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ABSTRACT

In this work, a comprehensive characterization of metal-insulator-semiconductor structures by impedance spectroscopy is
demonstrated for the case of electrically insulating, highly c-axis oriented, 600 nm sputter-deposited AIN films on n-Si sub-
strates with Al top electrodes. Direct visual analysis and equivalent circuit fitting of the dielectric data were performed. For the
latter procedure, the circuit model consisted of three series resistor-capacitor connection elements for the three dielectric con-
tributions detected. The three contributions were identified as the AIN film, n-Si substrate, and an interface barrier effect.
Several essential device parameters were determined separately, by visual or equivalent circuit fitting analysis, such as the
dielectric permittivity of the AIN layer, the temperature dependence of the AIN permittivity, and the resistances of the AIN layer,
the n-Si substrate, and the interface contribution. Furthermore, DC bias dependent impedance measurements allowed the iden-

tification of a Schottky-type interface barrier.

Published under license by AIP Publishing. https: / /doi.org/10.1063 /1.5050181

I. INTRODUCTION

Metal-insulator-semiconductor (MIS) structures are
important electronic components that have wide application in
the semiconductor industry in coplanar transmission lines,"”
diodes,”" and field-effect transistors.”” Most commonly, insu-
lating layers are deposited on semiconducting substrates and
metal electrodes are deposited onto the device surface. For
the insulating layer, a large variety of different materials can be
used ranging from metal oxides like SiO,,” HfO,,” AlOs,” and
CaCusTisOp, "' to AIN (bandgap Eg,p~6.2€V)" and BN (Eg,p ~
5.0eV).”” The semiconducting substrate is usually pure or
doped Si, whereas the metal component is chosen to be com-
patible with the insulating layer, i.e., here in this case, Al for
AIN. The key component in a MIS structure is the insulating
layer, and thus large research efforts have been made to fabri-
cate insulating layers with minimum leakage,"""” and optimized
thermal® and chemical properties that are compatible with
the substrate.”” AIN may be a promising candidate due to its
large bandgap, good insulating behavior, a thermal expansion
coefficient that is comparable to Si, compatibility with standard

CMOS processes, thermal conductivity, and excellent chemical
stability.“™"® Furthermore, AIN thin films show interesting pie-
zoelectric performance, which makes them suitable candidates
for application as actuators.”””*" AIN has also been discussed in
the context of micro-machined resonators for viscosity and
density sensing of liquids,”** surface acoustic wave applica-
tions,”*** and blue light emitting diodes.”®

In this study, the method of impedance spectroscopy has
been applied to MIS structures of the composition Al/AIN/
n-Si. Impedance spectroscopy is a well-established technique
that allows separating different dielectric contributions from
different sample areas to the overall dielectric response of
functional devices.””"*? In particular, the resistance and capac-
itance, or the specific parameters of resistivity and dielectric
permittivity, can be extracted separately for different device
areas. Therefore, this technique may be ideally suited to
analyze MIS structures consisting of electronically different
areas. Nevertheless, to the best of the authors’ knowledge,
impedance spectroscopy has only been applied qualitatively to
MIS structures,”**" but never in a quantitative way with the
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aim to extract the separated MIS device parameters. This may
in fact be quite surprising since impedance spectroscopy is a
well-established technique for the deconvolution and separate
analysis of electronically different contributions, and MIS struc-
tures are well researched electronic components. However, this
lack is probably debited to the fact that the extraction of the
resistance and capacitance from the different areas in a MIS
structure is a non-trivial task when working only with experi-
mental dielectric data. Here, in this work, it is shown for the
first time that a combination of direct visual analysis of the fre-
quency dependent impedance spectroscopy data and equiva-
lent circuit analysis by fitting the data to the adequate model is
indeed a viable way to extract all relevant MIS device parame-
ters separately.

For the case of an Al/AIN /n-Si MIS structure, it is found
that the impedance spectra contain contributions from the
highly c-axis oriented 600 nm AIN layer, the n-Si substrate,
and an interface barrier effect, where the resistivity and the
dielectric permittivity could be determined separately for
each contribution. Generally, a high resistivity or low leakage
is desired in the insulating layer of a MIS structure, which can
be achieved by optimum thin film deposition conditions,
avoiding the formation of structural defects, pin-holes, impu-
rities, or other irregularities. It is shown here that the reliable
detection of the separated AIN layer resistivity is possible by
alternating current (AC) impedance spectroscopy, whereas
direct current (DC) measurements would be dominated by
the highly insulating interface barrier resistance that can be
resolved only at high temperature (T). Furthermore, for piezo-
electric and transistor applications, a low T-dependence of the
AIN dielectric permittivity is desired, which can be detected
unambiguously and independently from other dielectric con-
tributions by impedance spectroscopy.

Il. IMPEDANCE SPECTROSCOPY

Alternating current (AC) impedance spectroscopy experi-
ments consist of an electric stimulus in terms of a time
(t)-dependent alternating voltage signal U of variable angular
frequency o and fixed amplitude U, applied to the sample: U
(o, t) = Ug cos(m t). Effectively, the amplitude Iy and phase shift §
of the alternating current response I are measured over a
wide frequency range: I (o, t) = cos(e t — ). The impedance
response from one specific area in a solid sample can be
represented by an equivalent circuit element consisting of a
parallel resistor-capacitor connection (RC element).**** This RC
element model can be understood intuitively: The application of
a voltage stimulus to a solid sample leads to two instant and
concurrent responses of the sample, i.e., dielectric polarization
of localized charges and charge transport of mobile charge car-
riers. Considering the example of an RC element representing
an insulating material, the capacitor describes the polarizability
of the material and its ability to store charge, and the parallel
resistor describes the sample’s resistance that arises from the
charge transport of mobile charge carriers that bypass or
“escape” the ideal charge storage element.

ARTICLE scitation.org/journalljap

A MIS structure is expected to contain several electroni-
cally very distinct contributions, where each may be repre-
sented by one RC element. The simplest overall equivalent
circuit describing the macroscopic impedance response would
be made up of a series connection of the corresponding RC
elements, if the impedance is measured in a parallel-plate
electrode configuration with all MIS contributions connected
in series.

It is demonstrated here that a combination of two differ-
ent ways of analyzing the frequency dependent dielectric data
from Al/AIN /n-Si MIS structures allows extraction of the most
important dielectric MIS device parameters: (i) the AIN permit-
tivity, (ii) the T-dependence of the AIN permittivity, (iii) the
insulating resistivity of the AIN layer, (iv) the resistance of the
insulating interface, and (v) the resistance of the semiconduct-
ing n-Si substrate: (A) Direct visual analysis of the data leads to
the highest precision for determining the AIN permittivity and
its T-dependence, whereas (B) fitting the data to an equivalent
circuit model consisting of three series RC elements leads to
precise AIN, n-Si, and interface resistance values over certain
T-ranges where a valid fit can be obtained. In the case pre-
sented here, it turned out that equivalent circuit fitting is pref-
erential for obtaining resistance values due to lower fitting
errors and the wider T-ranges covered as compared to direct
visual analysis of the data, e.g., by estimating the size of imped-
ance arcs. Furthermore, direct current (DC) bias dependent
impedance spectroscopy measurements allowed identifying a
Schottky type interface barrier.

This impedance analysis employed here may generally be
viable to comprehensively characterize MIS structures in terms
of the relevant device dielectric parameters, which in turn
allows a detailed assessment of the functionality and potential
application performance of the respective MIS structure devices.

In order to account for the non-ideality of dielectric con-
tributions using equivalent circuit fitting, the ideal capacitors
in each RC element may be replaced or complemented by
constant-phase elements (CPEs), sometimes also denoted as
Q-elements, leading to R-CPE and R-CPE-C,*** or RQ and
RQC elements. It is interesting to note that R-CPE elements
are in fact compatible with Jonscher’s universal response
law.”®*" The complex impedances Z* of ideal RC, non-ideal
R-CPE, and R-CPE-C elements are, respectively, given by

R

* R
-~ . ZR-CPRj=— .
) =TT ere 2 R-CPE =1 e

1 + ()" RC' + iwRC’

Z"(RC

Z'(R—-CPE-C) =

i=+/—1, R and C correspond to the resistance and capaci-
tance of ideal resistors and capacitors, n (<1) is a critical expo-
nent indicating the non-ideality of the respective dielectric
contribution (in the ideal case, n=1), and C’' is a specific
capacitance for a CPE. The definitions and the physical
meaning of CPE-containing circuit components are explained
in more detail in Sec. I of the supplementary material.
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FIG. 1. Schematic sketch of the parallel plate electrode configuration for AC
impedance spectroscopy measurements on an AI/AIN/n-Si MIS structure.

In equivalent circuit fitting procedures on real dielectric
data, it is often required to change the RC element for one spe-
cific dielectric contribution from RC to R-CPE and to R-CPE-C
elements at different T, depending on the distribution of relaxa-
tion times t that may change with T or, more importantly,
depending on how much of a dielectric contribution is in fact
visible in the data over the f-range available at the respective
temperature. In semiconducting or insulating materials, a
dielectric contribution can often be fitted with an ideal RC or
almost ideal R-CPE element (n = close to 1) at low T (high resis-
tances), where the resistance may have to be set to infinity. By
increasing T, the resistance may become accessible at some
point, the CPE exponent may decrease considerably below 1,
and at even higher T a switch to an R-CPE-C element can
sometimes be necessary. By further increasing T, the respective
dielectric contributions may again move out of the available
f-range, and the same consecutive changes to the equivalent
circuit may be necessary but in the reverse order (R-CPE-C,
R-CPE, RC). In Sec. II of the supplementary material, the differ-
ent equivalent circuit models applied here at different T-ranges
are presented and discussed, and in Sec. IV all fitted parame-
ters extracted from the equivalent circuit fits are summarized.

It should be noted at this point that the well-known
Debye model may not be adequate to extract the relevant
dielectric parameters for MIS structures as is argued in Sec.
III of the supplementary material.

In order to obtain the specific parameters of resistivity
and dielectric permittivity, the resistance and capacitance
values extracted from the fits were normalized by the geo-
metrical factor g. The AIN film thickness was used as the elec-
trode distance d and the area A of the Al top-electrodes as
the current cross section and g is then given by g=A/d. The
measurement setup is depicted in Fig. 1.

. EXPERIMENTAL

The deposition of highly c-axis oriented 600 nm thick
granular AIN layers onto (100) n-type Si wafers by DC

ARTICLE scitation.org/journalljap

sputtering has been described in previous publications.'®""**

For AC impedance spectroscopy measurements, Al top elec-
trodes (Imm diameter) were deposited onto the AIN surfaces.
Furthermore, the backsides of the 525um thick n-Si substrates
were fully covered with Al, as depicted in Fig. 1, to perform
out-of-plane impedance measurements along the film normal
axis in a parallel-plate capacitor configuration.”’™*' Impedance
spectroscopy measurements were carried out at variable tem-
perature (T) between 180K and 570 K (—93 °C-297°C) using a
Novocontrol Alpha-A High Performance Frequency Analyzer
equipped with a liquid nitrogen cooled sample chamber. A 100
mV amplitude alternating voltage signal of various frequencies
(f) between 10 mHz and 10 MHz was employed. At T =560K,
several f-dependent impedance spectra were measured with
different DC bias voltages (0, 1, 2, 3, 5, 7.5, 10, 15, 20 V), which
were superimposed over the 100 mV AC amplitude using the
standard routine available from the Novocontrol equipment.

Impedance data were obtained at each T in terms of
the real and imaginary parts (Z', Z") of the complex imped-
ance Z*=Z7'+iZ". The data were converted into the notations
of complex dielectric permittivity e* =&’ —ie” and conductivity
o*=0' —io” using the standard conversion: Z*=(inCoe*)™ =
(6*)!, where C, is the capacitance of the empty measure-
ment cell. Equivalent circuit fitting of the impedance data
was performed by employing the commercial Z-View® fitting
software, where the equivalent circuit model was fitted to
both the real and imaginary parts of the f-dependent imped-
ance data by minimizing the statistically weighted linear
least-squares. f-dependent data were collected at steady-
state conditions at various fixed T, where T was allowed to
settle for several minutes before measuring an impedance
spectrum. The values extracted from the equivalent circuit
fits were plotted versus T in various notations, but only the
values were considered that were extracted from fits with
sufficiently low fitting errors (<5%). Data structuring, analy-
sis, and visualization including the experimental and fitted
curves was carried out using the custom built software
(Visual Basic) that was developed within the Impedance
Spectroscopy Consulting (ISC) consortium.

IV. RESULTS AND DISCUSSION
A. Dielectric permittivity versus f

The f-dependent impedance spectroscopy data collected
at various T from the Al/AIN/n-Si MIS structure are shown
comprehensively in the format of the real part of the dielec-
tric permittivity & vs f in Fig. 2. Most data points fall onto one
plateau of a value of & ~10.5, which is in reasonable agree-
ment with the dielectric permittivity of AIN reported
previously.****

Therefore, the dielectric contribution associated with
this plateau in &' vs f can be associated with the AIN layer. In
the adapted equivalent circuit model, the AIN was repre-
sented by an RI-CPEl at low T, and at higher T by an
R1-CPEI-C1 element to obtain optimum fits (see Sec. II of the
supplementary material). Note that the experimental data
were normalized to the AIN layer thickness and top-electrode
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area, whereas the & values below 1 for the n-Si contribution
at high f are unphysical and result from the unknown geome-
try of the n-Si contribution.

At higher T and low f, an interface related contribution
appears, whereas at lower T and high f, an additional dielec-
tric contribution originating from the semiconducting n-Si
substrates can be observed. The assignments of the total of
three dielectric contributions to the AIN film, the n-Si sub-
strate, and to an interface barrier will all be justified in more
detail throughout this manuscript by considering the
extracted resistivity and permittivity values and their trends
with T and the applied DC bias. The n-Si contribution was
represented in the adapted equivalent circuit model by an
R2-C2 or R2-CPE2 element and the interface contribution
by an R3-CPE3 or R3-CPE3-C3 element (see Sec. II of the
supplementary material).

The connection of the three RC elements in series (see
Fig. 2, inset) is a result of the series arrangement of the three
different components of the MIS structure using the top-
bottom parallel plate electrode configuration displayed in Fig. 1.
In Fig. 2, good agreement between data and model is displayed
at all T investigated. The good agreement was confirmed in all
other notations of the impedance data, ie., for the complex
impedance Z"-Z', permittivity £'-¢”, and conductivity o’-o”.

No signs of any inductive contribution were encoun-
tered, i.e., the imaginary part of the impedance Z” always dis-
played negative and the real part of the permittivity £ always
positive values. This implies that the impedance spectra are
always dominated by capacitive contributions in the sample
and inductive contributions from the measurement cables

Applied Physics ARTICLE scitation.org/journalljap
hRbbh B ALY B LD B AL LLL B L, B B B |
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100 - .
.% ]
>
= FIG. 2. Dielectric permittivity £’ vs f at
o various T. Three dielectric contributions
E 10 (AN, n-Si, Interface) are detected and
£ E E can be fitted with a model based on
- ] three series RC elements (the ideal-
4] ized RC elements are shown in the
a © 260K © 420K figure inset). For valid fits, the idealized
o 5280 K © 440 K RC elements were adapted and
= Model replaced by R-CPE or R-CPE-C ele-
O 4. ©300K < 460K —=— Nhlode | ments, as discussed in Sec. Il of the
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and other extrinsic sources are not accessible. In particular,
the contribution from the semiconducting n-Si substrate
appears at high f and masks any potential inductive contribu-
tions, which would also be expected to appear at high f.*’ The
contribution from the semiconducting n-Si substrate is
expected to appear at high f due to the relatively low resis-
tance and small time constants and the resulting faster con-
duction process. Inductive contributions generally have an

100 T T T T T
Al / AIN / n-Si /Al
B —260K —+— 420K
® 75] |—+—280K —+—440K E
2> —+—300K —-— 460K .
S 320K —+— 480K
= —+—340K - 500K //
= —+—360K —+— 520K p :
E 504 | . 3ok . sk / flzczf:;ng
8_ —+ 400K 560 K d Y
/

2 /
g o |ns e
@ 7 L 7
° AIN “
=) ‘ Interface

0 T T T T T

0 25 50 75 100 125 150

Dielectric permittivity '

FIG. 3. Cole-Cole plots of imaginary part of the dielectric permittivity £” vs &
at various T.
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impedance Z* that increases with f (Z* =iwL), which is not T-dependence as is demonstrated in Sec. IV D. This is partic-
what was observed in the data. ularly significant for the £” values at specific f and T, since &”
values are referred to as the dielectric losses and are sup-
posed to indicate the leakage behavior, which in turn is

B. Cole-Cole plots directly related to the resistance. However, the ¢’ values at
An alternative representation of impedance spectroscopy the peak frequency £” (fmax) only depend on the size of the
data is the Cole-Cole plot of the imaginary part of the permit- semicircle, which in turn depends on the difference between

tivity £”, sometimes denoted as dielectric losses, versus the real ~ the & permittivity values, ie. in the case of the AIN/n-Si
part €. Figure 3 shows two semicircles and one slightly inclined s§m1c1rcle " (fmax) ~ (€'aN- €'n-si)/ .2..On1y the peak frequ.en—
low frequency pike, which is precisely the behavior expected cies fmax Where the Cole-Cole semicircles have their maxima
for a series connection of three non-ideal RC elements. depend in a complicated way on the resistances of both con-

The data all fall approximately on one curve. The fitted tributions that make. up thg respective semicircle, e.g., Rl and
curves are not shown for clarity. The permittivity values of ~ R2 for the AIN/n-Si semicircle. All these arguments support
AIN and n-Si contributions are indicated by solid lines. The  the approach of fitting the dielectric data presented here to
black arrow indicates increasing frequency. an equivalent circuit consisting of series RC elemepts, which

The diameters of the two semicircles correspond to the may generally. be fa\{orable. for extracting the resistance or
differences between the different permittivity values of the  leakage behavior of dielectric contributions, as compared to a
AIN layer, n-Si substrate, and interface contribution, which detailed analysis of £” and /or tané.

can also be deduced from Fig. 2. The AIN and n-Si permittivity Figure 4 indicates tha'/c the AIN/n-Si semicircle is slightly
values are indicated by solid lines, where such permittivity ~ Suppressed below the & real axis, which is the typical
values may be better assessed in Fig. 4 showing a magnifica- behavior of non-ideal dielectric contributions that can be

tion of the AIN/n-Si semicircle. It is interesting to note that ~ accounted for by the use of CPEs. The real ¢’ x-axis intercepts
the data for all T fall approximately on one curve, which has are highlighted by solid perpend'lcular lines in Fig. .4'and cor-
some important implications. The dimensions of the two respoqd to the AIN film and n-Si substrate.permlttmty valu.es
semicircles displayed are approximately independent of T, as 'mdlcated. The exact values for the n-Si substr.at.e permit-
which in turn implies that the capacitance of the AIN layer,  tivity needed to be extrapolated down to the £'-axis intercept,
n-Si substrate, and the interface all show no or only weak ~ Which was achieved by using the fitting software. However,
T-dependence as expected. Furthermore, Fig. 3 indicates that ~ the n-Si permittivity values obtained would be associated
the dielectric loss £ is an f-dependent parameter, which is ~ With relatively large fitting errors (5%-40%, dgpendmg on
dominated by different dielectric contributions at different f T and the exact model used) and would be physically mean-
and T. This would also apply to the loss tangent tans (=¢”/ €). ingless due to the unknown substrate geometry. The AIN
It can be further concluded that the dimensions of the
two semicircles displayed are approximately independent of

the resistors Rl, R2, and R3, which all display considerable T T ' T ' T T
11.14 Al/ AIN / n-Si/ Al N
10 - . © 11.0- e
. > <~ Cole-Cole
Al IAIN / n'S| /AI E plots
% / £ 10.9 4
z E
S 10.8
.g Interface g
T i Q 1
= 5 i > 10.7 - Data
g 8 1Hz
\\‘R.\ K] D
£ ——260K 7‘7420K\ % 2 10.6+ 707130"51 7
b —+-280K —-—440K o —+— 1kH:
b9 ——300K —-—460 K z
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n-Si 200K . 260K 150 200 250 300 350 400 450 500 550 600
0 . — Temperature (K)
0 5 10 15
Dielectric permittivity 2 FIG. 5. Real part of permittivity £’ vs T for the AIN contribution. The data were
determined from (i) the minima in the Cole-Cole plots (see the inset of Fig. 4)
FIG. 4. Magnification of Fig. 3 (¢” vs £’) at high f at various T. The figure inset and (ii) the raw data in the linear intermediate f regime, where the AIN contribu-
shows a further magnification as indicated by the solid square near the local tion is dominant (see Fig. 2). A small T-dependence of the AIN permittivity is
minima that correspond to the AIN permittivity &/, displayed on the real & indicated. Black solid lines are guide to the eyes to indicate good linearity and
x-axis. similar slopes.
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permittivity is again indicated to be ~10.5, in agreement with
Figs. 2 and 3 and reports from the literature.**** Figure 4
(inset) shows a further magnification of the real ¢'-axis inter-
cept that corresponds to the AIN permittivity. The minimum
or point of inclination can be interpreted as the AIN permit-
tivity on the real £'-axis, and a small T-dependence of the AIN
layer permittivity is indicated. This T-dependence of the AIN
permittivity is depicted in more detail in Fig. 5. The £ vs
T values for the AIN layer were directly extracted from the
minima or points of inclination in the Cole-Cole plots (Fig. 4,
inset) in form of a direct visual analysis of the data, where
such values are shown together with the raw measured data
at various f as indicated.

All ¢ vs T curves show good linearity with approximately
identical slopes, which constitutes a good confirmation that
the assignation of the minima or points of inclination in the
Cole-Cole plots to the AIN permittivity may be reasonable.
Figure 5 also shows that the method of determining the AIN
permittivity from the Cole-Cole plots leads to a more compre-
hensive picture over a wider T-range. It is therefore proposed
that the Cole-Cole plots and their minima may be an ideal tool
to assess the T-dependence of the permittivity in AIN layers
within a MIS structure directly by visual analysis. The slope of
the £ vs T curve from the Cole-Cole plots is 0.0015383 K™,
which corresponds to a permittivity or capacitance (C) shift
with T of A¢’ /¢’ or AC/C=~0.0154% per Kelvin, which is in a
similar range as the values reported previously for polycrystal-
line AIN sintered substrates (~0.0105% per Kelvin)."*

It should be noted at this point that the changes in
capacitance AC/C between two temperature intervals of 20 K
for impedance measurements are considerably lower as com-
pared to the fitting errors of the RC element capacitors or

Al/AIN / n-Si/ Al ) 1o DC bias
i N i
" 100 \Ipterfaces
2
=
E
Q
o
L
=
o
2
2
a
g b bt
10 - AIN \ -
10° 10" 10° 10° 10* 10° 10° 10

Frequency (Hz)

FIG. 6. Dielectric permittivity £" vs f data (4p) at 560 K under applied DC bias.
The interface permittivity decreases with increasing DC bias, which is the typical
behavior of a Schottky barrier. The inset shows &' vs f at various T near 560 K
without DC bias for comparison.
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CPEs in the equivalent circuit model of 0.5%-3%. Therefore,
the trends of C vs T or & vs T are displayed with significantly
better linearity and less noise by extracting the £ permittivity
values directly and visually from the data, rather than using
the values extracted from equivalent circuit fits.

C. Al/AIN Schottky barrier and interface resistance

The possible formation of a Schottky interface barrier
was investigated by applying a DC voltage signal that was
superimposed onto the 100 mV amplitude AC signal used for
impedance spectroscopy. At a fixed temperature of 560 K and
by increasing the DC bias, a significant drop in dielectric per-
mittivity ¢ was observed at low f, where the interface contri-
bution is dominant (see Fig. 6). The low-f data cut-off in Fig. 6
increases to higher f with increasing DC bias, whereas at
lower-f, the data would be dominated by measurement noise.

This is due to the resolution limit of the impedance mea-
surement apparatus in the respective configuration used. The
decrease of permittivity at low-f with DC bias is well known
to be a typical feature of Schottky barriers that commonly
occur at electrode-sample interfaces or at grain boundaries
(GBs).*™*8 Figure 6 (inset) shows the £ vs f curves again over
a wider f-range and without applied DC bias at selected T for
comparison.

Furthermore, the applied DC bias has a distinct effect on
the conductivity o/, which is displayed in the representation
of ¢ vs f, with different applied DC biases at 560K in Fig. 7
(inset), and without DC bias in Fig. 7. Figure 7 (inset) shows
that the increasing DC bias leads to a distinct increase in con-
ductivity at low f where the interface contribution is domi-
nant, which is again a typical feature of Schottky barriers. The

10° ] Al / AIN / n-Si/ Al
6] [-260K - 380K 480K | |_u_
1077 | 280K - 200K - 500 K \M

340 K - 460 K

560 K

Conductivity o*
3—\

10" 10° 10" 10° 10° 10
Frequency (Hz)

FIG. 7. Real part of the conductivity o’ vs f at various T. The contributions from
interface, AIN, and n-Si contributions are indicated. [] correspond to the data,
and -Jll- correspond to the adapted equivalent circuit model. The figure inset
shows o’ vs f data () at 560 K under applied DC bias. The strongly increasing
interface conductivity with DC bias is the typical behavior of a Schottky barrier.
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increasing DC bias has the effect here of increased current
injection from the metallic electrodes across the potential
barriers at the interfaces. The explanation of Schottky barri-
ers occurring at GBs is not plausible, because in pure AIN no
n- or p-doping is evident. Therefore, the formation of
Schottky barriers at the GBs is not likely nor is it commonly
reported for AIN and related materials. Furthermore, it should
be considered that the AIN films investigated here in this
work are highly c-axis oriented and may therefore be elec-
tronically homogeneous.

The dielectric contribution at low-f displayed in Figs. 2
and 7 may more likely be associated with an electrode inter-
face barrier, which is represented by the R3-C3 element in
the idealized equivalent circuit model shown in Fig. 2. It may
be argued that the interface may most likely arise at the
Al/AIN junction rather than at the AIN/n-Si interface,
because Schottky type interfaces may most likely occur at
metal-insulator interfaces, where the mismatch of work
functions may be most significant. The ideal R3-C3 element
that represents this interface had to be adapted to a
R3-CPE3 or R3-CPE3-C3 element for valid fits, as mentioned
above and demonstrated in Sec. II of the supplementary
material.

In Fig. 7 again, all three dielectric contributions of the
MIS structure can be identified in the ¢’ vs f curves, in partic-
ular in form of conductivity plateaus for the n-Si and AIN
contributions. The fact that the ¢’ vs f curves show a clearly
defined plateau at the high-f end implies that the conductivity
of the n-Si contribution can be extracted reliably from the
equivalent circuit model (see Fig. 2) with sufficiently low
fitting errors (0.1%-6.1% depending on T).

T T T T E
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~ L 'i
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a = Int:rface (@) 1
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Temperature (K)

FIG. 8. Resistivity (€2 cm) and resistance (2) vs T as extracted from the resis-
tors R1, R2, and R3 in the equivalent circuit model. The interface resistance is
high and only accessible at high T, which indicates a blocking interface barrier.
In the inset, the data for the AIN layer are plotted on Arrhenius In(o) vs 1/T and
on VRH In(o/T%%) vs 1/7°% axes, where the linearity is superior on the latter.
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On the other hand, the interface contribution shows the
signs of a ¢ plateau only at low f at the highest measured
temperatures of 520 K-560 K, where the fitting errors for the
corresponding resistor (R3) strongly increase at lower T. This
implies that the equivalent circuit model gives reliable mea-
sures of the interface resistance R3 only at 520 K-560 K. For
fits at T<480K, the interface resistance R3 in the equivalent
circuit model was set to infinity to obtain valid fits. The data
in Fig. 7 are shown together with the fitted curves, which all
show excellent agreement.

D. T-dependence of the resistors R1, R2, and R3

The resistance values of the three dielectric contribu-
tions of the MIS structure encountered here were extracted
with the best precision (lowest fitting errors) from the respec-
tive resistors in the equivalent circuit model and are pre-
sented in Fig. 8. The resistance R2 from the n-Si substrate
(red curve) shows the typical T-dependence of n-Si, which
justifies the association of this dielectric contribution and the
respective R2-C2 (see Fig. 2) or R2-CPE2 element to the n-Si
substrate. The respective R-T curve shows the freeze-out,
extrinsic, and intrinsic charge transport regions as expected.
Contrarily, the AIN resistivity (R1) and interface resistance (R3)
show insulating behavior.

It should be noted that the AIN resistance was normal-
ized by the geometrical factor g containing film thickness and
electrode sizes. This leads to specific units of resistivity p (2 cm),
whereas the specific units are not accessible for the n-Si
and interface contributions. In this case, the nominal values
in units of resistance (Q2) are displayed in Fig. 8, for n-Si and
interface contributions. Due to this normalization, the R-T
curves for AIN and the interface contribution seem to be
similar in terms of the nominal resistance. However, this is a
false picture because the interface areas may be expected to
be thin as compared to the film thickness of 600 nm, and the
interface resistivity p would then be several orders of magni-
tude higher as compared to the nominal interface resistance
R3 displayed in the R vs T curve. On the other hand, using the
specific p units (2 cm), the AIN p vs T curve may be a viable
tool to assess the true leakage behavior of the AIN layer at
various T, separated from all other contributions. By plotting
the AIN film resistivity p vs T on Arrhenius axes (Inp vs 1/T),
an activation energy (E») of ~0.85 eV can be found (see FIig. 8,
inset, left, and bottom axes). This E, value is considerably
lower as compared to the direct bandgap of monocrystalline
AIN (6.2 eV), which points toward a leakage conduction mech-
anism that may be dominated by defects and/or impurities.
This finding of impurity dominated conduction is supported by
the fact that the linearity of the Arrhenius plot can be improved
considerably by representing the data on variable-range
hopping (VRH) axes of In(p/T%°) vs 1/T%?, where VRH is a
typical charge transport model for impurity dominated con-
duction. The exponent of 0.25 is commonly associated with
Mott-VRH.* The alternative Efros-Shklovskii VRH model® of
In(p/T) vs 1/T°° gives inferior linearity. It should be considered
though that Mott-VRH is a special case of the Efros-Shklovskii
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model for a constant density of electron states around Fermi-
level without a Coulomb gap.”

It is noted at this point that the VRH-type conduction in
the AIN layer can be detected only by the application of
impedance spectroscopy, which allows separating the AIN
layer resistivity from all other contributions to the dielectric
data such as the highly resistive interface. This is clearly
evident by considering the Al/AIN interface resistance. This
resistance (in Q) is displayed only between 520 K and 560 K in
Fig. 8, because at lower T the resistance is too high and hence
cannot be extracted from the equivalent circuit model as
mentioned above. This implies that the Al /AIN interface resis-
tance is dominating over the AIN layer resistance and DC
measurements for Al/AIN/n-Si MIS structures would there-
fore be inadequate to characterize the leakage of the AIN film.
Furthermore, the high DC resistance may not even be
resolved at all or only at 520 K-560 K using conventional DC
measurements.

V. CONCLUSIONS AND DISCUSSION

Deconvolution and separate analysis of three dielectric
contributions in Al/AIN/n-Si MIS structures was achieved by
the use of AC impedance spectroscopy, where the contribu-
tions were identified as (i) the intrinsic AIN film contribution,
(ii) n-Si substrate, and (iii) an interface contribution. By using
an appropriate equivalent circuit model and by direct visual
analysis of the dielectric data, it is possible to determine the
relevant device parameters from MIS structures separately:
here, in this case, the AIN film, n-Si and interface resistance,
the AIN dielectric permittivity, and all their specific
T-dependencies. Charge transport in the AIN film is consis-
tent with VRH, which is a model that is frequently applied to
describe impurity conduction in conventional semiconduc-
tors. Furthermore, it is possible to identify a Schottky-type
interface barrier most likely at the Al/AIN interface, which
shows the typical variations in conductivity ¢’ vs f and permit-
tivity €' vs f with applied DC bias.

The approach presented here in this work allows a sepa-
rate analysis of the dielectric permittivity and the resistivity
of the AIN layer, which allows detailed judgement on the suit-
ability of the AIN as an insulating layer within Al/AIN/n-Si
MIS structures. By considering the conventional f-dependent
dielectric leakage parameters £” or tan & (=£”/¢’), it may be
possible to characterize the AC leakage of a simple device
driven solely in AC mode at a given f. However, this approach
may be unsuitable in the MIS structures presented here,
where three dielectric contributions are dominant at different f.
In particular, the curves £’ vs f or tan 6 vs f would be domi-
nated by the interface resistance at certain f, which is incon-
venient to judge on the leakage of the insulating AIN layer. To
conduct research and development work toward improved
MIS structures for potential applications, for example, by
studying systematically the factors that reduce the leakage of
the AIN layer or increase its resistivity, a separate analysis of
the different MIS structure components is required, which
can be achieved by AC impedance spectroscopy. DC

ARTICLE scitation.org/journalljap

resistance measurements may be unsuitable for Al/AIN/n-Si
MIS structures, because the DC resistance would be domi-
nated by the extrinsic interface contribution. Therefore, AC
impedance spectroscopy may be regarded as the method of
choice to analyze the dielectric properties of MIS structures
for each dielectric contribution separately.

SUPPLEMENTARY MATERIAL

See the supplementary material for (I) constant phase
elements (CPEs), (II) equivalent circuit models used in this
study, (III) Debye equivalent circuit model, and (IV) parameter
extracted from the equivalent circuit models.
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