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ON THE DENSITY DISTRIBUTION PROFILES OF INTERFACE STATES
IN Al/SiO,/p-Si (MIS) STRUCTURES

ABSTRACT

In this study, the energy distribution profile of the interface
states (Ng;) and their relaxation time (tr) of Al/SiO,/p-Si (MIS)
structure with a thin (324) Si0, have been investigated by use the

conductance methods. The C-V-f and G/w-V-f characteristics of these
devices were measured 1in the frequency range of 0.2kHz-100kHz. The
experimental characteristics of MIS structure show fairly large
frequency dispersion especially at low frequencies due to Ry and Ng.
The capacitance of this structure decreases with increasing frequency.
The increase in C especially at low frequencies result forms the
presence of Ng. The N and t profiles have been determined in the
band-gap of Si. The main value of N,, was found about 3.5x10' ev'cm™@
and slightly changes. The values of relaxation time range from 1.05x10"
° s to 1.58x107° s and have shown an exponential rise with bias from the
top of the valance bend towards the mid-gap
Keyword: Interface States, Relaxation Time, Conductance Method,
Series Resistance, Thin Insulator Layer

Al/SiO,/p-Si (MIS) YAPILARDA ARAYUZEY DURUMLARININ YOGUNLUK DAGILIM
PROFILI

OZET
Bu calismada, ince bir (32A) Si0,’1i Al/SiO,/p-Si (MIS)yapinin
ara ylUzey durumu (Ng) ve gevseme zamaninin (t) enerji dagilimi profili
iletkenlik yontemleri kullanilarak arastirilmistir. Bu cihazlarin C-V-
f ve G/w-V-f karakteristikleri 0,2 kHz-100 kHz frekans aralidinda
O0lclilmiistiir. Bu yapinin deneysel karakteristikleri Ry ve N, yiliziinden
6zellikle disuk frekanslarda oldukca buyuk frekans dagilimi
gostermektedir. Bu yapinin kapasitansi artan frekans ile azalmaktadir.
Distik frekanslarda ©zellikle C’deki artis Ng'in wvarligini ortaya
koymaktadir. Ny ve 1t 0Ozellikleri Si’nin bant araliginda tespit
edilmistir. N.,/in temel dederi yaklasik olarak 3x10'* ev'!ecm™ civarinda
ve cok az dedisiklikle bulundu. Gevseme zamaninin dederleri 1.05x107° s
ile 1.58x107° s araliginda ve orta bosluda dodru {istel olarak artis
gOstermistir.
Anahtar Kelimeler: Ara Yiizey Durumlari, Gevseme Zamani,
Iletkenlik Y®&ntemi, Seri Direng,
Ince Yalitkan Tabaka
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1. INTRODUCTION (GIRIS)

To prevent the interface diffusion and reaction Dbetween the
metal and semiconductor an insulator layer and such as Si0O,, SnO, and
SisN, generally inserted at metal/semiconductor interface. Thus,
metal/semiconductor (MS) structure 1s converted to a metal-insulator-
semiconductor (MIS) structure. The combination of Si0,/Si is believed
to be the most stable and its excellent interface characteristics. In
recent years, MIS diodes or structures become more and more important
in a great variety of fields of modern semiconductor technology. The
performance of these structures and their reliability depend highly on
the quality and the degree of technological control of the

intermediate thin insulator layer, Rg and Ngs -« The
semiconductor/insulator (Si/S1i0,) interface and defects on its
neighborhood have been extensively studied in the past four decades
[1-12]. In the real MIS structures, the localized N, exist at the

S1/510, and the device behavior is different from an ideal case due to
the presence of these localized Ng;. The reason for their existence is
the interruption of the periodic lattice structure at the surface,
surface preparation, formation of insulator layer and impurity
concentration of semiconductor [1, 2, 5, 6, 7, 8, 9, 10, and 11].
These Ny, usually cause a bias shift and frequency dispersion of the C-
V and G/®w-V curves [1, 2, 3, and 4]. The applied a.c. signal causes
the Fermi level to oscillate about the mean positions governed by the
d.c. bias, when the MIS diode is in depletion. The Ny, at the Fermi
level change their occupancy by capture and emission process, and a
conductance loss occurs, since the response of states lags behind the
phase of the signal. The Ny, 1is found from the conductance loss
resulting from the interface states by measuring the a.c. conductance
as a function of bias voltage in depletion at wvarious frequencies. In
the equivalent circuit of MIS diode, the N, are represented by a
capacitance C, and conductance G, in parallel with the semiconductor
space-charge capacitance Cg.. In this circuit, the oxide capacitance Cgy
is in series with those components. The G,/®w vs f curve at a constant
bias voltage shows a maximum and G,/® is proportional to the Ng, for a
p-MIS diode, the Ng; and the capture cross-section are nearly constant
over energy of a few kT/q, and the G,/® are given by Depas at al. in
[5].

2. RESEARCH SIGNIFICANCE (CALISMANIN ONEMI)

To achieve a Dbetter understand of the effects of different
charge N and 1t on the MIS structures we used admittance spectroscopy
methods. Therefore, we have obtained the forward and reverse bias C-V
and G/®w-V measurements of these structures by the use of a
computerized HP 4192A LF impedance analyzer (5 Hz-13 MHz) at room
temperature with frequencies ranging from 0.2 kHz to 100 kHz.

3. EXPERIMENTAL PROCEDURE (DENEYSEL YONTEM)

The MS structures used in this study were fabricated using p-
type (boron-doped) single crystal silicon wafer with <100> surface
orientation, having thickness of 280 um, 2" diameter and 8 Q.cm
resistivity. For the fabrication process, the Si wafer was degreased
for 5 min. in Dboiling trichloroethylene, acetone and ethanol
consecutively and then etched in a sequence of H,S0, an H,0,, 20% HF, a
solution of 6HNOs: 1HF: 35H,0, 20% HF. Preceding each cleaning step,
the wafer was rinsed thoroughly in de-ionized water of resistivity of
18 MQ-cm. The detail fabrication procedures have been given in our
previous study [13].
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The C-V and G/®w-V have been measured at room temperature in the
frequency range of 0.2 kHz - 100 kHz. Small sinusoidal signal of 40 mV
peak to peak from the external pulse generator 1s applied to the
sample in order to meet the requirement [1,2]. All measurements were
carried out with the help of a microcomputer through an IEEE-488 AC/DC
converter card.

4. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)

4.1. Frequency Dependence Capacitance and Conductance
Measurements (Frekansa Ba§li Kapasitans ve Iletkenlik
Olciimleri)

Several experimental methods have been developed for the study
of the Si-Si0, Ny, essentially based on differential capacitance
measurement [1, 7, and 11]. Among these methods, the conductance
method maps out the energy distribution of the Ny, within band gap of
Si [1 and 2]. In addition, this method can identify both bulk and
interface defects when used on MIS diodes and particular when the
diodes are based in depletion and superimposed ac signal 1is applied
across the diode terminals [1]. Therefore, the C-V and G/o-V
measurements were performed in the dark at frequency range of 0.2 KHz-
100 kHz and are given in Figure 1. As small sinusoidal signal of 40 mV
p-p from the external pulse generator 1s applied to the sample in
order to meet the requirement [1 and 2].

Figure 1(a) and (b) show the measured Cn—V and Gn/ ®-V
characteristics of MIS structure, respectively, measured at various
frequencies with an oscillator level of 40 mV peak to peak at room
temperature. The applied voltage range was between +2 V and +6 V. The
three regimes of accumulation, depletion and inversion are clearly
shown for each ac frequency, verifying a typical MIS behavior. It is
shown that there is the significantly larger frequency dispersion in
C-V and G/®-V curves indicate existence of N,, that are in thermal
equilibrium with the Si and cannot communicate with the metal.
Usually, there are various kinds of states with different lifetimes at

the Si1/510, interface. If the C-V or G/®mw-V measurements are carried out

at sufficiently high frequency such that t is much larger than (T=1/®)
the Ng; cannot follow an ac signal [14]. At high frequency, the Rq
become significant Dbecause of the low impedance of the capacitor.
Hence, one must account for the simultaneous presence of both the Rg

and shunt parasitic resistances in the C-V and G/w-V measurement. In

this case, the device capacitance may be found from a single
measurement by neglecting the shunt resistance and determining the
capacitance. In addition to the C-V characteristic of the MIS

structure in Figure 1l(a) consists of a peak located at low forward
bias region due to the N, contribution shifts from the high forward
bias voltage the low bias voltage as increasing frequency.
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Figure 1. Experimental forward bias capacitance and conductance plots
as a function of the frequency with bias voltage as a parameter of the
A1/S10,/p-Si structure (2-6 V) with steps of 0.5 V at room temperature
(Sekil 1. Oda sicakliginda 0,5 V adimli olarak (2-6 V arasinda)
Al1/Si0,/p-Si yapinin voltaj ile frekansin bir fonksiyonu olarak
deneyden elde edilen kapasitans ve iletkenlik egrileri)
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4.2. Conductance Method (Iletkenlik Yéntemi)

According to this method, an applied ac signal on devices causes
the Fermi energy level to oscillate about the mean positions governed
by the dc bias, when the MIS diode is in the depletion. In Nicollian
and Goetzberger’s statically theory [1 and 2], in which random
distribution of discrete insulator charges and charged Ng; in the
Si/8i0, interface plane cause a nonuniform distribution of surface band
bending over the interfacial plane. In addition, admittance
spectroscopy can identify both bulk and interface defects when used on
MIS diodes, and in particular, when the diodes are biased in depletion
and superimposed ac signal is applied across the diode terminals [2].
Subsequent measurement of the parallel conductance as the frequency of
the applied voltage for certain dc biases 1in depletion and suitable
modeling provides the Ng. At the same time the interface trap
lifetime, referred also as relaxation time (1), can be obtained.
Therefore the equation describing the measured parallel conductance
(Gg) as a function of frequency (w) of the applied signal was that of
the statistical model proposed by Nicollian and Brews [1 and 2] for
the Si0,/Si system:

G 2
Zp #D)%xjexp( P)XIN[L+ (w7)° exp(Z(p)]eXph]d(DS

=(9AD, /207, )Ln(l+ 0°z?) (1)

where g 1s the electronic charge, ocis a parameter dependent on the

statistical behaviour of the system and ¢ is the surface potential at
various energy levels and is given as:

7, =(Vpo N, exp(-¢,)) " (2)

where vy, 1s the thermal velocity of carriers (= 10’ cm/s) and ¢s 1is

the normalised surface potential (¢s = g @, /kT) at a bias voltage V, o,

is the capture cross sections and N, is the doping density of the
substance. The source of the Gy, is due to the simple level states, or a
continuum of states or a continuum of states under the influence of
statistical fluctuations of the surface potential [1].

Figure 2, depicts the G,/® vs. 1nf for different depletion bias
show a maximum and with increasing bias, the peak amplitude, (Gy/®)nax

decreases and the frequency (m,) at which the maxima occur moves
towards lower value. This behaviour can be explained by using the
interface trap model. As indicated before, there exists an almost
continuous distribution of Ng; energy levels. At a given bias, the
Fermi level fixes the occupancy of these trap levels and a particular
hole density will be at oxide/strained-Si interface which determines
the capture rate of the related trap levels. Capture and emission
occurs primarily by traps located within a few kT/gq above and below
the Fermi level. If the frequency is slightly different from the
capture rate, losses are reduced because trap levels either do not
respond or the response occurs at a different frequency. Therefore,
the loss peak is a function of frequency. Furthermore, the peak value
depends on capture rate, i.e., on the interface trap level occupancy,
which is determined by the applied gate bias [15 and 17].
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Figure 2. The equivalent parallel conductance (Gp/®) vs. frequency at
various gate biases for the A1/SiO,/p-Si structure for various
frequencies at room temperature
(Sekil 2. Oda sicaklidinda dedisik frekanslarda Al1/Si02/p-Si yapi ic¢in

dedisik gerilimlerde esdeder paralel iletkenlik (Gp/w)-frekans
edrileri)

The energy position in the p-Si band gap is calculated by
EesmEy = q(@et @) (3)

where ¢F is the position of the Fermi level energy.
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Figure 3. The energy distribution of interface states and their
relaxation time obtained from conductance method for the A1/SiO,/p-Si
structure at various frequencies at room temperature
(Sekil 3. Oda sicaklidinda ve deJisik frekanslarda Al/SiO,/p-Si
yapisi icin iletkenlik yonteminden elde edilen Ara yizey durumlari ve
onlarin gevseme zamani sabitinin enerji dagilimi)

The main value of N,, was found about 3x10' ev'cm™ and slightly
changes. As can be seen in Figure 3, for each gate bias the G,/® Vvs.
frequency curve show a peak and peak due to the interface state
contribution shifts from low frequency to high as the bias changes
from depletion toward the accumulation region as predict by the
theory. For the peak value (Figure 2), d(G,/®)/d(wt)=0 and this maximum
condition gives wt = 1.98. Substituting this wvalue in the above Eqg. 1
one gets Ngs = (Gp/®)pax./ (0.402gA) and interface state relaxation time

1=1.98/w,. It 1is observed that both Ny and tshow increases with
increasing energy and from the bottom the valance band toward the mid-

gap of Si.

The energy distribution of surface states (Ng) and them
relaxation time (1) have Dbeen determined in the energy range of
(0.408)-(0.671) eV taking into account the surface potential as a

function of applied bias obtained from the lowest measurable frequency
C-V curve. The N,, ranges from 3.18x10' evicm™ to 3.25x10'" evicm™.
Furthermore, the T ranges from 1.05x107° s to 1.58x107° s and shows an
exponential rise with bias from the top of the valance bend towards
the mid-gap. Thus, it 1s seen that the Dboth N, and 1 is bias-
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dependent. Such behavior of Ny and 1 were also observed in the
literature in recent years [17].
Table 1. The experimental parameters obtained of the Al1/Si0O,/p-Si
structure at various frequencies at room temperature
(Tablo 1. Oda sicakliginda ve deJisik frekanslarda Al/Si0O,/p-Si yapinin
deneysel parametrelerinden elde edilenler)

vV (V) Eys-Ev (V) | Ny (eVl.em™?) T (s)

0.10 0.671 3.25x10% 1.58x107%°
0.15 0.639 3.43x10" 1.05x107%
0.20 0.609 3.46x10 6.31x107%
0.25 0.586 3.58x10" 4.50x107%
0.30 0.569 3.66x10 3.15x107%
0.35 0.555 3.71x10* 3.15x107%
0.40 0.544 3.63x10 1.58x107%
0.45 0.534 3.78x10% 1.58x107%
0.50 0.526 3.73x10* 1.58x107%
0.60 0.513 3.71x10* 1.05x107%
0.70 0.502 3.61x10" 6.31x107%
0.80 0.492 3.66x10 6.31x107%
0.90 0.484 3.61x10* 6.31x107%°
1.00 0.477 3.68x10 4.50x107%
1.20 0.466 3.73x10% 3.15x107%
1.40 0.457 3.61x10* 3.15x107%
1.60 0.449 3.56x10 1.58x107%
1.80 0.442 3.56x10 1.58x107%°
2.00 0.436 3.46x10% 1.58x107%
2.20 0.430 3.33x10* 1.58x107%°
2.40 0.424 3.28x10% 1.05x107%
2.60 0.418 3.25x10% 1.05x107%
2.80 0.413 3.23x10* 1.05x107%
3.00 0.408 3.18x10* 1.05x107%°

5. CONCLUSIONS (SONUCLAR)

The energy distribution profile of Ny, and t have been obtained
from frequency dependent C-V and G/w-V characteristics. Experimental
values of the C and G/® show large frequency dispersion. This
dispersion is result of the presence an interfacial insulator layer at
MS interface and Ng, located semiconductor/insulator layer interface.
The energy distributions of the Ng; and 1 have been determined in the
energy range of (0.41-E,)-(0.67-E;) eV taking into account the surface
potential as a function of applied bias obtained from the lowest
measurable frequency C-V curve. The N, ranges from 3.18x10' ev'cm™? to
3.25x10' ev'cm™®. Furthermore, the t ranges from 1.05x107° s to 1.58x10"
s and shows an exponential rise with bias from the top of the valance
bend towards the mid-gap. In summary, there are two points can be
noted. First, Ny and t show increases with increasing energy and from
the Dbottom the wvalance Dband toward the mid-gap of Si. Second,
especially at low frequencies all C-V and G/w-V curves of diode show a
dependence of Ry and therefore the measured capacitance C, and
conductance G, were corrected for Rj.
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