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1.  Introduction

The discovery of a ferroelectric phase in HfxZr1−xO2 (HZO) 
thin films published by Böscke et al [1] has opened a unique 
prospect for integration in commercial memory devices. The 
material’s ferroelectric properties, compatibility with silicon 
and CMOS technology as well as its high dielectric constant 
has made thin film HZO a promising candidate in the field 
of ferroelectric random-access memory (FeRAM), Resistive 
RAM (ReRAM) [2, 3] and artificial neural networks [4–7]. 
Polarization retention, switching durability, as well as the 
predictability and reproducibility of electrical characteristics 
are especially crucial for integrated systems. Consequently, a 
large amount of research is being conducted to understand and 
bring ferroelectric devices to a competitive level with existing 
technology.

While traditional ferroelectric bulk materials like barium 
titanate (BaTiO3) or lead zirconate titanate (PZT) [8] lose their 
ferroelectricity in thin film form, HZO requires a nanometer 
scale film thickness to form its ferroelectric phase [9, 10]. This 
enables the creation of ferroelectric tunnel junctions (FTJs). 
FTJs have been identified as one of the most promising candi-
dates to challenge DRAM. They have a simple structure, con-
sisting of two electrodes separated by a nanoscale ferroelectric 
layer. This layer represents a potential barrier that restricts the 
transport of charge carriers to tunneling. Using two different 
electrode materials, a polarization dependent asymmetry in 
the barrier potential is generated. This causes a modulation 
of the tunneling probability upon polarization reversal, cre-
ating a low resistance state (LRS) and a high resistance state 
(HRS) for the two polarization directions. This phenomenon 
is known as Tunneling Electroresistance (TER). The first fully 
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CMOS-integrable FTJ, built from a TiN/HZO/Pt heterostruc-
ture, was reported by Ambriz-Vargas et al [11]. These device 
uses ferroelectric HZO as the potential barrier and TiN as a 
bottom electrode. The latter is also an oxygen diffusion barrier 
between silicon and HZO, that requires moderate deposition 
temperature and provides good electrical conductivity [12].

For HZO insulator thicknesses below 4 nm, operating volt
ages below 1 V and moderate temperatures, the dominant con-
duction mechanism can be described by the direct tunneling 
(DT) model [8, 13]. Higher voltages require the Fowler–
Nordheim Tunneling description, while at higher thick-
nesses, the temperature driven thermionic emission prevails 
[14, 15]. Readout is accomplished by probing the resistivity 
state at sub-coercive voltages. The tunneling current can be 
described by the Wentzel–Kramers–Brillouin (WKB) approx
imation, which describes the tunneling probability though a 
trapezoidal potential barrier, neglecting screening effects in 
the electrodes. The WKB formula provides a thickness and 
voltage dependent analytical approximation of the tunneling 
currents. According to this approximation, the tunneling cur
rent exponentially rises with decreasing thickness. To switch 
the polarization, a coercive electric field making up a sig-
nificant fraction of the breakdown voltage is required. This 
implies the risk of inducing defects that deteriorate device 
performance. Thus, thickness variations in the thin film on an 
atomistic scale pose a significant risk of locally exceeding the 
breakdown field.

Deposition dependent as well as growth mode induced 
topological fluctuations on the bottom electrode and the fer-
roelectric, as well as the polycrystalline nature of HZO neces-
sarily yield a statistical distribution of oxide thickness and the 
corresponding potential barrier width, leading to large vari-
ations in the tunneling currents over the surface. Due to the 
exponential dependence of tunneling with respect to the bar-
rier thickness, a thickness reduction by a single unit cell (from 
3 nm to 2.5 nm) induces an increase in the conductivity by 3 
orders of magnitude for the investigated device. Therefore, 
a quantitative statistical description of electrical parameters 
dependence on thickness fluctuations is critical to the device 
performance. In this work, we provide a simple model that 
allows us to quantify the effects of thickness changes in a TiN/
HZO/Pt heterostructure such as the one described in [11]. We 
focus on the TER induced by the modulation of the respective 
barrier heights. For metallic electrodes, screening effects that 
modulate the barrier width are considered small due to the 
high electron density in the conduction band.

2.  Methods

The derivations employ the WKB approximation as a basis 
to quantify the effects of inhomogeneities in the ferroelectric 
layer. We describe a three-layer TiN/HZO/Pt structure with 
a 3 nm ferroelectric layer that is operated within the limits 
of the trapezoidal WKB model, which we separate into ana-
lytical small and large voltage approximations. These equa-
tions allow the derivation of a closed form expression for the 
distribution of current densities, given an arbitrary distribution 
of tunneling barrier thicknesses.

Numerical consistency checks, evaluations and plots were 
performed using the numerical computing language Julia 
[16]. The analytic formulations were checked using the sym-
bolic algebra library SymPy [17].

The ferroelectric phase in HZO deposited by atomic layer 
deposition or sputtering processes has been attributed to the 
film’s polycrystalline grain structure [10]. While HZO films 
much thicker than 10 nm are mostly composed of the non-
ferroelectric cubic and tetragonal structures, smaller thick-
nesses increasingly favor the formation of the ferroelectric 
orthorhombic phase.

A polycrystalline film with a thickness in a range of 2 nm 
to 4nm inherently induces significant relative thickness fluc-
tuations in the ferroelectric layer. Imperfections in the surface 
homogeneity of the base electrode may exacerbate this effect. 
Magnetron-sputtered TiN/HZO/Pt heterostructure with an 
HZO thickness of 2.8 nm exhibit an rms surface roughness of 
0.2 nm on the TiN bottom electrode, and 0.1 nm on the thereon 
deposited HZO [11]. This results in thickness variations in the 
HZO film. To understand the impact of this inhomogeneity, 
we developed a model that describes the tunneling current 
behavior in HZO based FTJs using the WKB approximation.

The WKB approximation across a trapezoidal barrier 
quantifies the current density J as a function of barrier thick-
ness d and voltage U. The analytical expression [8, 18, 19] can 
be written as

J(d) =
C
d2 eDd × sinh(Ed),� (1)

with the parameters C, D, E

C =
4eme

9π2�3

1

α2[p2 − p1]
2� (1a)

D = α
[

p3
2 − p3

1
]

� (1b)

E =
3
4

e |Uα [p2 − p1]|� (1c)

where α, p1, p2 are given by

α =
−4

√
2me

3�
[

p2
2 − p2

1

] ,� (1d)

and

p1�2 =
»
φ1�2 ± e U/2.� (1e)

In this equation, φ1 and φ2 are the trapezoidal interface poten-
tial barriers (see figure 1), me the electron mass, and U  and d  
are the operating voltage and thickness, respectively.

Using φ1,2 as shown in table 1, and equation (1), the J–V 
curves in the HRS and LRS were reconstructed for a 3 nm 
HZO film, as illustrated in figure  3 (gray curves). The J–V 
curve follows a large exponential slope that tapers off into a 
shallower linear exponential. At higher voltages, the current 
density increases exponentially with the voltage. To represent 
these two regions, the approximations sinh(Ed) ≈ Ed  and 
sinh(Ed) ≈ 1

2 eEd  were used, which approximate the regions 
for U  smaller and larger than log(2)/E, respectively. The 
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current density of equation (1) is split into the two following 
equations:

Js(d) ≈
C E

d
eDd for U < log(2)/E,� (2a)

Jl(d) ≈
C

2d2 e(D+E)d for U > log(2)/E.� (2b)

3.  Results

A comparison between the WKB model equation (1) and the 
approximations (2a) and (2b) is shown in figure 3 (gray line 
with green and red approximations, respectively). The calcul
ations and figures  are shown exemplary for a ferroelectric 
film thickness of 3 nm. Limiting factors for the thickness are 
prohibitively high resistivity for larger thicknesses for accept-
able readout speed, and electrical instability/breakdown for 
smaller thicknesses. A good agreement is obtained in each 
region, showing that for a barrier width of d = 3 nm, the 
WKB formula is accurately described by the approximations, 
as long as each approximation is used within its threshold of 
U = log(2)/E (blue vertical lines). These approximations can 
be exploited to calculate the current density distribution in a 
closed form in the next section.

Using these approximations, the exponential dependency 
of the current density on both barrier width and operating cur
rents can be calculated for the LRS and HRS, respectively. 
For both LRS and HRS, the current density increases expo-
nentially when decreasing the HZO thickness. Also, the cur
rent density increases exponentially with the voltage above 
a certain threshold, consistent with the curves shown in 

figure 3. [20] The ratio between the two is critical for distin-
guishing the two resistive states and is known as the tunneling 
electroresistance (TER) ratio. It can be defined as the ratio of 
current densities

TER =
jLRS

jHRS
.� (3)

The TER ratio grows with voltage and barrier width. A plot 
of the LRS, HRS and TER over voltage and material thick-
ness is shown in figures 2(a)–(c). Higher currents are benefi-
cial for a fast readout of the resistivity state, which is assisted 
by lower thicknesses. In addition, the voltage is limited by 
the breakdown threshold of the device. Therefore, the TER 
ratio can be optimized by adjusting the HZO thickness while 
remaining below the device breakdown voltage, neglecting 
the effect of roughness induced field enhancement [21]. In the 
equations (1)–(3), variations of the HZO thickness are not yet 
taken into consideration.

To account for these effects, we model the FTJ device as 
a series of parallel resistors with resistances dependent on the 
local film thickness (see figure 4). Since the total resistance is 
predominantly defined by the smallest parallel resistance, the 
distribution of thicknesses is crucial parameter.

The effect of varying local film thicknesses, and therefore 
the film surface roughness, on the current density is thus cru-
cial in understanding the total device conductance. Since the 
current density J is a monotone function with respect to d , 
its probability distribution pdfJ( j) for a distribution of thick-
nesses pdfd (d) can be expressed as [22]

pdfJ( j) = pdfd
(
J−1( j)

) ∣∣∣∣
dJ−1( j)

dj

∣∣∣∣ ,� (4)

Figure 1.  Modulation of potential barrier for the low resistance 
state (LRS), where the polarization is in the direction of the TiN 
interface (red), and the high resistance state (HRS), where the 
polarization is oriented towards of the Pt interface (blue).

Table 1.  Potential barriers φ1,2 at TiN and Pt interfaces for HRS 
and LRS polarization states according to Ambriz-Vargas et al [11].

Material TiN Hf0.5Zr0.5O2 Pt

Property φ1(eV) Polarization φ2(eV)
HRS 2.75 Towards Pt 2.20
LRS 1.86 Towards TiN 2.36

Figure 2.  Semi-logarithmic plots of the effect of the voltage and 
the HZO thickness on the (a) LRS current density, (b) HRS current 
density, and (c) linear plot of the TER ratio of LRS and HRS current 
densities. Tunneling currents are calculated from equation (1). Over 
varying thickness and voltages. Increasing voltage and thickness 
improves the TER.
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where J−1( j) is the inverse of function J(d). Using the closed 
form invertibility of equations  (2a) and (2b), this yields the 
generic distributions

pdfJs( j) = pdfd

Å−WJs

D

ã
×

∣∣∣∣
WJs

jD(WJs + 1)

∣∣∣∣� (5a)

pdfJl( j) = pdfd

Å−2WJl

D + E

ã
×
∣∣∣∣

WJl

j(D + E)(WJl + 1)

∣∣∣∣� (5b)

with WJs = W
Ä
−CDE

j

ä
 and WJl = W

(
−
√

2C(D+E)
4
√

j

)
, where W  

is the principal branch Lambert W function [23]. Assuming a 
normal thickness probability distribution pdfd

pdfd (d) =
1√

2πσ2
exp

Ç
− (d − d0)

2

2σ2

å
� (6)

for small deviations σ around the mean thickness d0, the cur
rent density distribution is calculated from equations  (5a) 
and (5b). Both are shown in figures 5(a) and (b) at voltages 
according to their applicable scope. For σ = 5 pm, the current 
density probability can be described as a narrow Gaussian cen-
tered at ∼170 A m−2. This shows that for such small thickness 
variations, most of the grain composing the HZO film will 
depict a tunneling current of ∼170 A m−2. When σ increases 
to 10 pm , the current density probability peak decreases by 
half and becomes broader. As the thickness deviation further 
increases, the curve becomes broader and the maximum sig-
nificantly decreases, while shifting to lower current densities. 
Contrary to the visual shift, the mean conductivity increases 
in this process, since the distributions increasingly stretch to 
higher current densities, as shown in the inset on the right-
hand side of figure 5(b).

The mean current density through a distribution of parallel 
grains can be extracted from figure  5 according to the first 
moments

j̄ =
ˆ ∞

0
jpdfJ( j)dj.� (7)

The results of jLRS and jHRS for both LRS and HRS are illus-
trated in figure  6(a) over the thickness standard deviation 
σ. It shows that the current densities increase exponentially 
with thickness standard deviation σ. The thickness of the FTJ 
thus needs to be homogeneous to permit reproducible con-
ductivities. This requirement occurs as the grains function as 
a parallel resistor network. As a result, the resistance of the 
network is defined by that of the smallest parallel resistors.

Due to a non-epitaxial film growth of HZO on the bottom 
electrode, and a crystal structure with a typical lateral grain 

Figure 3.  J–V behavior in the HRS (dashed line) and the LRS 
(full line) according to the WKB approximation (gray), as well as 
with the small (green) and large voltage approximations (red) for 
an ideally homogeneous insulator with a thickness of 3 nm. The 
transition point between the small and large voltage approximation 
(log(2)/E) is indicated for each curve by the blue line.

Figure 4.  HZO conductivity model. The local film thickness 
results in a local current density at voltage U. (a) Representation 
of roughness as a distribution of thicknesses. (b) Parallel resistor 
model yielding the current density distribution for a fixed voltage.

Figure 5.  Probability density functions of the current density 
distribution pdfJ  for a mean thickness d0  =  3 nm and standard 
deviations between σ  =  5 pm to 170 pm for (a) U   =  100 mV and 
(b) U  =  1 V in the LRS. Although the peak probability moves 
to lower current densities with increasing σ, the probability 
distribution increasingly stretches to high current densities as shown 
in the magnified inset.
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size with a size comparable to the film thickness [20, 24, 
25], ferroelectric HZO intrinsically exhibits structural thick-
ness variations between the electrode interfaces. As shown 
in the previous section, this can greatly affect the electrical 
performance of the device. Another aspect of this analysis is 
the increased probability of electrical breakdowns. Literature 
specifications of breakdown voltages in hafnium and zirco-
nium oxide thin films vary between 7 MV cm−1 and 20 MV 
cm−1 [26–29], whereby typical coercive fields require at least 
1 MV cm−1 to 2.5 MV cm−1 [30, 31]. At this point, higher 
fields allow increased switching speeds and help switching 
pinned domains. Switching a 3 nm device by application of 
2 V could however already exceed the electric breakdown 
threshold. Going by these numbers, just approaching the 
coercive field could already reach 13% to 36% of the break-
down field. Defects in the HZO narrowing the barrier can thus 
increase the likelihood of an electrical breakdown as observed 
in [32].

Besides the decay of the TER ratio, FTJs are typically 
operated at voltages within a significant percentage of their 
electrical breakdown threshold. For an individual site of 
random thickness, the cumulative probability of failure over 
the thickness is

psite =

ˆ U
Ecrit

0
pdfd (d) dd =

ˆ E
Ecrit

0
pdfd (σn) dσn

� (8)
where Ecrit is the critical field strength, E = U/d0 the mean 
field strength, and σn = σ/d0 the relative thickness standard 
deviation. Thus, the accumulated breakdown probability pN  
for a device with N  sites is

pN = 1 − (1 − psite)
N .� (9)

This relation is detailed in figure 7, showing linear equipoten-
tial lines between field E  and standard deviation σ.

We find an increasing chance of breakdown with increasing 
the operating voltage and decreasing the mean thickness, as 

well as with the device area and the surface roughness. When 
operating a device with 7% thickness standard deviation at 
60% of the critical voltage, 10 out of a million devices will 
surpass the critical value.

4.  Discussion

We investigate the stability of FTJ devices in a TiN/HZO/
Pt heterostructure, deriving an analytical formula to allow 
quantification of the impact of surface roughness on the LRS 
and HRS resistivity states based on the WKB tunneling model.

Deposition dependent as well as growth mode induced 
topological fluctuations on the bottom electrode and the fer-
roelectric, as well as the polycrystalline nature of HZO neces-
sarily yield perturbations in the ferroelectric film thickness. 
Due to the exponential dependence of tunneling with respect 
to the barrier thickness, a thickness reduction by a single unit 
cell (from 3 nm to 2.5 nm) induces an increase in the conduc-
tivity by 3 orders of magnitude for the investigated device. 
Therefore, a quantitative statistical description of the elec-
trical parameters due to thickness fluctuations is critical to 
understand device performance. Our model allows the quanti
fication of the effects of thickness changes in a TiN/HZO/Pt 
heterostructure [11], including its effects on the TER ratio. It 
is important to note that the model is limited to metallic elec-
trodes with negligible screening effects.

5.  Conclusion

In summary, we derive a straightforward analytical estima-
tion of the impact of surface roughness on the LRS and HRS 
state resistivities of ferroelectric tunnel junctions based on the 
WKB tunneling model. This is exemplified for a TiN/HZO/
Pt heterostructure. An exponential increase of conductivity 
and increased probability of electrical breakdown is quantita-
tively predicted. We calculate a degradation of the TER ratio 
with increasing surface inhomogeneities, which is key to reli-
able information recovery. The high sensitivity of tunneling 

Figure 6.  (a) Mean current density of LRS state and HRS state for 
three voltages at a thickness of d0  =  3 nm. (b) Mean TER ratio over 
standard deviation. The ratio is stable for small deviations and drops 
quickly above when σ exceeds  ≈0.1 nm. The TER ratio follows 
a Gaussian-shaped decay of resistive switching with increasing 
thickness variations. It can be seen that the thickness inhomogeneity 
has a significant impact on the TER ratio. This decay results from 
the fact that the smallest resistances determine the TER, which in 
return exhibits the lowest TER ratio (figure 2(c)).

Figure 7.  Probability of an electrical breakdown in a device pN , 
assuming N = 106 statistically independent sites with independent 
lattice thicknesses. The x-axis measures the mean electric field 
relative to the critical field E/Ecrit while the y -axis is the relative 
standard deviation of the thickness σ/d0. The plot corresponds to a 
3 µm  ×  3 µm device with an average 3 nm in-plane grain diameter, 
assuming one statistically independent height per grain.

J. Phys.: Condens. Matter 32 (2020) 185302
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currents with respect to the thickness makes this effect critical 
when investigating device stability. It also means that most 
of the current will be transferred through a tiny fraction of 
the ferroelectric domain. Large statistical deviations between 
individual FTJs must be taken into consideration when 
planning individual device parameters and global circuitry. 
Effects due to band structure [33] and field enhancement [21] 
are neglected at this stage for the sake of clarity but will be 
included in future studies.
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