
Charge transport in amorphous Hf0.5Zr0.5O2
D. R. Islamov, T. V. Perevalov, V. A. Gritsenko, C. H. Cheng, and A. Chin 
 
Citation: Applied Physics Letters 106, 102906 (2015); doi: 10.1063/1.4914900 
View online: http://dx.doi.org/10.1063/1.4914900 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/106/10?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Resistive switching and synaptic properties of fully atomic layer deposition grown TiN/HfO2/TiN devices 
J. Appl. Phys. 117, 044901 (2015); 10.1063/1.4905792 
 
Leakage current through the poly-crystalline HfO2: Trap densities at grains and grain boundaries 
J. Appl. Phys. 114, 134503 (2013); 10.1063/1.4823854 
 
Evolution of phases and ferroelectric properties of thin Hf0.5Zr0.5O2 films according to the thickness and
annealing temperature 
Appl. Phys. Lett. 102, 242905 (2013); 10.1063/1.4811483 
 
Ferroelectric Zr0.5Hf0.5O2 thin films for nonvolatile memory applications 
Appl. Phys. Lett. 99, 112901 (2011); 10.1063/1.3636417 
 
Charge trapping defects in Si / SiO 2 / Hf ( 1 − x ) Si x O 2 film stacks characterized by spectroscopic second-
harmonic generation 
J. Vac. Sci. Technol. B 29, 04D101 (2011); 10.1116/1.3591433 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

212.164.209.245 On: Mon, 16 Mar 2015 04:12:33

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1895375072/x01/AIP-PT/COMSOL_APLArticleDL_031115/COMSOL_Banner_Server-App_1640x440.png/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=D.+R.+Islamov&option1=author
http://scitation.aip.org/search?value1=T.+V.+Perevalov&option1=author
http://scitation.aip.org/search?value1=V.+A.+Gritsenko&option1=author
http://scitation.aip.org/search?value1=C.+H.+Cheng&option1=author
http://scitation.aip.org/search?value1=A.+Chin&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4914900
http://scitation.aip.org/content/aip/journal/apl/106/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/117/4/10.1063/1.4905792?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/13/10.1063/1.4823854?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/102/24/10.1063/1.4811483?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/102/24/10.1063/1.4811483?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/11/10.1063/1.3636417?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/29/4/10.1116/1.3591433?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/29/4/10.1116/1.3591433?ver=pdfcov


Charge transport in amorphous Hf0.5Zr0.5O2

D. R. Islamov,1,2,a) T. V. Perevalov,1,2 V. A. Gritsenko,1,2,b) C. H. Cheng,3 and A. Chin4,c)

1Rzhanov Institute of Semiconductor Physics, Siberian Branch of Russian Academy of Sciences,
Novosibirsk 630090, Russian Federation
2Novosibirsk State University, Novosibirsk, 630090, Russian Federation
3Department of Mechatronic Engineering, National Taiwan Normal University, Taipei 106, Taiwan
4National Chiao Tung University, Hsinchu 300, Taiwan

(Received 10 January 2015; accepted 3 March 2015; published online 13 March 2015)

In this study, we demonstrated experimentally and theoretically that the charge transport

mechanism in amorphous Hf0.5Zr0.5O2 is phonon-assisted tunneling between traps like in HfO2 and

ZrO2. The thermal trap energy of 1.25 eV and optical trap energy of 2.5 eV in Hf0.5Zr0.5O2 were

determined based on comparison of experimental data on transport with different theories of charge

transfer in dielectrics. A hypothesis that oxygen vacancies are responsible for the charge transport

in Hf0.5Zr0.5O2 was discussed. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914900]

Knowledge about charge transport of high-j dielectrics

is very important for modern microelectronics. Previous

transport studies were based on binary compound like HfO2

and ZrO2.1–3 It was shown that charge transport mechanism

in HfO2 and ZrO2 is phonon-assisted tunneling between

traps.2,4 The charge transport mechanism of ternary high-j
solid solution Hf0.5Zr0.5O2 still remains unknown.

In this letter, we investigate the charge transport mecha-

nism in Hf0.5Zr0.5O2 by comparison of experimental data

with different theories of charge transfer in dielectrics.

Transport measurements were performed for structures

Si/Hf0.5Zr0.5O2/Ni. To fabricate these structures, we depos-

ited the 20-nm-thick Hf0.5Zr0.5O2 solid solution films on n-

and p-type Si (1 0 0) wafers by physical vapor deposition

(PVD). Pure HfO2 and ZrO2 targets were bombarded by

electron beams in high vacuum chamber, and HfxZryO were

deposited on the wafer forming Hf0.5Zr0.5O2 films. A Zr/Hf

ratio of ’1 was used. We did not apply any post-deposition

annealing to produce the most non-stoichiometric films. The

structural properties of grown high-j Hf0.5Zr0.5O2 dielectric

were examined by grazing incidence x-ray diffraction dif-

fractogram (GI-XRD). The structural analysis showed that

the resulting Hf0.5Zr0.5O2 films were amorphous. All samples

for transport measurements were equipped with round

50-nm-thick Ni gates with a radius of 70 lm. The measure-

ments were performed using a Hewlett Packard 4155B

semiconductor parameter analyzer and an Agilent E4980A

precision LCR meter.

Optical (dynamic) permittivity e1 of Hf0.5Zr0.5O2 was

calculated in the framework of density functional theory

using the ab initio simulation code QUANTUM ESPRESSO.5

Electronic structures and dielectric properties of monoclinic

Hf0.5Zr0.5O2 using 12-atom cell were simulated. The struc-

ture was obtained by replacement of a half hafnium atom to

zirconium in monoclinic primitive cell of HfO2 with follow-

ing relaxation. The similar approach was described earlier.6

Fig. 1(a) shows a set of experimental current-voltage

characteristics (I-V) of n-Si/Hf0.5Zr0.5O2/Ni structures meas-

ured at different temperatures T by characters in various

shapes and colors. Positive applied voltage corresponds to

positive bias on the Ni contact. The leakage current through

Hf0.5Zr0.5O2 grows exponentially with the increase in elec-

tric field (or applied voltage) and temperature in accumula-

tion mode (V> 0).

Experiment results were analyzed by using different

models of charge transport in dielectrics

I ¼ eSN2=3P; (1)

where I is the full current through the sample, e is the ele-

mentary charge, S¼ p(70 lm)2 is the contact square, N is the

bulk trap density, and P is the probability rate of charge

FIG. 1. Experimental (characters) and simulations (solid lines) current-

voltage characteristics in n-Si/Hf0.5Zr0.5O2/Ni structures at different tempera-

tures. (a) Frenkel model (2), (b) Hill model of overlapped traps (3), (c) multi-

phonon trap ionization (4), (d) phonon-assisted tunneling between traps (5).
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carrier transfer between traps, which depends on the trans-

port model. A mathematical model of well known Frenkel

law was introduced in 1938 for isolated trap ionization7

P ¼ � exp
W � bF

ffiffiffi
F
p

kT

� �
; bF ¼

e3

pe0e1
; (2)

where � is the frequency factor which was defined as � ’ W/h,

W is thermal ionization energy of the trap, h ¼ 2p�h is

the Planck constant, bF is Frenkel coefficient, F¼V/d is

the electric field, d is the dielectric film thickness, k is

the Boltzmann constant, e1 is dynamic permittivity of the

dielectric film, and e0 is vacuum permittivity (electric con-

stant). Results of simulations (1)þ (2) are shown in Fig. 1(a)

by solid lines. One can see that Frenkel model describes the

experiment data qualitatively very good. However, quantita-

tive fitting procedure returns underestimated fitting parame-

ter values: the slopes of the fitting lines with Frenkel

coefficient give the dynamic permittivity e1¼ 3.6 � 3.7,

which is lower than e1(HfO2)¼ 4.4,8 e1(ZrO2)¼ 5.6,9 and

calculated from the first principals e1(Hf0.5Zr0.5O2)¼ 4.8

� 5.2. Further fittings return N¼ 107 cm–3 and W¼ 0.8 eV.

Found values of the charge trap density N¼ 107 cm�3 at

��W/h ’ 2� 1014 s�1 correspond to mean distance between

traps s¼N�1=3 ’ 50 lm that is comparable to Ni gate size.

Taking all these facts into account, one can conclude that

there is no quantitative agreement between experiments and

Frenkel model, despite that Frenkel model describes the

experiment data qualitatively.

Simulating in terms of overlapped traps ionization (Hill

model),10

P ¼ � exp �W � e2=pe0e1s

kT

� �
2sinh

esF

2kT

� �
; (3)

is in good quantitative agreement with experiments as well

as Frenkel model (Fig. 1(b)). However, too low value of fre-

quency factor of �� 107 s�1 was obtained. All values of

obtained filling parameters are collected in Table I.

Results of simulations by the model of multiphonon trap

ionization11

P ¼
Xþ1

n¼�1
exp

nWph

2kT
�Wopt �Wt

Wph

coth
Wph

2kT

� �

� In
Wopt �Wtð Þ=Wph

sinh Wph=2kT
� �

 !
Pi Wt þ nWphð Þ;

Pi Wð Þ ¼ eF

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� �W
p exp � 4

3

ffiffiffiffiffiffiffiffi
2m�
p

�heF
W3=2

� �
; (4)

are shown in Fig. 1(c) by solid lines. Here, Wph is phonon

energy, Wopt is optical energy of the trap, Wt is thermal trap

energy, In are modified Bessel functions, m* is the effective

mass, and Pi(W) is probability of tunneling trough a triangle

barrier of W height. Calculated set of I-V-T curves is very

close to experimental data; obtained values of fitting parame-

ters include low trap density of N¼ 2� 1013 cm�3, which

corresponds to s¼ 370 nm. This mean distance between traps

is much greater than the film thickness of 20 nm (Table I).

Thus, it can be concluded that multiphonon trap ionization

does not adequately describe charge transfer in Hf0.5Zr0.5O2.

To get complete vision on the charge transport in

Hf0.5Zr0.5O2, experiment data were simulated based on

phonon-assisted tunneling between traps12

P ¼
ffiffiffiffiffiffi
2p
p

�hWt

m�s2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wopt �Wt

p exp �Wopt �Wt

2kT

� �

� exp � 2s
ffiffiffiffiffiffiffiffiffiffiffi
m�Wt

p

�h

� �
sinh

eFs

2kT

� �
: (5)

Results of this procedure are shown in Fig. 1(d). The experi-

ment data were described quantitatively and qualitatively

with the following values of fitting parameters (Table I):

N¼ 3� 1019 cm�3, Wt¼ 1.25 eV, Wopt¼ 2.5 eV, and m*/me

¼ 0.23 (me is a free electron mass). Fig. 2 shows the configu-

ration diagram of a negatively charged electron trap. A verti-

cal transition with a value of 2.5 eV corresponds to the

optical trap excitation; transitions of 1.25 eV correspond to

thermal trap energy.

The same measurements and simulations were per-

formed for p-Si/Hf0.5Zr0.5O2/Ni structures. Results are repre-

sented in Fig. 3. One can see that all the models describe

experimental curves qualitatively. Calculated values of fit-

ting parameters are summarized in Table I. Models of iso-

lated (2) and overlapped (3) charged traps can describe

TABLE I. Summary table of the values of the fitting parameters obtained from the simulation I-V characteristics for n- and p-Si/ZrO2/Ni structures in different

models: (F) Frenkel model (2), (Hill) Hill model (Poole law) (3), (MPTI) multiphonon trap ionization (4), (PAT) phonon-assisted tunneling between traps (5).

The last column represent ranges of expected (reasonable) values (from calculation or literature), if any.

Model N (cm�3) s W (eV) Wt (eV) Wopt (eV) � (s�1) (approx.) e1 m*/me

F 1� 107 50 lm 0.8 … … 1014 3.6 � 3.7 …

Hill 3� 1019 3.2 nm 0.9 � 1.0 … … 106 � 107 5 …

MPTI 2� 1013 370 nm … 0.8 1.6 … … 0.17

PAT 3� 1019 3.2 nm … 1.25 2.5 … … 0.23

Exp. �1018 � 1021 1 � 10 nm �1 �1 �1 � 3 �1014 � 1015 4.8 � 5.2 …

FIG. 2. Configuration coordination energy diagram of trap ionization pro-

cess on negative charged trap in Hf0.5Zr0.5O2. Lower term is filled ground

state, upper term is excited empty state.

102906-2 Islamov et al. Appl. Phys. Lett. 106, 102906 (2015)
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experiments with inadequate parameters like for n-Si-based

samples. Multiphonon ionization of neutral trap (4) has good

agreement with experiments at N¼ 2� 1013 cm�3, which is

equal than one got for n-Si/Hf0.5Zr0.5O2/Ni structure by the

same transport model. At the same time, calculated curves in

terms of phonon-assisted tunneling between traps (5) are

close to experimental data with the same parameter values as

that obtained for n-Si/Hf0.5Zr0.5O2/Ni samples.

Phonon-assisted tunneling between traps adequately

describes charge transport in Hf0.5Zr0.5O2 films on n-Si and

p-Si substrates. Taking these into account, we conclude that

the model of phonon-assisted tunneling between traps

describe charge transport in Hf0.5Zr0.5O2 films. Energy pa-

rameters of traps, such as the thermal trap energy of 1.25 eV

and the optical trap energy of 2.5 eV, are similar to that in bi-

nary oxides HfO2,2,13 and ZrO2.14

Capacitance-voltage (C-V) measurements (Fig. 4) show

that the increase in voltage amplitude leads to shift of the hys-

teresis to negative voltages. This phenomenon might be caused

by holes trapping on Hf0.5Zr0.5O2 interfaces or in the bulk of

the dielectric. C-V shift allows us to valuate the density of

the filled hole traps as nb
h � 3� 1018 cm�3 in the bulk or

ns
h � 6� 1012 cm�2 on the surface states. It is not possible to

separate percentage of the charge on the surface, and in the

bulk, unusual C-V behavior of reducing, the maximum

capacity with an increase in the voltage amplitude indicates

that the surface charge is significant. However, it should be

noted that the number of filled bulk traps nb
h � 3� 1018 cm�3

is much lower than total trap density of N¼ 3� 1019 cm�3.

The possible explanation of this difference is the Coulomb

repulsion of the charged particles with forming of Wigner-

glass-like structures15 in the bulk of Hf0.5Zr0.5O2.

It was shown that oxygen vacancies are responsible for

charge transport via HfO2 and ZrO2.2,13,14 Thus, one can

expect that oxygen vacancies are responsible for charge

transport in Hf0.5Zr0.5O2 too. To confirm this hypothesis,

experiments on photoluminescence and quantum-chemical

simulations are required.

Recently, it was reported that orthorhombic crystalline

phase of high-j Hf0.5Zr0.5O2 thin films can be ferroelectrics,

being perspective material for application to ferroelectric

random access memory (FeRAM).16–18 Despite that FeRAM

has many advantages, retention characteristics of FeRAM

devices much to be desired because of the depolarization

effect.19 A possible reason of the depolarization effect is

charge leakage via traps of the dielectric. To confirm or

refute this hypothesis, transport properties of Hf0.5Zr0.5O2 in

amorphous and ferroelectric phases must be compared.

To summarize, we examined the transport mechanisms

of amorphous solid solution Hf0.5Zr0.5O2. It was demon-

strated that all charge transport models such as Frenkel

model, Hill model, multiphonon trap ionization, and phonon-

assisted tunneling between traps describe experiment data

formally, qualitatively, while only phonon-assisted tunneling

between traps describes the charge transport in Hf0.5Zr0.5O2

quantitatively. Comparing experimental current-voltage

characteristics with results of simulations revealed energy

parameters of the charge traps in Hf0.5Zr0.5O2: the thermal

trap energy of 1.25 eV and the optical trap energy of 2.5 eV

that are equal to that for HfO2 and ZrO2.
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