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Summary
The acoustoelectric effect resulting from the interaction between longitudinal acoustic wave and semiconductor
interface has been proved to be a useful tool for the experimental study of interface states in semiconductor
structures. The acoustic (acoustoelectric) deep-level transient spectroscopy (A-DLTS) technique based on the
acoustoelectric effect was developed. The method uses an acoustoelectric response signal (ARS) produced by
the structure interface when a longitudinal acoustic wave propagates through the structure. The bias voltage
excitation pulses are then used to change the space charge distribution to measure ARS transients. Another
introduced technique of acoustic spectroscopy to study interface states in MOS structures with a very thin oxide
layer based on the acoustoelectric effect uses the measurement of the ARS as a function of gate voltage (Uac −
Ug characteristics) to the determination of interface states distribution. The essential principles and theoretical
background of these acoustic spectroscopy techniques that can determine the interface states parameters from the
measured acoustoelectric transients and the dependence of the acoustoelectric response signal as a function of
gate voltage are described. The results obtained on the representative set of MOS structures prepared on both n-
and p-type Si substrates demonstrate that the introduced technique of acoustic spectroscopy can be a very useful
tool for the interface states characterization.

PACS no. 43.20.YSe, 43.35.Ns

1. Introduction

Intensive investigation and consequent utilization of acou-
stoelectric (AE) interactions started after the observation
of acoustic wave amplification by electron drift [1]. Ever
since there has been a lot of experimental and theoretical
works on this subject. The phenomenon of AE-interaction
is extremely rich in the sense of physics of wave pro-
cesses in solids that deals with the excitation and propa-
gation of acoustic waves of high frequency (usually 1 −
1000MHz) and their interaction with electrons in solids.
However, a large number of papers deal with intermediate
AE-interaction; with different types of nonlinearity aris-
ing with the increase of sound intensity; with the role of
traps, surface states, and other factors describing semicon-
ductors; with the influence of illumination, magnetic field,
etc. [2, 3, 4, 5].
Recently, the AE effect in semiconductor structures has

been shown to be an effective tool for the characterization
of electrical properties and experimental study of semi-
conductors and semiconductor structures. The AE inter-
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actions were utilized to surface and interface state deter-
mination, carrier transport properties characterization in-
cluding conductivity and carrier mobility measurement,
the interface state determination, 2D and 1D electron or
hole system investigation, hf AE effect in electron tunnel-
ing devices and number of important devices utilization
[6, 7, 8, 9, 10, 11, 12, 13].
Semiconductors are the fundamental materials of the

electronic industry because their properties can be manip-
ulated over wide ranges through the control of impurities
and other imperfections. While shallow impurities gener-
ally contribute extra charge carriers, electrons or holes and
introduce minor perturbations in the crystal other impu-
rities and a variety of lattice defects (vacancies, antisite
defects, self-interstitials, etc.) constitute a more severe lo-
cal perturbation, give rise to bound states that are consid-
erably more localized, and often have energies deep in the
band gap. We know all such impurities, lattice defects, and
impurity-defect complexes as deep centers that act primar-
ily as carrier traps or recombination centers.
During the recent past, the semiconductor interfaces in

a metal-semiconductor contacts, semiconductor-insulator
interfaces and semiconductor heterostructures are most
important concepts in semiconductor devices and circuits
that play a revolutionary role in microelectronics. New
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technologies, however require smaller devices, sharper
transitions and higher number of preparation steps. Nar-
rower transitions require sharper doping profiles and sub-
sequently lower temperatures during the preparation pro-
cesses. These processes introduce defects at the interfaces
(interface states) that hardly can be removed by thermal
treatment and represent another new group of fabrication-
induced defects. To this group belong also interface states
at semiconductor-insulator heterojunction in MOS (metal-
oxide-semiconductor) structures that play an important
role in determining their electrical characteristics that are
important for practical use in semiconductor devices. A
silicon-silicon dioxide (Si/SiO2) structure mostly prepared
by thermal oxidation at above 800 oC in oxidizing atmo-
spheres is widely used for MOS devices [14]. Because
the high temperature oxidation results in high interfacial
stress producing the interface defect states [15], the low
temperature direct oxidation methods such as plasma oxi-
dation, metal-promoted oxidation or method of nitric acid
oxidation of Si (NAOS) were developed [16, 17, 18, 19].
Producing a very thin oxide layer, metal oxides with high
dielectric permittivity (high κ dielectrics) can find a suc-
cessful application as a replacement for SiO2 gate insulator
to break through its physical limit [20, 21]. Although due
to the many improvements in preparation technology, the
density of interface states, especially at SiO2/Si interfaces
is usually very low, still it can seriously affect electrical
properties of MOS devices and the interface states need to
be well characterized.

The interface (deep) states of semiconductor structures
have been extensively studied and many useful experi-
mental methods have been developed to characterize them
[22, 23, 24, 25, 26, 27]. Following the work of Lang [28],
deep-level transient spectroscopy (DLTS) has become
most powerful technique commonly used for the charac-
terization of semiconductors and semiconductor structures
because it reveals information about several characteristics
(activation energy, capture cross-section, concentration) of
electrically or optically active defects present in such ma-
terials. Several useful variants of DLTS have been devel-
oped [29, 30, 31, 32] and many attempts to improve the de-
fect resolution capabilities of DLTS introducing different
types of transient analysis procedure have been reported
[33, 34, 35, 36, 37].

Several methods were developed also for the interface
states distribution determination. The simplest and very
often used technique utilizes C − V measurements at very
low frequencies [15]. However, a high leakage current in
the case of a very thin oxide layer disturbs C−V measure-
ments. Later, computational methods to fit high frequency
C − V characteristics especially for MOS capacitors with
high-κ dielectrics have been presented [38, 39]. To find
the distribution of interface states, the DLTS can be also
used [40]. Recently, the X-ray photoelectron spectroscopy
(XPS) under bias was used to obtain the energy distri-
bution of interface states at very thin oxide/Si interfaces
determination [41]. Some attempts to determine the inter-
face states density using the acoustoelectric effect result-

ing from the interaction of surface acoustic wave (SAW)
with interfaces were also performed [42].

When the acoustoelectric effect (AE) in semiconduc-
tor structures has been shown to be an effective tool for
the characterization of electrical properties and experi-
mental study of semiconductors, two basic modifications
of acoustoelectric (acoustic) deep-level transient spec-
troscopy (A-DLTS) were independently introduced. The
former SAW technique uses a nonlinear AE interaction
between the SAW electric field and free carriers in an in-
terface region which generates a transverse acoustoelec-
tric signal (TAS) across the structure. Transient measure-
ments of the rise or fall times of the resulting dc part of the
TAS [43, 44, 45] and as well as the development of the hf
part of TAS after injection pulse, have been used to study
interface traps [46, 47]. The latter longitudinal acoustic
wave (LAW) technique uses an acoustoelectric response
signal (ARS) observed at the interface of the semicon-
ductor structure when a longitudinal acoustic wave prop-
agates through the structure [48, 49]. Because the ARS
is very sensitive to any changes in the space charge dis-
tribution in the interface region its time development af-
ter an injection pulse has been applied to the structure
was utilized to develop the acoustic version of deep-level
transient spectroscopy (A-DLTS) [49, 50] and later its de-
pendence on external voltage (Uac − Ug curves) enabled
to develope the new technique of acoustic spectroscopy
[51, 52]. Both techniques were then used to study the in-
terface states properties including their activation energy,
cross-section, concentration and interface states distribu-
tion. The A-DLTS technique was on the continual up-
grade in both experimental arrangement and the way of
A-DLTS spectra evaluation, that is from the acoustic ver-
sion of Lang‘s DLTS [53] originally developed for capaci-
tance measurements [28], through the computer evaluation
of isothermal ARS transients [49] up to the present FFT
(Fast Fourier Transformation) analysis of ARS transients
and LABVIEW system for the experiment operation.

In the present contribution, the main theoretical and ex-
perimental principles of two basic techniques of acoustic
spectroscopy in their last versions as a complex tool for
the investigation of interface states in MOS structures us-
ing the ARS produced by the pressure modulation of LAW
are presented. The results obtained using these techniques
on the set of MOS samples with oxide layers of different
thickness prepared on different type of semiconductor are
presented, compared and discussed.

2. Theoretical principles

The interface states at MOS interfaces change their charge
state depending on whether they are filled or empty and
can be of two categories, donor type (neutral when filled
and positive when empty) and acceptor type (negative
when filled and neutral when empty). However, the state
occupancy varies with gate voltage Ug that changes the
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band bending (qφs). The gate voltage Ug relates to surface
potential φs following the equation [15]:

Ug = φs −
Qs(φs)
Cox

− Qit(φs)
Cox

+ φms −
Qox

Cox
, (1)

where Qs is the semiconductor charge, φms is work func-
tion difference between gate and semiconductor, Qit is
trapped charge at the interface state, Qox is oxide charge
and Cox is oxide capacitance. The last two terms in the Eq.
(1) represent the flat band voltage Ufb. The charge trapped
into interface states changes with any change in the band
bending.
The basic principle of an acoustoelectric response sig-

nal creation can be explained using the idea of an acous-
tic wave passing through the MOS structure character-
ized by the particular space charge region at the interface.
Schematic illustration of such MOS structure with inter-
face is shown in Figure 1. Here the buffer rod is used to
separate out the acoustoelectric signal produced by MOS
structure from the input acoustic pulse and the capacitor
Cv protects the receiver input against the dc voltage. The
ac voltage Uac represents the acoustoelectric signal cre-
ated by the MOS interface due to the interaction with an
acoustic wave. The acoustic wave characterized by acous-
tic pressure p = p0 cos(ωt − kx), following the pressure
modulation of charge density at the MOS interface region
evokes the potential difference that manifests as an ARS
signal. The ARS produced by the MOS structure propa-
gating by longitudinal acoustic wave can be then expressed
using the similarity with the case of electromechanical ca-
pacitance transducer of thin planar structure (d � λ) for
which the ARS, Uac ∼ U (δC/C), coincidently provides
the relative capacity change relation [48]

δC

C
=

δx

x
=

δσ

K
=

p

K
, (2)

where δx/x is the relative deformation of the capacitor in
the x-axis direction, p0 is the acoustic pressure amplitude,
σ is the mechanical stress produced by the acoustic wave
and K is the elastic modulus.
Using Equation (1) and regular capacitance representa-

tion of MOS structure [15], the ARS produced by theMOS
structure can be expressed by

Uac = φs
p

Ks
− Qs(φs)

Cox

p

Ki
− Qit(φs)

Cox

p

Ki
(3)

with the amplitude

U0
ac = φs

p0
Ks

− 1
Cox

p0
Ki

Qs(φs) +Qit(φs) , (4)

whereKs andKi are the elastic moduli of the semiconduc-
tor and insulator, respectively, and the physical meaning of
the absolute value is that the ARS cannot differ the polar-
ity of total charge or potential. For the oxide charges, we
can suppose their influence only in rare cases and in the
following considerations, they are neglected.

Figure 1. Schematic illustration of MOS structure passing by the
longitudinal acoustic wave.

The theoretical principle of A-DLTS technique [49, 50,
54] is based on the fact that the change of the amplitude of
the measured ARS, δU0

ac after an injection pulse has been
applied to the structure is proportional to the nonequilib-
rium charge at the interface and the decay time constant as-
sociated with the relaxation of the ARS amplitude is then a
direct measure of the time constant associated with the re-
laxation processes of injected carriers. Therefore, the ARS
amplitude time dependence can be written as

U0
ac(t) = U0 + U1 exp − t/τ , (5)

where U0 is the original ARS due to the acoustoelectric
interaction of acoustic wave and charge at the interface of
MOS structure and U1 represents the increase of the ARS
due to the injection pulse. The time constant characterizing
the relaxation processes after applied injection pulse can
be expressed for electrons by

τ−1 = γnσnT
2 exp − Et

kB T
, (6)

where σn is the electron capture cross section, γn is con-
stant, Et is the interface state activation energy related to
the bottom of conduction band, kB is the Boltzmann’s con-
stant and T is the thermodynamic temperature. The analy-
sis of the time dependence of the ARS at different tempera-
tures then allows to construct the A-DLTS spectra and fol-
lowing to determine the activation energy of interference
states Et and corresponding cross section σn. The acousto-
electric investigation of the MOS structure [14] validate
that the ARS follows the accumulated charge behavior
over the capacitance one.
The theoretical principles of the determination if inter-

face state distribution from the U0
ac − Ug characteristics

come from the following analysis of the ARS given by
Eqs. (3) and (4). If the situation in the structure without
any interface states (Qit = 0) is indexed as “ideal” and
then, using Eqs. (1) and (4) can be expressed after partic-
ular formal modifications in the form

U0
ac(ideal) =

p0
Ks

Ug − Ufb +
Qs

Cox

Ki −Ks

Ks Ki
p0 . (7)

As it can be seen from Equation (7), the ARS of ideal
MOS structure is the superposition of a linear term with
zero at flatband voltage and a term representing the con-
tribution from the semiconductor charge Qs. To determine
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the energy distribution of interface states, it is necessary to
know the dependence of the semiconductor charge on the
surface potential for an ideal MOS structure. This depen-
dence can be obtained using the Terman’s model [15].

The quantity Qit depends on the interface charge state
and its occupation by carriers and can be generally ex-
pressed as [39]

Qit = q
Ei

Ev

Dit(Et) 1 − f (Et) dEt

− q
Ec

Ei

Dit(Et) f (Et) dEt, (8)

where q is the elementary charge, Dit is the density of the
interface states, Ev and Ec are the energies of the valence
and conduction band edges, Ei is the intrinsic Fermi level
and f (Et) is the occupation probability of the energy level
Et.

The interface trapped charge can be expressed through
the deviation of the ARSs of real and ideal structures, com-
paring Equations (4) and (7), as

Qit = S U0
ac − U0

ac(ideal) , (9)

where S = Cox Ks/po. The interface state density Dit can
be then expressed, describing the U0

ac−Ug curves for ideal
and real MOS structures, by the relation

Dit(Et) =
1
q

dQit

dφs
=
1
q

S
d(U0

ac − U0
ac(ideal))

dφs
. (10)

Equation (10) allows then to determine the distribution of
interface states from the measured ARS.

The energy level Et in the band gap of the semiconduc-
tor, corresponding to interface traps density Dit(Et), can
be calculated then from the equation [15]

Et = Ev +
Eg

2
+ q φs ± kB T ln

ND,A

ni
, (11)

where Eg is the semiconductor band gap energy, ND,A is
the concentration of the donors or acceptors and ni is the
intrinsic concentration. The plus sign in Eq. (11) corre-
sponds to the n-MOS and the minus sign corresponds to
the p-MOS structure.

In the case of real MOS structure with the interface
states, the U0

ac − Ug characteristics contain information
about the charge at the interface states and because the
ARS reflects directly changes in the space charge distri-
bution at the interface region, the interface state density
can be extracted comparing the real (measured) and ideal
(calculated) U0

ac − Ug curves (Eq. (10)). As the interface
state occupancy varies with the gate bias, the correspond-
ing changes manifest as hops on the real U0

ac − Ug curve
comparing with the ideal one [52].

Ug

(a)1 2 3

Time

Time

U0ac

1 2 3

(b)

Figure 2. Sequence of applied gate voltage pulse (a) and resulting
acoustoelectric transient (b).

Figure 3. Schematic illustration of acoustoelectric transients
analysis.

3. Experimental principles

3.1. Acoustic deep level transient spectroscopy (A-
DLTS)

The present measurement technique of A-DLTS is based
on the computer-evaluated transients measured at fixed
temperatures. The differential ARS, δU0

ac is then moni-
tored as a function of temperature and peaks with max-
ima at the temperature for which the emission rate is the
same as the adjusted sample rate window represent A-
DLTS spectra [50, 53, 54].
The principle of our A-DLTS measurements consists

then in the special analysis of the acoustoelectric tran-
sient signal after an injection pulse (Figure 2) using a set
of emission rate windows similarly as in the case of the
DLTS technique developed for the capacitance transients.
Relaxation times of an exponential transient signal are dis-
played using selected rate windows (Figure 3) and a re-
sponse peak occurs at the temperature where the trap emis-
sion rate is within the window. The emission rate windows
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Figure 4. Schematic illustration of the time arrangement of some
experimental parameters, t0 is the bias voltage pulse width, fw =
1/Tw is the rate frequency and t∗ is the transverse time through
the buffer rod.

are precisely determined by setting of time interval δt after
the bias injection pulse and the differential acoustoelectric
response signals δU0

ac can be monitored as a function of
temperature. The peaks with the maxima at the tempera-
ture for which the emission rate is the same as the adjusted
window are then the result of the measurement.
The software for the calculation allows to use the acous-

tic version of Lang’s original scheme [53] or the corre-
lation procedure with higher on/line filters and rectangu-
lar weighting function [50] or FTT analysis that can de-
scribe more effectively dynamic processes and by that also
acoustoelectric responses. In the case of very close inter-
face state levels the deconvolution technique can be used,
too. The technique allows then a single transient to be
sampled at many different sample rates permitting several
decades of time constants to be observed in one thermal
scan without permanent processing redundant data. The
schematic illustration of the time arrangement of some
experimental parameters corresponding to the isothermal
transients scanning process is given in Figure 4.
Using the well known relation expressing the tempera-

ture dependence of the relaxation time characterizing the
acoustoelectric transient (Eq. (6)) the activation energy,
Et, and corresponding capture cross-section, σn, can be
determined. The Arrhenius plot can be then constructed
using the relation

ln τ2 T 2m ∼ Et (1/Tm) . (12)

3.2. Density of interface states determination

To understand the basic principles of the density of inter-
face states determination from theU0

ac−Ug characteristics,
the simulated ideal and real U0

ac −Ug characteristics of the
n-type MOS capacitor (Figure 5) are compared with the

Figure 5. Theoretical U0
ac − Ug characteristic of “ideal” n-MOS

structure-without any interface states (dotted line) compared
with simulated “real” U0

ac −Ug curve corresponding to two kinds
of interface states (solid line).

Figure 6. Energy band diagrams of n-type Si based MOS struc-
ture with no bias (a) and as a function of bias at accumulation
(b), and at inversion (c) representing the interface states empting
and/or occupying processes of two kinds of interface states. En-
ergy values Efs and Efm are the Fermi levels in the silicon and
in the metal, respectively.

changes in the bands bending of such structure contain-
ing assumed two kinds of donor type interface states (Fig-
ure 6).
At zero bias, the surface potential φs causes the weak

accumulation when and the semiconductor bands bend as
shown in Figure 6a. The interface states present above sil-
icon Fermi level Efs are empty while those below Efs

are occupied by electrons. By the application of a positive
bias Ug (continuously accumulated), the additional elec-
trons are attracted to the silicon surface and zero voltage
bands bending increases and at very large positive bias,
the electron density at the semiconductor surface exceeds
electron density in the bulk. The increase of positive gate
voltage results in the increase of accumulation charge and
consequently the increase of the ARS.

656

Document downloaded by  @DAEL, 2026-05-09 14:57:29 - personal use only



Bury et al.: Acoustoelectric effect in semiconductor structures ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 102 (2016)

Figure 7. Simulated distribution of interface states calculated us-
ing the ideal and simulated real U0

ac − Ug curves from Figure 5.

In the case of interface states present close to the con-
duction band, the change in band bending at positive bias
leads to the filling of interface states initially present above
Fermi level (Figure 6b). That causes a decrease of electron
density at the semiconductor surface as well as interface
state charge Qit that results in the decrease of the ARS as
far as all states are filled.
Applying a negative bias, at the first electrons are elimi-

nated from the semiconductor surface until flatband occurs
(Uac = 0) and continuing from the flatband electrons are
repelled from the semiconductor surface resulting in the
formation of a depletion region. As negative gate bias is
increased, the depletion region widens following the for-
mation of inversion layer where the surface hole density
increases. Simultaneously, the interface states present ini-
tially below Fermi level become unoccupied (Figure 6c),
which results in the decrease of Qit and consequently the
measured ARS. The presence of another interface states
causes another drop of the ARS. Calculating the difference
between the ideal and simulated real U0

ac − Ug curves and
using the Eq. (10), the simulated interface states distribu-
tion was determined as shown in Figure 7.
However, the tunneling current for the very thin oxide

layer (< 10 nm) influences the division of the applied
voltage Ug between the semiconductor and insulator layer
and for the oxide layer thickness < 2 nm, the whole ap-
plied voltage practically spreads across the semiconduc-
tor, especially in the range of inversion [56]. Concerning
the tunneling process, the transport of free charge curri-
ers through the thin oxide layer caused by applied electric
field has to be taken into account in cases where the tun-
neling current following with the Fowler-Nordheim mech-
anism [57] induces additional change of the ARS

ΔUac = A U2
g + B exp − C

Ug
, (13)

where A, B and C are constants. The simulation of the
“ideal” ARS inclusive the calculation of tunnel current
contribution gives a new ideal ARS, U0

ac(tunnel).
Except the leakage current, the Schottky contact on the

metal-semiconductor interface can be also the reason for

Figure 8. Block diagram of the experimental setup with the de-
tailed sample configurations (D-detail) for A-DLTS measure-
ment (B) and measurement of U0

ac − Ug characteristics (A).

some deviation in the measured U0
ac − Ug dependence, es-

pecially near the flatband. To eliminate this influence, the
added capacitance of Schottky contact [23].
The sensitivity of presented method depends on the ac-

curacy of the acoustoelectric response signal U0
ac measure-

ment, the acoustic signal stability and the ability to dis-
tinguish the changes ΔUac between the real and “ideal”
U0

ac − Ug characteristics.

4. Experimental details

The experimental arrangement of the measurement tech-
nique for both measurement of A-DLTS spectra and mea-
surement of characteristics is shown in block diagram in
Figure 8. The A-B key symbolically represents the dif-
ferent arrangement in the case of these individual tech-
niques. The computer using the LABVIEW system was
used to trigger the apparatus - Pulse Modulator and Re-
ceiver (MATEC 7700), to drive bias voltage as well as
to record and evaluate isothermal transients in the case
of the A-DLTS and register the ARS as a function of ap-
plied bias voltage (U0

ac−Ug characteristics). A longitudinal
acoustic wave of frequency 13.2MHz was generated using
LiNbO3 transducer in the arrangement illustrated in the D-
detail. The ARS produced by the MOS structure was then
detected by Receiver, selected using the Gated Integrator
and Box-car Averager (SRS), recorded and stored by a
computer. The quiescent bias voltage pulses of 100 − 200
ms with filling traps completely were applied to the MOS
structures (A-B key in B position) to measure ARS tran-
sients. The differential ARS, δUac was then monitored as
a function of temperature and peaks with maxima of the
temperature for which the emission rate is the same as the
adjusted sample rate are observed in A-DLTS spectra. The
A-DLTS experimental results were at temperatures vary-
ing between 373 and 77 K, samples were cooled in nitro-
gen cryostat. TheU0

ac−Ug curves were measured using the
programmable voltage source, type HAMEG-HM 8131-2,
providing both the linear increase (decrease) of the gate
bias and the variation of increasing (decreasing) rate. The
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Table I. Summary of investigated Si MOS structures and their
characteristics. ∗: Original identification: NA-7POA, NB-3POA,
PA-P2.

Sample∗ Thickness (nm) Si type Treatment

NA 3.5 n POA at 250 0C
inN2 for 1 h

NB 9.2 n POA at 250 0C
inN2 for 1 h

PA 2.4 p No treatment

U0
ac − Ug characteristics were measured at room tempera-
tures (∼ 300 K) and determined interface states distribu-
tions were also compared with A-DLTS results.
As it was already mentioned the sensitivity of the used

acoustic spectrometer to determine the density of interface
states depends on several parameters given by both exper-
imental arrangement and following calculation procedure.
The calculated sensitivity limit for our experimental ar-
rangement is 5.0 × 1010 eV−1cm−2. However, in the case
of measured MOS structures, especially those with thinner
oxide layers, the stability of the measured acoustoelectric
signal allowed to determine the density of interface states
only with the sensitivity better than 1.0 × 1011 eV−1cm−2.
To know the electrical characteristics, the current-volt-

age (I−V ) and capacitance-voltage (C−V ) characteristics
were recorded with HP 4192A impedance analyzer and/or
FLUKE PM 6306 programable automatic RLC meter.
The acoustoelectric investigation of interface states us-

ing introduced theoretical principles was applied to the Si
MOS structures with very thin oxides prepared on both n-
and p-type Si substrates growing by nitric acid (HNO3)
oxidation method of Si (NAOS), which can be performed
at relatively low temperatures (∼ 1200C) [17, 55].
N-Si MOS structures (NA, NB) were fabricated from

phosphorus-doped Si (100) wafers with ∼ 10Ωcm resis-
tivity. After cleaning the wafers using RCA method and
etching with dilute hydrofluoric acid, they were immersed
in HNO3 aqueous solutions of concentrations, 62% and
58%, respectively at temperature ∼ 1200C for different
reaction times to prepare different oxide thickness (NA-
4 h, NB-10 h). P-Si MOS structure (PA) were fabricated
on boron-doped p-type Si(100) wafers with 10 − 15Ωcm
resistivity. After RCA cleaning of the Si wafers and the
removal of a native oxide layer, a thin oxide layer was
formed by immersing the Si wafers in 62% HNO3 aque-
ous solutions at 1200C for 2 h. The aluminum (Al) dots
of 0.15 and 0.30 mm diameter were formed on all parts of
prepared wafers, resulting in <Al/SiO2/Si> MOS diodes.
The thickness of the SiO2 layer was estimated from XPS
and/or ellipsometry measurements.
The investigated set of Si MOS structures including the

type of Si, the oxide thickness and some other parameters
are summarized in Table I. The presented choice of MOS
structures was made to represent the results obtained on
various types of structures including n- and p-type Si sub-
strates as well as various oxide thickness.

Figure 9. A-DLTS spectrum of Si MOS structure NA (a) and
corresponding Arrhenius plots (b).

5. Results and discussion

The presented parameters and distribution of interface
states of representative set of Si MOS structures were ob-
tained using the measured A-DLTS spectra, U0

ac−Ug char-
acteristics and theoretical principles described before. Fig-
ure 9a presents A-DLTS spectrum obtained on n-type Si
MOS structure (NA) with 3.5 nm thick oxide and Fig-
ure 9b calculated Arrhenius plots including obtained ener-
gies. The illustrated A-DLTS spectrum that was observed
using pulse voltage ΔUg = 2.5V ( Ug = -2.0 V) con-
tains one evident double peak with maxima at 270 K and
300 K, respectively with some lateral structure at lower
temperatures corresponding to lower energies. Figure 10a
shows both measured and fitted (ideal) U0

ac − Ug charac-
teristics for the same structure. For simplification and bet-
ter possibility to compare individual results, there is on
x-axis indicated the difference Ug −Ufb, so that zero volt-
age corresponds to the flatband where the ARS reaches
its minimum. The measured flatband was -0.65V. Com-
paring the real and ideal characteristics, several detected
humps at measured characteristic imply the presence of
interface states. Fitted characteristic was calculated using
following measured parameters related to the investigated
structure, ND = 3.7 × 1021 m−3; Cox = 9.87 × 10−3 F/m2
and parameter extracted through the fitting process p0 =
1.8 × 1011 Pa. Elastic moduli Ks = 5.36 × 1010 Pa and
Ki = 7.3×1010 Pa for Si and SiO2, respectively were used
for all investigated structures. The distribution of interface
states with respect to the energy levels across the bandgap
of silicon, shown in Figure 10b, was then calculated by
using measured and fitted (ideal) U0

ac − Ug characteristics
(Figure 10a). Comparing the A-DLTS results with the dis-
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(a)

(b)

Figure 10. Measured and idealU0
ac−Ug curves (a) and calculated

distributions of interface state density (b) for NA structure (d =
3.5 nm).

tribution of interface state, we can find quite good agree-
ment in the position of energies.
The A-DLTS spectrum of another MOS structure pre-

pared on n-type Si but with oxide thicknesses 9.2 nm (NB)
and calculated Arrhenius plots are shown in Figure 11. The
illustrated A-DLTS spectrum in this case at pulse voltage
ΔUg = 2.0V ( Ug = -2.5 V) contains one broad triadic
peak with maxima at 190, 230 and 250 K, corresponding
to three different energies. The U0

ac − Ug characteristics
of the same structure and corresponding determined dis-
tributions of interfaced states are illustrated in Figure 12.
Fitted characteristic was calculated using the following
measured parameters related to the investigated structure,
Cox = 3.84× 10−3 F/m2, Ufb = −1.45V and parameters
extracted through the fitting process p0 = 1.95 × 1011 Pa,
Uc = 0.2V.
The donor concentrations in both n-type Si wafers were

the same. We can see on the real characteristics the sim-
ilar process as in the case of previous structure, but with
different region (beginning) of tunneling process which,
in the case of thicker oxide layer, begins at higher reverse
voltage that coincides with our assumption.
It should be noted that obtained results coincide very

well with results obtained from the Acoustic-DLTS spec-
tra which indicated interface states about, 0.63, 0.49 and

Figure 11. A-DLTS spectrum of Si MOS structure NB (a) and
corresponding Arrhenius plots (b).

(a)

(b)

Figure 12. Measured and idealU0
ac−Ug curves (a) and calculated

distributions of interface state density (b) for NB structure (d =
9.2 nm).

0.21 eV below the conduction band. Interface states with
the energy near the midgap were observed for SiO2/Si in-
terfaces with very thin oxide also by means of XPS un-
der bias. They are attributed to isolated Si dangling bonds,
with which no atoms in the oxide layer interact. Interface
states above the valence band and below conduction band
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Figure 13. A-DLTS spectrum of Si MOS structure PA including
corresponding Arrhenius plots incide (a) and distribution of in-
terface state density calculated using measured and idealU0

ac−Ug

curves (b).

were attributed to Si dangling bonds interacting weakly
with an oxygen or Si atom in the oxide layer [41].
Figure 13a shows the A-DLTS spectrum of p-Si MOS

structure (PA) and Figure 13b corresponding Arrhenius
plots and determined energies. The presented A-DLTS
spectrum observed using the pulse voltage ΔUg = −2.0V
( Ug = 0.5V) shows three positive peaks with maxima
at approximately 180, 240 and 400 K and one negative
peak with maximum at 200K, corresponding to different
types of interface states a savoir to the donor type. Inter-
face states distribution of the same MOS structure (Fig-
ure 14b) was calculated using measured and ideal curves
of the ARS dependence on the gate voltage illustrated in
Figure 14a. Fitted characteristic was calculated using fol-
lowing measured parameters related to the investigated
structure, NA = 4.0 × 1022 m−3, Cox = 3.45 × 10−3
F/m2, Ufb = −0.95V and parameter extracted through
the fitting process p0 = 4.3 × 1010 Pa.
A-DLTS spectra of investigated sample correspond to

the interface states of acceptor type with the activation en-
ergies 0.28, 0.53 and 0.73 eV above the valence band edge
and donor type with the energy 0.18 eV under the conduc-
tion band. The observed energies coincide with the density
of interface state distribution determined from Uac − Ug

measurements. The interface states with an activation en-
ergy ∼ 0.2 eV should correspond to Si dangling bonds
interacting weakly with oxygen or Si atoms having un-
paired electron [39, 41]. The decrease of the density of
interface state distribution after the thermal treatment can
be attributed to the fact that the thermal treatment elim-
inates some suboxide species, which is a reason also for
the decrease of the leakage current density [55].

(a)

(b)

Figure 14. Measured and idealU0
ac−Ug curves (a) and calculated

distributions of interface state density (b) for PA structure (d =
2.4 nm).

We would like to note that some difference of presented
results comparing with our previous results are caused by
both the improvement of the acoustic spectrometer and
the innovated procedure of the A-DLTS spectra analysis.
However, these results are not in the discrepancy with pre-
vious ones, they only amplify them.

6. Conclusion

The investigation of interface states in MOS structures
with very thin oxides by complete acoustic spectroscopy
techniques utilizing the acoustoelectric response signal
(ARS) produced by MOS interfaces when a longitudinal
acoustic wave propagates through the structure namely as
a function of both time after applied injection pulse (A-
DLTS spectra) and the gate voltage (Uac −Ug characteris-
tics) is presented as an effective tool for the characteriza-
tion of interface states. Comparison of the measured and
fitting (ideal) Uac − Ug characteristics allow to determine
the interface states distribution and together with A-DLTS,
it provides both complete acoustic investigation of MOS
structures and also information comparable with C − Ug

and G − Ug measurements. The presented technique used
for interface states investigation induced also some advan-
tages compared with other techniques: the ARS is pro-
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duced directly by the interface containing the space charge
so that any changes in its distribution are immediately re-
flected by the ARS; the strong acousto-lattice interaction
allows to discover some new interface states; the quality
of the ohmic contacts should not play so important role as
in electrical techniques.
The investigation of several kinds of MOS structures

formed by various methods verified the presented method.
The parameters and distributions of interface states were
determined for MOS structures with very thin oxides pre-
pared on both n- and p-type silicon wafers. The position
of interface state energies obtained by A-DLTS coincides
very well not only with results determined from Uac − Ug

characteristics but also with results obtained by different
techniques.
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