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ABSTRACT

Charge mediated magnetoelectric coupling mechanism in artificial multiferroics

originates from interfacial charge modulation or ionic movement at a magnetic/

dielectric interface. Despite the existence of several dielectric/ferroelectric sys-

tems that can be used in charge mediated artificial multiferroic systems, pro-

ducing suitable systems with fast time responses still remains a challenge. Here

we characterize the frequency response of stoichiometric and non-stoichiometric

(low strain) Si3N4 thin film membranes, which can potentially be used as the

dielectric layer in magnetoelectric devices, to determine the impact of depletion

layers, charge traps and defect mobility on the high frequency (up to 100 MHz)

interfacial charge modulation via screening. We find that the dielectric/mag-

netoelectric properties are largely dominated by extrinsic doping due to point

defects. In particular, we find that non-stoichiometric Si3N4 has a dielectric

behaviour that is dominated by charge traps and/or mobile ions. However,

stoichiometric Si3N4 membranes show a reversible response to the applied bias

electric field consistent with a doped semiconductor behaviour; at high fre-

quencies, the intrinsic dielectric behaviour is reached, indicating that it may be

suitable for high frequency magnetoelectric device applications. Our results

show that minimising the impact of defects on the dielectric properties of

magnetoelectric heterostructures is an important prerequisite for obtaining a

high frequency magnetoelectric response.
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Introduction

Artificial multiferroic materials, consisting of ferro-

magnetic and ferroelectric materials engineered to

have a magnetoelectric coupling at the inter-

face [1–4], are a promising alternative for energy

efficient magnetic storage devices with simplified

wiring architectures, ultrasensitive sensors, and tun-

able microwave devices [5–7]. Three types of mag-

netoelectric coupling have been devised, either

relying on strain [8, 9], magnetic exchange

bias [10, 11], or charge [12–14] to couple the magnetic

and ferroelectric order parameters. Of these coupling

mechanisms, charge mediated coupling is arguably

more suitable for high frequency applications, since

the time scale is limited by electron hoping, which is

intrinsically faster than the processes associated with

strain wave propagation and spin dynamics [4].

Alternatively to ferroelectric materials, dielectrics can

be used to induce charge mediated magnetoelectric

coupling in artificial magnetoelectric systems [15–24].

In the simplest picture, charge mediated coupling

arises from charge carrier modulation at the ferro-

magnetic interface, which in turn modifies the Fermi

level (orbital occupancy), leading to a change in the

magnetic properties. Besides electronic charge mod-

ulation, ion transport across the interface can also

lead to a charge-mediated magnetoelectric coupling

by modifying the properties of the interfacing ferro-

magnetic component [23–28]. However, such ionic

transport type of coupling is not suitable for high

frequency applications since ion transport occurs

through mass diffusion and is relatively slow, with

attempt frequencies of the order of 109 s�1 and acti-

vation energies on the order of 0.5 eV [29–31]. Hence,

for high frequency applications of multiferroic devi-

ces, it is important to establish the origin of the

magnetoelectric coupling mechanism, namely, whe-

ther it arises from electronic or ionic screening, and to

identify suitable dielectric, ferroelectric and ferro-

magnetic components [4]. Ionic conductivity is

intrinsic to ionic conductors but in many systems it

may arise as an extrinsic contribution associated to

point defects in the material (always present since

they lower the free energy of the system or because of

impurities introduced during the crystal

growth) [32]. Double ionised oxygen vacancies, for

example, are very common in oxide ferroelectrics and

dielectrics; they are characterized by high mobilities

at high temperatures and, in thin films, can be mobile

under large electric fields [26] and strongly affect the

magnetoelectric coupling in oxide magnetoelectric

heterostructures.

Crystal defects can modify also the permittivity,

transport properties, thermal diffusion rates, trap-

ping and recombination rates of electron and holes of

dielectrics [33, 34]. In ferroelectric oxide materials,

which have typically modest energy band gaps, the

density of extrinsic charge carriers may be significant

to induce accumulation or depletion layers at the

interface [32] and stabilise ferroelectric order at

ultrathin thicknesses by screening the depolarising

field associated with the ferroelectric polarisa-

tion [35]. In addition, the presence of interfacial states

between the conduction and valence bands can act as

charge traps and pin the Fermi level, hindering the

creation of an electric field at the interface [36].

Charge traps have been reported to be present at the

interface between a dielectric/semiconductor or

dielectric/metal and can also be induced by oxygen

vacancies [37–39]. In our previous work, we sug-

gested that Si3N4 membranes can be a suitable di-

electric for high frequency characterization of charge

mediated magnetoelectric coupling; however, the

fabricated Si3N4 gated multiferroic devices showed

the presence of charge traps [40], and possible ionic

transport which negatively impacted the magneto-

electric coupling [15, 41]. Those results led us to

study in more detail the impedance response and the

role of charge traps, defects, and ionic transport in

Si3N4 membranes [42]. We find that both stoichio-

metric and non-stoichiometric (low strain) Si3N4 can

be described in terms of a series of interface and bulk

contributions to the dielectric response. We confirm

the presence of a high density of charge traps or

interfacial states in commonly used low stress non-

stoichiometric Si3N4 membranes that is manifest in a

hysteric behaviour of the complex impedance as a

function of the applied bias voltage. For stoichio-

metric Si3N4, however, a lower impact of charge traps

is found, showing that it may be more suitable for

high frequency magnetoelectric applications.

Sample fabrication and characterization

The Si3N4 films used consist of commercial 200 nm

thick Si3N4 membranes with window area of 500 �
500 lm2 grown by chemical vapour deposition. The
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low stress non-stoichiometric Si3N4 membranes,

grown on high resistive Si substrate (104–105 Xcm),

were purchased from Silson Ltd and stoichiometric

Si3N4 membranes grown on low resistance Si sub-

strate (10–100 Xcm) were purchased from Norcada

Inc. The Si3N4 membranes were first cleaned by

acetone and IPA, followed by cleaning with a piranha

solution at 90 �C for about 2–3 min and finally

cleaned with demineralized water; this process cleans

the surface from organic and other residues. As

illustrated in Fig. 1a, inset, top electrical contacts

consisting of 100 nm thick Cu are first deposited

outside the membrane area followed by the deposi-

tion of a ferromagnetic trilayer Pt/Co/Pt covering

most of the Si3N4 surface intended for magnetoelec-

tric characterization as reported in Ref. [15]. Direct

deposition of Co on Si3N4 results in a slight oxidation

of the Co layer, making it non-magnetic, which is

avoided by depositing a 1 nm Pt on the Si3N4 surface

before Co deposition [15]. For the bottom electrode, a

50 nm Cu film is deposited on the membrane from

the back.

To characterize the dielectric response, we carried

out complex impedance spectroscopy measurements

using an LCR impedance metre (BK Precision model

895) in the frequency range from 20 Hz to 1 MHz. We

calibrate the LCR instrument using a ceramic capac-

itor with a capacitance of 6.4 pF and a load resistance

of 50 X, with the calibration components mounted on

a sample holder with waveguides and positioned

approximately on the same position on the sample

holder where the fabricated devices are fixed. The

instrument is calibrated with the reference devices

along with a short circuit and an open circuit (infinite

resistance) before each measurement to increase the

measurement accuracy. The complex impedance is

measured with an applied ac voltage of 5 mV

amplitude; before each data acquisition we wait for

about 30 s for the instrument to stabilise and acquire

5–10 data sets to obtain a standard deviation in the

measurement and a better signal to noise ratio. The

LCR impedance metre features a ±5 V DC bias

source, which was used for the voltage bias mea-

surements. For the latter, the DC current limit was set

to 100 lA to prevent damaging the capacitive struc-

tures. Higher frequency measurements were carried

out using a vector network analyser (HP8753C) by

measuring the reflected power ratio to the sample

(S11 parameter), which can be readily related to the

load impedance (for a simple termination of the rf

line with an impedance ZL,

S11 ¼ ðZL � Z0Þ=ðZL þ Z0Þ, where Z0 is the charac-

teristic impedance of the rf line, here 50 X) [43]. The
top contact of the fabricated devices are wire-bonded

to the sample holder while the bottom electrode is

connected to the ground using silver paint. We lim-

ited the frequency range to 1–100 MHz due to the

presence of parasitic inductances that start to domi-

nate the signal at higher frequencies.

Results and discussion

The interpretation of complex impedance spec-

troscopy data is not unique and requires some

understanding of the system under study and of the

particular physical mechanisms responsible for

charge polarisation. Two common approaches

describe the frequency response in terms of an

effective complex dielectric constant, where different

contributions to the latter are assigned to different

charge polarisation contributions in the system (free

charges, traps at grain boundaries, Maxwell–Wagner

relaxation, etc.) [44] or in terms of physically separate

(non-uniform) contributions to the dielectric

response, such as arising from interfaces and the bulk

of the film [45–47]. In the latter approach, which we

follow here, the dielectric constant is assumed uni-

form across the film, while different charge relaxation

processes occur that modify the intrinsic dielectric

response, including asymmetric charge distributions

imposed by contact with the metal electrodes and the

presence of an extrinsic charge carrier density intro-

duced by point or extended defects. In this approach,

the system is modelled in terms of a capacitor

structure formed by a series of three parallel resistor

(Rk)-capacitor (Ck) (k ¼ 1; 2; 3) components ascribed

to the two interfaces and the bulk of the film:

Z ¼
X3

k¼1

Rk
1

1þ ðf=fkÞ2
� i

f=fk

1þ ðf=fkÞ2

 !
ð1Þ

where f is the excitation frequency and

fk ¼ 1=ð2pRkCk); the equivalent circuit is shown in

Fig. 1b, inset. In terms of the dielectric response, each

term describes a Debye relaxation process associated

with different charge polarisation sources [48]. Fig-

ure 1 shows the real and imaginary components of

the impedance, Z ¼ Z0 � iZ00, as a function of
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frequency. The real part of the impedance is associ-

ated with power losses, while the imaginary com-

ponent corresponds to reactive coupling. The data

show that for stoichiometric Si3N4, the real part

dominates at low frequencies, indicating the presence

of a significant ohmic conduction, while for non-sto-

ichiometric Si3N4, the imaginary component domi-

nates at low frequencies, as expected for a capacitor

structure (although the fact that the real part of the

impedance still increases with decreasing frequency

implies the presence of an ohmic component at the

DC limit). The continuous lines shown in Fig. 1 are

simultaneous least-square nonlinear fits to the real

and imaginary components of the impedance

expression given above and to the electric modulus,

M ¼ ixCvac
0 Z, where x ¼ 2pf is the angular frequency

and Cvac
0 ¼ �0l2=t is the vacuum capacitance of the

system (�0 is the permittivity of vacuum, l is the

length of the square plate capacitor, and t is the total

film thickness), used to provide more weight to the

high frequency data range (a contact or lead resis-

tance Rc and, at very high frequencies, a possible

parasitic inductance term, ixL, were included); the

best fit parameters are given in Table 1. As can be

seen, the above expression models the impedance

data relatively well, although variations in the

parameters of up to 20% can still describe the

experimental data. Characteristic of the values

obtained are high values for C1 and C2, associated

with low frequency relaxation processes, and low

values for C3, comparable to the expected capaci-

tance, that dominates at high frequencies.

A convenient way of analysing impedance data

consisting in plotting Z00 as a function of Z0 (Nyquist

plots), where the poles in (1) appear as semi-circles

about the real axis when separated by more than one

decade in frequency, permitting a visual identifica-

tion of the characteristic relaxation times and impe-

dances, as shown in Fig. 2a. For stoichiometric Si3N4,

the closed arc corresponds to the low frequency

contributions from the two interfaces, where the

crossing with the real axis gives the static resistivity;

for non-stoichiometric Si3N4, the plot is dominated by

a steep imaginary component at low frequencies,

showcasing its good insulating properties. The lines

are the previous fits to the data, showing that

although they can represent the data well, they also

leave some details out, as might be expected for such

a simple modelling of the data. A better visualisation

of the high frequency range is given by the electric

modulus, plotted in Fig. 2b; for the stoichiometric

Si3N4 one sees again the arc from the low frequency

poles, but also part of the arc corresponding to the

high frequency pole (which bends back to lower real

M values due to a parasitic inductance in the circuit

of about 25 nH); for non-stoichiometric Si3N4, one

finds a clear separation of the three poles, with the

high frequency one (at larger M values) only partially

represented. The Nyquist and electric modulus con-

firm that we can describe the dielectric system in

terms of a series of interface and bulk contributions to

the dielectric response.

Taking as a starting point the validity of the RC-

series model and assuming a homogeneous dielectric
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Figure 1 Complex impedance response (Z ¼ Z0 � iZ00) of a

stoichiometric Si3N4 and b non-stoichiometric Si3N4; lines are fits

to the data. The red and blue symbols/line show the real and

imaginary components of the complex impedance, respectively.

Inset in a shows a schematic of the top and cross-section view of

the fabricated Si3N4 membranes showing, respectively, the two

metal contacts on either side of the membrane and the top and

bottom contacts; inset in b shows the model circuit used to analyse

the data.
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constant across the film thickness such that the larger

capacitance values reflect depletion/accumulation

layers at the metal/dielectric interfaces, the total

capacitance of the capacitor series, Ct ¼ 1=ð
P

k 1=CkÞ
should correspond approximately to the capacitance

of the system given by the parallel-plate capacitance,

C0 ¼ �rC
vac
0 , where �r ¼ 7:8 is the relative dielectric

constant of Si3N4 [49], while the thickness associated

with each series capacitor is given by tk ¼ tCt=Ck,

from which we estimate the resistivity qk associated

with each Rk. These values are provided in Table 2,

which we use to identify the interfacial contributions

from the bulk of the film. The total capacitance Ct for

non-stoichiometric Si3N4 is close to the expected

value (0.086 nF) and the two large capacitances C1

and C2 can be associated with narrow depletion lay-

ers at the interfaces with the metal contacts (in

agreement with the large interfacial resistivity val-

ues). The discrepancy for Ct in the case of stoichio-

metric Si3N4 could be related to the presence of the

low resistivity Si frame, which may add a series

capacitance to the system. In all cases, the relatively

low resistivities ascribed to the bulk of the film

indicate the presence of a high density of charge

carriers, likely associated with point defects in the

films (intrinsic bulk Si3N4 being a good insulator with

a band gap of 5.1 eV) [50]. At high frequencies, the

dielectric response reaches the intrinsic regime of

Si3N4, indicating that Si3N4 can be used as a gate

dielectric in magnetoelectric devices for high fre-

quency applications.

To better understand the nature of the dielectric

behaviour and charge transport in the samples

(including ionic conductivity), we carried out mea-

surements of the complex impedance as a function of

applied bias voltage, which is a standard approach to

determining changes in the electronic band structure

in semiconductor heterostructures including the

presence of charge traps and depletion lay-

ers [36, 51–54]. For these measurements, the bias

voltage varied over two complete periods of a slow

sinusoidal oscillation with a frequency in the range

from 0.2 to 3 mHz. Figure 3 shows the impedance

characteristics normalised to the value at 0 V as a

function of the bias voltage at selected excitation

frequencies in the range from 100 Hz to 1 MHz.

The behaviour for the stoichiometric Si3N4 film,

shown in Fig. 3a, displays a largely reversible varia-

tion of both the real and imaginary parts of the

impedance as a function of the applied bias voltage

and also a strong variation with the excitation fre-

quency. The variation is also seen to be strongly

asymmetric below 10 kHz, which supports the con-

clusion that such low frequency relaxation processes

are linked with the asymmetric metal/Si3N4 inter-

faces. In fact, by calculating the equivalent capaci-

tance and resistance of a parallel RC circuit, one finds

that the response is dominated by large variations in

the equivalent resistance, particularly at low fre-

quencies, where it drops abruptly for both signs of

the applied bias voltage, indicating that large changes

in the charge carrier density occur, likely to screen the

static applied electric field. At frequencies above 100

kHz, the imaginary part is dominated by 1=C3 and is

found to show a more symmetric change with the

bias voltage. These results further illustrate that the

Table 1 Fit parameters to the

impedance data for the

different samples (l is the

lateral size of the square

capacitor area; for the

stoichiometric Si3N4, this is

taken as the area of the top

Dielectric l C1 R1 C2 R2 C3 R3 Rc

(lm) (nF) (MX) (nF) (kX) (nF) (kX) (X)

Si3N4-s 3000 1.1 0.15 3.7 254 0.53 0.014 3.6

Si3N4-ns 500 2.0 137 0.28 18 0.06 0.66 73

Table 2 Estimates of the

expected capacitance

C0 ¼ �r�0l2=t, the total series

capacitance (Ct), the thickness

tk ¼ tCt=Ck, and resistivity

(qk) associated with each

equivalent capacitor and

resistive element, respectively

Dielectric C0 Ct t1 t2 t3 q1 q2 q3
(nF) (nF) (nm) (nm) (nm) (MXcm) (kXcm) (Xcm)

Si3N4-s 3.11 0.32 59 17 123 0.23 1313 10

Si3N4-ns 0.086 0.050 5 36 159 69 1.3 10
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system is far from a perfect dielectric and behaves in

fact more closely to a strongly doped semiconducting

system. For non-stoichiometric Si3N4, a strikingly

different behaviour is observed, as shown in Fig. 3b.

The relative changes in the impedance are more

modest and, most significantly, one observes large

hysteresis in the impedance response. At low fre-

quencies, below 100 Hz, the real part of the impe-

dance displays strong fluctuations of up to 100%,

suggesting that the excitation frequency is below the

time activation threshold for charge hopping under

the excitation amplitude of 100 mV used for these

measurements. The very long time constant associ-

ated with such abrupt changes in the resistivity

suggests that it may be linked to low mobility char-

ges, such as ions, possibly oxygen/nitrogen ions or

vacancies in the Si3N4 membrane present as a result

of the manufacturing procedure to reduce the stress

in the membrane [55, 56]. Such slow contributions to

the dielectric response die out at 1 kHz and the

complex impedance reaches a steady state equilib-

rium. At higher frequencies, one sees that the first

quarter cycle branches out from the hysteresis curve

till it reaches the maximum voltage value. Hysteresis

in voltage bias measurements can originate from

interface or bulk charge traps in the sys-

tem [52, 53, 57–60]. To follow the evolution of the

hysteresis with the excitation frequency, we show in
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Fig. 4 a log-log plot of the integrated charge versus

excitation frequency for various settings of the mea-

surement integration time (13, 90, and 370 ms/read-

ing for fast, medium and slow, respectively); one

finds that for excitation frequencies above 1 kHz, the

charge hysteresis follows a power law 1=f0:75, which

resembles a 1/f type of noise. These results show that

previous electric field effects in Pt/Co/Pt/Si3N4

multiferroic heterostructures, where irreversible or

random changes in domain configuration or coer-

civity of the Pt/Co/Pt with the applied electric field

were observed, were a consequence of the strong

charge relaxation processes in the Si3N4 film resulting

from a large density of defects [15].

Conclusions

We have characterized intrinsic charge properties of

stoichiometric and non-stochiometric Si3N4 mem-

branes to show that in both cases we can describe the

dielectric system in terms of a series of interface and

bulk contributions to the dielectric response. We

confirm the presence of a high density of charge traps

or interfacial states in commonly used low stress non-

stoichiometric Si3N4 membranes that is manifest in a

hysteric behaviour of the complex impedance as a

function of the applied bias voltage. For

stoichiometric Si3N4, however, a lower impact of

charge traps is found, showing that it may be more

suitable for high frequency magnetoelectric

applications.
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