well as Al|HfO2 energy bar-

rier heights were evaluated equal to 1.7 ± 0.2 eV and
1.3 ± 0.2 eV, respectively. The energy band diagram of
Al|HfO2|p-Ge structures is constructed, combining the

experimental results of both XPS and J(V) measure-
ments. The calculated values of conduction and
valence band offsets via XPS and J(V) measurements
are in very good agreement.
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