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The dominating conduction mechanisms through TiN/Zr1�xAlxO2/TiN capacitors have been

investigated over a wide temperature range (25 K to 430 K) in order to obtain information about

the traps which cause the current transport. Single positive charged oxygen vacancies are the

principal transport sites which participate in all mechanisms observed. However, the conduction

mostly defined by intrinsic traps could also be strongly influenced by defects originating from

undesirable high-k/metal gate interface reactions which could act as real traps or as transport sites.
VC 2011 American Institute of Physics. [doi:10.1063/1.3565056]

The large amount of traps in high-k materials defines the

substantial difference to SiO2 with regard to the dominating

current conduction mechanism(s). In high-k materials, the

conduction mechanisms are usually trap-related and the dom-

ination of a certain mechanism depends on many parameters:

trap parameters; stack parameters; measurement conditions.

Such a variety of parameters influencing the conduction pro-

cess results in a wide diversity of mechanisms observed. The

thorough investigation of conduction mechanisms could give

valuable information on the trap parameters as well as on

structural alterations in the layers. A better understanding of

the trap participation in the conduction could be obtained by

measurements at very low temperatures, as in this case, tem-

perature activated conduction processes are suppressed.

Hence, only temperature independent processes may operate.

As trapping is slightly temperature dependent while detrap-

ping is a strongly temperature stimulated process,1–3 it is

expected that at very low temperatures detrapping does not

occur, hence the influence on the leakage current of trapping

with respect to detrapping will be maximized.

In this work, implications of traps on conduction mecha-

nisms in TiN/Zr1�xAlxO2/TiN metal-insulator-metal (MIM)

capacitors are investigated by performing I-V measurements

in a wide temperature range of 25 K to 430 K. Al-doped ZrO2

(Zr1�xAlxO2) layers were grown on a bottom electrode of 10

nm thick TiN by atomic layer deposition (ALD) at a tempera-

ture of 275 �C by using TEMAZ (Zr[N(CH3)C2H5]4) and

TMA (Al[CH3]3) as metal precursors, and ozone as oxidant.

The Al content was about 10 at. % and the thickness tox was

10 nm. 10 nm TiN as top electrode was chemically vapor

deposited at about 450 �C followed by a tungsten contact.

The J-V curves are almost temperature independent in

the range 25–175 K [Fig. 1(a)]. To minimize the displace-

ment current, the voltage was changed stepwise with long

enough delay time. The measurements at two polarities were

performed on different capacitors to eliminate any instability

and polarization effects which may arise from the alternate

change of polarity. Despite the structural symmetry of the

MIM capacitors, there is a polarity asymmetry at 25 K while

at 300 K symmetrical curves have been obtained [inset

Fig. 1(a)]. As discussed previously,4,5 a TiOx-like interfacial

layer is formed at the high-k/bottom electrode interface due

to an interaction between TiN and O3. The asymmetry is

assigned to electron trapping at this interface which modifies

the electric field and shifts the curves to higher voltages for

positive polarity. With increasing temperature above 175 K,

part of the trapped electrons are released which results in an

increase of the current. At 300 K and positive gate bias, the

two mechanisms - the current decrease due to trapping and

the increase due to detrapping - are almost in equilibrium,

hence do not affect the J-V curve, which coincides with the

curve measured at negative bias. With a further increase of

temperature, detrapping should be stimulated and the current

for positive polarity should become larger, which is indeed

observed [inset Fig. 1(b)]. A possible difference in barrier

heights at the two interfaces due to existence of a thin TiOx

layer at the high-k/bottom electrode interface could also be a

reason for the asymmetry.6 However, this is more unlikely as

a difference in barrier heights should not depend on tempera-

ture, hence similar asymmetry should be obtained at all tem-

peratures. Therefore, the polarity asymmetry of the curves

resulted from the trapping/detrapping at the high-k/bottom

electrode interface and the shift DVG of about 0.4–0.5 V

between the two J-V curves at 25 K corresponds to a trapped

charge density Not of about 8� 1012 cm�2 (Not¼CDVG).

As the curves are temperature independent up to 175 K,

Fowler-Nordheim (FN) tunneling (J¼AE2exp(�B/E /b
3/2) is

suggested to govern the conduction in this temperature range

and a barrier height of 1.3 eV for negative polarity is obtained

(assuming an effective electron mass m* in ZrO2 of 0.25m0,7

m0 is the free electron mass). For positive polarity, a similar

value (1.4 eV) is calculated (in this case, the electric field is

corrected with the field created by the trapped charge, i.e., the

field at the bottom electrode is E¼ (VG�DVG)/tox). But,a)Electronic mail: paskaleva@issp.bas.bg.
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estimation of the barrier height from structural point of

view gives significantly larger values. This estimation is

performed by taking an electron affinity of ZrO2 of 2.5 eV

(Ref. 8) and TiN work function of 4.7 eV into account, which

ideally gives a value of 2.2 eV for the barrier height. How-

ever, charge transfer across interfaces is a well-recognized

phenomenon, which results in a formation of dipoles modify-

ing this barrier. Hence, it is assumed that the barrier height is

slightly lower (e.g., 1.7 to 2.0 eV). The difference to the value

obtained from J-V measurements make us conclude that the

conduction is governed rather by a field-assisted tunneling

(FAT)9 than FN tunneling. In the FAT process, the electrons

tunnel from the electrode to the traps, and then from traps to

the conduction band (CB) of the dielectric. The second stage

of this process is similar to FN tunneling, hence it is repre-

sented by the same equation as FN, where the barrier height

/b is replaced by the energy location /t of traps.9,10 There-

fore, at very low temperatures, the conduction process is sym-

metric (i.e., FAT through 1.3 eV bulk traps) for both

polarities and the asymmetry of J-V curves is due to trapped

electrons at the high-k/bottom TiN interface. The 1.3 eV trap

level is consistent with the first ionization level VO
þ of oxy-

gen vacancies in ZrO2, whose energy position has been theo-

retically calculated at 1.2–1.4 eV (Ref. 11).

Next, the J-V curves measured at higher temperatures

[Fig. 1(b)] will be considered. At low fields and for both

polarities (VG< |61.5| V), the current density increases only

slightly with applied voltage and temperature. The activation

energy Ea of the conduction process, is about 0.25–0.3 eV for

both polarities without any clear dependence on the applied

voltage. There is an apparent polarity asymmetry at higher

voltages which is better revealed in an Arrhenius plot of the

current (Fig. 2). At negative polarity [Fig. 2(a)], two different

processes govern the current. The first one dominates in the

range 300–373 K and shows relatively weak temperature de-

pendence. The activation energy Ea for this process is found

to be about 0.2–0.25 eV. Note that these values are very simi-

lar to the activation energy found at low fields i.e., the two

processes have the same activation energy, but substantially

different field dependence. With increasing the temperature

above 373 K, significantly larger values of the activation

energy have been obtained and a systematic decrease of Ea

from 0.77 eV to 0.62 eV is observed [Fig. 2(a)]. This fact

strongly suggests the domination of Poole-Frenkel conduction

at these measurement conditions. From an Ea versus V1/2 plot,

the energy location of the traps /t(0 V) is found to be 1.3 eV

(i.e., the same traps which mediate the FAT).

The following mechanisms for the current conduction for

negative polarity (Fig. 3) are suggested. The dominating

mechanism at very low temperatures is FAT through 1.3 eV

bulk traps [Fig. 3(a)], which can be assigned to VO
þ in (Al-

doped) ZrO2. At low fields and T > 300 K the current density

increases only slightly and is due to trap assisted tunneling

FIG. 1. (Color online) J-V curves of TiN/Zr1�xAlxO2/TiN capacitors meas-

ured (a) from 25 to 300 K, and (b) from 300 to 430 K. The insets compare

the J-V curves at both top electrode polarities and different temperatures.

FIG. 2. (Color online) Arrhenius plot of current density at (a) negative, and

(b) positive top electrode polarity.
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(TAT) [Fig. 3(b)]. In the TAT process, the electrons tunnel

from the electrode to the trap and then to the other electrode,

without entering the conduction band of the dielectric. As the

layer is relatively thick, the probability for this process is not

very high, which explains the low leakage current. We suggest

that the traps participating in TAT are the same ones which

participate in FAT and PF mechanisms. With increasing tem-

perature, the first stage of the process is stimulated due to ther-

mal excitation of the tunneling electrons (T-TAT) and the

activation energy of this process is about 0.25 eV. The

increase of voltage above 2 V changes the barrier for the tun-

neling electrons from being trapezoidal to triangular shaped

(i.e., this is in a good agreement with the suggested (Al-doped)

ZrO2/TiN barrier height of 2 eV, Fig. 3(c)) which results in a

change of the field dependence of the current. In other words,

at about �2 V, a change from TAT to FAT occurs. The weak

temperature dependence in the range 175–373 K is again

related to the thermal excitation of electrons at the first stage

of the tunneling process (T-FAT) [Fig. 3(c)], hence the same

activation energy is obtained. With the increase of temperature

above 373 K, the probability for the thermal excitation from

the traps to the CB of dielectric increases and the PF process

becomes the dominant mechanism [Fig. 3(d)] which explains

the stronger temperature dependence.

The conduction for positive polarity is substantially dif-

ferent and at VG> 2 V and T� 300 K only one temperature

activated process operates [Fig. 2(b)]. The activation energy

is also field dependent implying the domination of PF con-

duction and the energy location of traps /t(0 V) is found to

be about 0.85 eV below the CB of the dielectric. Therefore,

the transport at very low temperatures is dominated by traps

at 1.3 eV, whereas at higher temperatures different traps

govern the current for the two polarities. A feasible expla-

nation is that the 0.85 eV level is related to defects result-

ing from the reactions at the high-k/bottom TiN. At very

low temperatures, these defects act as traps, while at high

fields and high temperatures they serve as transport sites

due to temperature stimulated detrapping.

In summary, the results reveal the existence of a trap

level at about 1.3 eV below the CB of Zr1�xAlxO2 which fully

controls the transport of electrons at negative polarity and

gives rise to several conduction mechanisms that dominate at

different conditions. According to theoretical calculations, this

trap level is due to single positively charged oxygen vacancies

in ZrO2. The interfacial layer formed by undesirable high-k/

metal gate reactions is a location of increased trapping which

leads to asymmetrical electrical behavior and impacts substan-

tially the conduction process defined by the intrinsic traps.
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FIG. 3. (Color online) Schematic repre-

sentation of the dominating conduction

mechanisms at different measurements

conditions: (a) VG> |�2| V, T¼ 25�
175 K; (b) VG< |�2| V, T¼ 300–433 K;

(c) VG> |�2| V, T¼ 175–373 K; (d)

VG> |�2| V, T> 373 K.
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