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Abstract
In this study, we investigated the electrical properties of Sn/SiOxNy /p-Si metal-insulator layer-semiconductor (MIS)
structure. Silicon oxynitride (SiOxNy) thin film was grown on chemically cleaned p-Si substrate by the plasma nitridation
process. The chemical composition and surface morphology of the thin film were analyzed using X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM). Electrical measurements of the devices (e.g. current-voltage (I-V),
capacitance-voltage (C-V), capacitance and conductance-frequency characteristics (C-f and G-f )) were performed at room
temperature. The characteristic parameters of the SiOxNy /p-Si interface such as energy position, interface state density and
relaxation time constant were obtained from admittance measurements over a wide range of frequencies (from 1 to 500 kHz)
for the values of the forward bias between 0.0 V ≤ V ≤ 1.1 V. The values of the interface state density and their relaxation
time constant changed from 3.684×1013 cm−2 eV−1 to 3.216×1012 cm−2eV−1 and from 1.770×10−5 s to 6.277×10−7 s,
respectively. The obtained values of the interface state density were compared to those of the oxides grown by the other
techniques. The experimental results clearly show that the density and location of interface states has a significant effect on
electrical characteristics of the MIS structure.

Keywords Silicon oxynitride · Metal–insulator–semiconductor structure · Schottky barrier · Interface states · Series
resistance · X-ray photoelectron spectroscopy

1 Introduction

Metal-insulator-semiconductor (MIS) structures constitute
a significant part of many semiconductor devices used
in various microelectronic applications. The performance
and reliability of these devices are dependent on the
properties of the insulator. In recent years, silicon oxynitride
films (SiOxNy) have been extensively examined as a
promising alternative to conventional thermal silicon oxide
(SiO2) since they satisfy the requirement of electrical
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reliability as gate dielectrics for metal-oxide-semiconductor
field-effect transistors (MOSFETs) [1–10]. The band gap
energy of SiOxNy can be adjusted between 5 and
9 eV depending on the [O]/[N] ratio which gives
rise to potential applications of heterostructures [4]. The
chemical and electrical properties of silicon oxynitride
films grown on silicon by different methods such as
rapid thermal nitridation, chemical vapor deposition, low
pressure chemical vapor deposition (LPCVD) and pure
N2O or NO plasma have been investigated by some
researchers [1–6, 11–13]. SiON thin films have been
deposited by RF magnetron sputtering from a pure silicon
target in various Ar:O2:N2 atmospheres [12]. The electrical
measurements of these layers have been carried out on
samples with a Pt-SiOxNy-Pt sandwich configuration.
Capacitance-voltage (C-V) measurements have been used
to characterize electrical contact. The results of current-
voltage (I-V) characteristics have been discussed in relation
to the structure change of SiOxNy thin films [12]. In the
case of the silicon nitrides, their higher dielectric constant
permits the use of physically thicker films while retaining
the same C-V performance as that of thinner oxide layers
[13].
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Generally, the electrical characteristics of MIS devices
are controlled by the quality of the interfacial layer
formed by various methods between the semiconductor
and metal [14–17]. For this reason, the study of interface
states is important for the understanding of the electrical
properties of such devices. There are a number of methods
used for determining of characteristic interface parameters
such as energy position, density and relaxation time
constant. Terman used the high frequency capacitance
method for determining interface state capacitance [18].
Cowley and Sze developed a technique to determine the
density of interface states on the basis of barrier height
data obtained from an analysis of the barrier height with
different metallization as a function of the metal work
function [19]. Card and Rhoderick used current voltage
characteristics to estimate the density of the interface
states of metal/insulator/semiconductor structures [20].
Chattopadhyay and Raychaudhuri developed a capacitance
technique to determine the interface state density of metal-
semiconductor contacts (Schottky barrier diodes-SBDs) by
considering series resistance and the interfacial oxide layer
[21].

Tseng and Wu discussed the occupation of interfacial
states as a function of applied voltage and extracted
the density distribution of the interface states from
the nonideal I-V characteristics [22]. Pandey and Kal
attempted a theoretical approach related to the C-V
characteristics for nonideal Al/n-Si/p-Si SBDs taking into
account series resistance [23]. They compared experimental
and theoretical results obtained at low and high frequencies
and found them to be in close agreement with the results
obtained by both methods. Szatkowsks and Sieranski
showed that the nonideality of the C−2-V relation can be
entirely explained on the basis of the assumption that only
some of the interface states follow the applied ac signal [24].
Cova and Singh resolved the controversy between the role
of the interface states and deep level bulk traps by regarding
the electrical characteristics Ni/n-CdF2 SBDs [25].

The purpose of this work is to investigate the electrical
properties of the SiOxNy /p-Si structure formed by thin
film grown on chemically cleaned p-Si substrate by the
plasma nitridation process. The chemical composition of
the thin film grown on chemically cleaned p-Si was
characterized using XPS. The values of the ideality factor
(n) and the barrier height of the device (�b) were found
by using the forward bias I-V characteristics at room
temperature. The characteristic parameters of the SiOxNy /p-
Si interface such as energy position, density and relaxation
time constant were obtained from admittance measurements
as a function of frequency. Furthermore, the obtained values
were compared to those of the oxides grown by the other
techniques.

2 Experimental Procedure

A p-type Si wafer, one side polished, with (100) orientation
and 5–10 �-cm resistivity was used in the fabrication of a
MIS device. The wafer was chemically cleaned using the
RCA cleaning procedure (i.e., a 10 min boil in NH4 +
H2O2 + 6H2O followed by a 10 min boil in HCl+H2O2 +
6H2O). Before ohmic contact formed on the p-Si substrate,
the samples were dipped in dilute HF:H2O (1:10) for
about 30 s to remove any native thin oxide layer on the
surface, the wafer was then rinsed by deionized water
(purity up to 18.2 M�-cm). The wafer was dried with high-
purity nitrogen and then it was inserted into the deposition
chamber immediately after cleaning. Ohmic contact was
made by evaporating Al (99.999%) on the back of the
substrate, followed by temperature treatment at 570 ◦C for
3 min in flowing N2 in a quartz tube furnace. The insulator
layer was formed by plasma nitridation on the back of
the sample with the ohmic contact. The plasma nitridation
process was performed by using DC pulsed plasma with a
pulse frequency 50 kHz and pulse width 1.6 μs at 500 ◦C
for 1 h in NH3 atmosphere. The average thickness of the
oxide layer was measured to be 10.7 nm by using the
profilometer. After the plasma nitridation process, the wafer
was cut into two pieces by using a diamond saw with the
faces perpendicular to the (100) direction. One of them
was used for the analysis of XPS measurements. The other
sample was inserted into the evaporation chamber for the
formation the gate electrode. Sn (99.99%) as dots with a
diameter of about 1 mm was evaporated through a Mo mask
on the insulator layer. The evaporated film thickness was
monitored using a quartz oscillator and the metal films had
a thickness of 130 Å. All evaporation processes were carried
out in a vacuum coating unit at about 10−6 Torr.

The XPS spectra for the oxidized sample were recorded
using a SAGE 100 system equipped with an Mg Kα

source and Ar ion bombardment system. The surface
morphology of the oxidized sample was investigated using
AFM. The current-voltage (I-V), capacitance-voltage (C-V),
capacitance-frequency (C-f ) and conductance-frequency
(G-f ) measurements of the device were carried out using a
VEE Pro program HP 4140B picoamperemeter and a HP
4980A LCR meter, respectively, at room temperature and in
the dark.

3 Results and Discussion

3.1 XPS and AFMMeasurements

Figure 1a–c shows the measured and fitted high-resolution
Si 2p, N1s and O1s XPS spectra for the SiOxNy film.
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Fig. 1 The XPS spectra of a Si
2p, b N 1s and c O 1s core levels
on the plasma-nitrided Si surface

All XPS results shows that a thin film successfully grown
on substrate and bonding properties shows that a film
composition was a SiOxNy .

As shown in Fig. 1a, the Si 2p peak was deconvoluted
into multiple peaks. The binding energies of intermediate Si
oxidation states (Si◦, Si+1, Si+2, Si+3) are found between
98.27 and 106.42 eV. The Si 2p XPS spectrum shows four
peaks at 98.27, 101.42, 103.30 and 106.42 eV. The peak
at 98.27 eV can be assigned to elemental silicon [26–28],
the second peak at 101.42 eV to Si3N4 [28–31], the peak
at 103.30 eV to O-rich SiOx [28–31], and the unidentified
peak at 106.42 eV. It is well known that the peaks for
the SiOxNy depending on the nitrogen content are known
to vary between the peak positions for SiO2 and Si3N4

[28]. This binding energies indicate that SiOxNy film is
oxygen rich (peak is close to the SiOx binding energy)
and normalized N/O ratio is approximately 0.87 [28]. The
chemical shift between the Si 2p substrate peak and the
oxidized silicon in the SiON over layer is 3.7 eV, which is
significantly smaller than the 4.2 eV shift reported for pure
SiO2 layers grown on Si [32].

The N 1s XPS spectrum of the plasma-nitrided sample
is shown in Fig. 1b. The spectrum has a peak at a value

of 396.59 eV and was deconvoluted into two components
using binding energy data with binding at 403.94 and
407.05 eV. The lowest binding energy peak at 396.59 eV
can be assigned to the chemical environment of N similar
to that in N-Si3 bonding in a SiOxNy matrix [33]. In the N
1s spectrum, the binding energy for Si-N bonds in SiOxNy

have found a broad peak centered around 396–399 eV [34–
36]. While the N 1s peak position and its width seem to
strongly depend on sample preparation methods and film
thickness, very few have tried to systematically measure the
relevant core levels for different samples with a conclusive
spectroscopic resolution, as reported in the literature [35].

The other two peaks in the spectrum can be assigned to
NO at 403.94 eV [35–37] and NO3 at 407.05 eV [37]. In
particular, a recent XPS finding suggested that an oxynitride
film made by N2O nitridation has a very different nearest-
neighbor configuration of the interface species from those
of NO-treated ones [35]. As reported by Chang, the varying
thickness of the SiON films could have resulted in the
different binding energies of a similar spectral feature due
to the different core-hole screening [36].

As shown in Fig. 1c, the spectrum of the O 1s was
deconvoluted into three components with binding energy at
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530.25, 531.60, and 536.09 eV. The peak at 530.25 eV can
be assigned to elemental oxygen [38] (possibly absorbed
from sample environment and only exist on surface), the
second peak at 531.60 eV to SiOx [38, 39], the peak at
536.09 eV to NO [39]. For stoichiometric SiO2, the O 1s

binding energy is reported to be 532.5 eV [39]. The shift of
the O 1s signal to a lower binding energy could be attributed
to the incorporation of nitrogen atoms in the SiO2 [40].

As is known, the surface roughness of the thin film grown
on the semiconductor plays an important role in determining
the electrical properties of device. Figure 2 shows the AFM
image of the SiOxNy film grown on p-Si. As shown in
Fig. 2, the surface morphology of the SiOxNy thin film
is fairly smooth with a mean root mean square (RMS)
roughness of 3.506 nm which it is a quite low value and in
expectable range for the device applications.

3.2 Electrical Properties of the MIS Structure

Figure 3 shows the experimental semi-log forward and
reverse bias I-V characteristics of the five Sn/SiOxNy /p-
Si MIS structures at room temperature. As can be seen
from the figure, the forward bias I -V characteristics of the
device are linear on a semi-logarithmic scale at low forward
bias voltage but deviate from linearity when the applied
bias voltage is increased. These characteristics include the
effects of the presence of the insulating layer between the
metal and semiconductor, variation of the semiconductor
surface charge population or population of the interface
states with applied voltage, series resistance Rs , variations
in the effective contact area with depletion layer width, and
traps within the depletion region apart from the voltage-
dependent image-force lowering of the effective barrier
height which is most important in the reverse bias range
[41–47].

Fig. 2 The AFM image of the SiOxNy film grown on p-Si

Fig. 3 The experimental semi-log forward and reverse bias I-V
characteristics of one of the five MIS structures at room temperature

When metal/semiconductor contact with an insulator
layer is considered, the forward current-voltage relationship
due to the thermionic emission theory is given by [47]

I = Io

[
exp

(
−q(V − IRs)

nkT

)
− 1

]
(1)

where Io is the saturation current and is expressed as

Io = AA∗T 2 exp

(
−q�b0

kT

)
(2)

where the quantities A, A∗, T , �b0, k, V , n are the
diode area, the effective Richardson constant which equals
32 Acm−2K−2 for p-Si, the temperature in Kelvin, the
effective or apparent barrier height, the Boltzmann constant,
the applied voltage and the ideality factor which is a
measure of the conformity of the diode to pure thermionic
emission, respectively. The characteristic diode parameters
such as barrier height and ideality factor are calculated
by fitting the forward bias region with the I-V expression
according to the thermionic emission theory. The fitting
parameters were summarized in Table 1. The effective
barrier height values ranged from 0.588 to 0.603 eV, and
the ideality factor values n ranged from 1.856 to 2.118 for
the investigated structures. As can be seen from Table 1,
the values of barrier height and ideality factor from I-V
characteristics vary from diode to diode even if they are
prepared in the same way. The variation in the obtained
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Table 1 The values of diode
parameters obtained from the
forward bias I-V characteristics
of the Sn/SiOxNy/p-Si MIS
structures at room temperature

MIS diodes ↓ I-V dV/dInI H(V )

n �b (eV) n Rs (�) �b (eV) Rs (�)

D1 1.856 0.603 3.408 873.055 0.586 902.919

D2 2.073 0.588 3.337 868.301 0.584 897.111

D3 2.118 0.594 2.748 868.429 0.578 880.642

D4 1.878 0.606 3.411 872.718 0.583 901.624

D5 1.959 0.595 3.193 826.708 0.579 845.363

Average value 1.977 0.597 3.219 861.842 0.582 885.532

Standard deviation 0.104 0.065 0.249 17.683 0.003 21.599

diode parameters can be attributed to inhomogeneities
of thickness and to the composition of the layer, non-
uniformity of the interfacial charges, and the presence of a
thin insulating layer between the metal and semiconductor
[41–46].

As well-known, the downward curvature region in
the forward bias I-V curves at high bias voltage arises
from the series resistance, RS , of the neutral region of
the semiconductor bulk between the depletion region,
interfacial layer and ohmic contact. The series resistance
values was calculated using Cheung and Cheung functions
obtained from the following forward bias thermionic
emission current equation given [43]. As can be seen from
Table 1, the RS values of SiOxNy /p-Si devices ranged from
826.708 to 873.055. The large value obtained for RS can
be attributed to the silicon oxynitride layer grown on the
semiconductor surface plus to the neutral region series
resistance.

Figure 4 shows the C-V characteristics of one of the five
MIS Schottky diodes as a function of applied bias voltage
with frequency as a parameter at room temperature. As can
be seen in Fig. 4, the C-V characteristics have an anomalous
peak. The peak value of the capacitance has decreased with

Fig. 4 The experimental capacitance plot as a function of voltage with
frequency as a parameter of one of the five MIS structures at room
temperature

increasing frequency. It is well known that the capacitance
of MIS structure is extremely sensitive to the interface
properties. This occurs because of the interface states that
respond differently to low and high frequencies.

Figures 5 and 6 show the measured C-f and G-f of one
the five MIS structures as a function of forward bias with
bias voltage as a parameter which changes from 0.0 mV
to 1.1 V at room temperature. It is seen from these curves
that the values of the measured capacitance are significantly
higher in the lower frequency range and tends to converge
to an almost constant value at frequencies below 1 MHz and
beyond.

In the case of the MIS structure, the electrically active
interface states and the charges in the insulating layer
(SiOxNy) cause a bias dependent potential drop across
the interface. The higher values of capacitance at low
frequencies are due to the excess capacitance resulting from
the interface states in equilibrium with the p-Si substrate
that can follow the ac signal. The low frequency equivalent
circuit of the MIS structure with a distribution interface state
level consisting of the insulator layer/oxide capacitance Cox

is in series with the parallel combination of the interface
state capacitance Css and the depletion capacitance Csc. At

Fig. 5 The experimental capacitance plot as a function of frequency
with bias voltage as a parameter of one of the five MIS structures at
room temperature
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Fig. 6 The experimental conductance plot as a function of frequency
with bias voltage as a parameter of one of the five MIS structures at
room temperature

high frequencies, the interface states cannot respond to ac
excitation, so they do not contribute to the total capacitance
directly, but a stretch-out in the C-V curve occurs, as stated
in the literature [48]. The variation of measured conductance
with an applied bias is mainly due to the variation of
capacitance with bias. In fact, both G and C magnitudes
are influenced by the filling and/or emptying of interface
states. Both phenomena cause energy loss due to holes in
the valence band being trapped at the interface states and
changes in the charge stored therein. The energy loss is
demonstrated by conductance changes, while the charge
storage affects the capacitance. The modulation frequency
(w) dependence of the capacitance and conductance gives
information on Nssvalues and on characteristic times for
interface states charging and discharging [48].

The conductance technique developed by Nicollian and
Goetzberger is generally considered to be the best method
to investigate interface states due to its high sensitivity,
accuracy, and ability to measure the capture cross sections
over a considerable energy range [48]. According to
Nicollian and Goetzberger, the interface state conductance
for a MIS structure can be described as

Gss = AqNss

2τ
ln(1 + ω2τ 2) (3)

where ω is the angular frequency, τ is the time constant
which presents the characteristics time required to fill and
empty the interface states at various energy levels and can
be written as

τ = 1

vth σ Na
exp

(
qVd

kT

)
(4)

where σ , vth and Na are the cross section of the
interface states, the thermal velocity of the carrier and the
doping concentration, respectively. The conductance of the

interface states Gss obtained from experimentally measured
admittance is given by [48]

Gss = C2
oxGm

(Cox − Cm)2 + (Gm/w)2
(5)

where Gm, Cm and Cox are the measured conductance,
the measured capacitance and the oxide capacitance,
respectively. The value of Cox was found to be 59 pF from
the accumulation region of the high frequency (500 kHz)
capacitance-voltage characteristic of the MIS structure.

Furthermore, the energy of the interface states Ess with
respect to the top of the valence band at the surface of the
p-type semiconductor is given by

Ess − Ev = q(�e − V ) (6)

where �e is the effective barrier height and related with the
bias dependent ideality factor [25, 47, 49].

The quantity Gss/ω shown in Fig. 7 was calculated
from the C-f and G-f curves (Figs. 5 and 6) with the help
of Eq. 5. As can be seen from Fig. 7, the peak values
of Gss/ω decrease with increasing bias voltage and the
corresponding frequency moves to a higher value. This
variation can be explained by the presence of an almost
continuous distribution of interface state energy levels. For
a distribution of interface states over the silicon band gap,
transitions occur between the majority carrier band and
interface states in an energy interval a few kT wide about
the Fermi level. The interface states are defects located
at the SiOxNy /p-Si interface and they can interact either
with the conduction or with the valence bands by capturing
or emitting electrons or holes, respectively, resulting in a
change of their occupancy. The changes in occupancy are
produced by varying the applied bias [22]. The capture and
emission of interface state charges behave like a capacitor
paralleled to the depletion layer capacitance, resulting in an
increase of the total capacitance. Each interface state level

Fig. 7 Gss/ω versus w characteristics obtained from the experimental
forward bias conductance as a function of frequency measurements of
one of the five MIS structures at room temperature
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in this energy interval contributes a different energy loss
depending on its distance in energy from the Fermi level. As
a result, each interface state level in this energy interval has
a different time constant. The curves in Fig. 7 go through
maxima at ωτ = 1.98 with values of (Gss/ω)max= 0.4e2Nss

[48, 50]. The ordinates and frequencies of the maxima in the
Gss/ω versus ln(ω) curve yield the density of the interface
states, Nss , and their time constants, τ . The dependence
of Nss and τ on the bias voltage was converted to a function
of Ess using Eq. 6. Figure 8 depicts the energy distribution
of the interface states and their time constant determined
from the experimental Gss/ω versus ln(ω) curves of the MIS
structure at room temperature. It can be seen from Fig. 8 that
both the Nss and τ show decreases with decreasing energy
from the midgap toward the bottom of the valence band. The
interface state density Nss and time constant τ varied from
3.684 × 1013 cm−2eV−1 and 1.770 × 10−5 s at 0 V bias to
3.216.06 × 1012 cm−2eV−1 and 6.277 × 10−7 s at 1.1 V
bias, respectively.

Some techniques such as jet vapor deposition (JVD),
atomic layer deposition (ALD), sputtering, as well as
chemical vapor deposition techniques PECVD, LPCVD,
direct plasma enhanced CVD (DPECVD), atmospheric
pressure CVD (APCVD), plasma-assisted CVD and elec-
tron cyclotron resonance (ECR) plasma enhanced chemi-
cal vapor deposition (PECVD) etc. have been successfully
used to deposit dielectric materials on substrates. These
CVD techniques focused on enhancing the interface quality
between the Si substrate and thin film.

Fig. 8 The energy distribution curves of the interface states and
their time constants obtained from the experimental Gss/w versus w
characteristics of one of the five Sn/SiOxNy /p-Si structures at room
temperature

The interface state density of SiOxNy/ n-type Si(111)
structures with films prepared by low-pressure chemical
vapor deposition (LPCVD) was obtained in the low
1011 eV−1cm−2 range at mid band gap [51]. The interface
state density for SiOxNy/ p- Si(111) structure with silicon
oxynitride (SiON) films fabricated at a low temperature
using nitrogen plasma generated by an inductively coupled
plasma system was found to be 3–4 × 1013 eV−1cm−2

at mid band gap [34]. As mentioned in the literature, the
higher Nss observed may be due to nitrogen plasma induced
damages resulting in a strained or broken silicon bonds at
the interface [5, 34, 52].

In another study, Albertin and Pereyna have found that
the interface state density values were function of nitrogen
concentration in the films deposited by the plasma enhanced
chemical vapor deposition (PECVD) technique from silane,
nitrous oxide and nitrogen gaseous mixtures [53]. A variation
in the interface state density with the films nitrogen concen-
tration has been observed, the smallest value has been
obtained for the silicon nitride dielectric layer.

In another work, SiON layers were deposited by elec-
tron cyclotron resonance (ECR) plasma enhanced chemical
vapor deposition (PECVD) [54]. Fabricated devices inter-
face state density was increases from about 1011 eV−1cm−2

to 1012 eV−1cm−2 when the layer composition changes
from pure SiO2 to pure Si3N4. Remote PECVD technique
and rapid thermal annealing methods used to deposit sili-
con oxynitride films [55]. Devices has a very low Nss values
(∼ 1011 eV−1cm−2 at the midgap).

Our results clearly indicate that the Nss values obtained
from the G-f characteristics of the MIS structure are lower
than or comparable to the given values in the literature above
with reported values for silicon oxynitride films formed by
different methods [5, 34, 35, 52]. Difference between the
obtained results may be due to the properties of SiOxNy film
depend on the nitridation system, nitridation process and/or
quality of the used Si substrate.

4 Conclusions

We investigated the electrical properties of the Sn/SiOxNy

/p-Si MIS structure. The thin SiOxNy insulating layer
between metal and semiconductor was grown on p−Si
substrate with the plasma nitridation process. The chemical
composition of the thin film grown was characterized using
XPS. The measured N1s binding energy of 396.59 eV
indicates N-Si3 bonding in a SiOxNy matrix. The binding
energies of 98.27, 101.42, and 103.30 eV in the Si 2p

XPS spectrum suggest elemental silicon, Si3N4 and O-rich
SiOx , respectively. It is well known that the peaks for the
SiOxNy depending on the nitrogen content are known to
vary between the peak positions for SiO2 and Si3N4.
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The forward I-V characteristics of the devices were
analyzed on the basis of the thermionic emission the-
ory. The barrier height and ideality factor values were
calculated to be 0.597 ± 0.065 eV and 1.977 ± 0.104,
respectively. On the other hand, Cheung functions com-
bined with conventional forward I-V characteristics were
used to obtain diode parameters such as �b, n and Rs . The
values of �b, n and Rs were found to be 0.582 ± 0.003 eV,
3.219 ± 0.249, 861.842 ± 17.683 �, respectively. The
interface characteristics of the SiOxNy /p-Si structure were
evaluated by the C-V, conductance and capacitance via
small ac signal admittance measurements at frequencies
ranging from 1 to 500 kHz. It has been experimentally
determined that the peak positions in the C–V plot shift
toward lower voltages and the peak value of the capaci-
tance decreases with increasing frequency. The interface
state densities Nss varied from 3.216 × 1012 cm−2eV−1 to
3.684 × 1013 cm−2eV−1 depending on the applied dc bias.
The calculated density of the interface states is promising
for MISFET construction. On the other hand, experimental
results show that the density and locations of interface states
between SiOxNy /p-Si have a significant effect on electrical
characteristics of MIS structures. It seems that a buffer layer
is a necessary condition to avoid high density of interface states.
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