N

N

Comprehensive characterization of interface and oxide
states in metal/oxide/semiconductor capacitors by
pulsed mode capacitance and differential isothermal

capacitance spectroscopy
Pierre R. Muret

» To cite this version:

Pierre R. Muret. Comprehensive characterization of interface and oxide states in
metal/oxide/semiconductor capacitors by pulsed mode capacitance and differential isothermal
capacitance spectroscopy. Journal of Vacuum Science and Technology, 2014, 32 (3), pp.03D114.
10.1116/1.4865912 . hal-00965450v2

HAL Id: hal-00965450
https://hal.science/hal-00965450v2

Submitted on 21 Sep 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00965450v2
https://hal.archives-ouvertes.fr

ATP JVST B, special issue on high-k dielectrics

Comprehensive characterization of interface and oxide states in
metal /oxide/semiconductor capacitors by pulsed mode capacitance and differential
isothermal capacitance spectroscopy

P. Muret*

Univ.

Grenoble Alpes, Inst.

NEEL,

F-38042 Grenoble, France
CNRS, Inst NEEL, F-38042 Grenoble, France
(Dated: March 25, 2014)

In metal/insulator/semi-conductor structures, capacitance-voltage characteristics and capacitance
or voltage transients can be measured in different conditions, which are described and implemented.
Each method contains information about charges which are accommodated, captured or emitted

by energy levels or bands at interface and inside the oxide.

Pulsed capacitance measurements

and differential isothermal procedures are analysed and performed. Calibration of the energy scale
from the interface potential as a function of the applied voltage and extraction of the interface
state spectra and characteristic response times independently are possible with the help of signal
processing by Fourier transform of transients at one or few selected temperatures. Different trap
filling conditions may help to discriminate between interface and oxide states. These methods are

applied to Al/SrTiO3/Si capacitors as an example.

PACS numbers: 73.40.Qv, 84.37.4+q

INTRODUCTION

With the advent of insulating stacks using compound
high-k dielectrics on silicon and other semiconductors, ac-
curate characterization of defect states in these structures
is increasingly needed. Extensive characterization of in-
terface in metal/insulator/semiconductor (MIS) capaci-
tors by electrical measurements under both steady-state
bias voltage and transient regime [1, 2] have been per-
formed since the sixties, stimulated initially by the devel-
opment of metal/SiO4 /Si structures then more generally
in metal/insulator /semiconductor devices. Because ca-
pacitance measurements under pulsed mode and in tran-
sient regime afford more versatile and powerful control
of the carrier populations, methods relying on deep level
transient spectroscopy (DLTS), either at constant volt-
age or constant capacitance (CC-DLTS), became increas-
ingly used [1, 3, 4]. However, the Fermi level position at
interface, or equivalently the energy scale at dielectric-
semiconductor interface, was either deduced assuming
the unsatisfactory hypothesis of a constant capture cross
section of majority carriers by interface states or derived
from an inaccurate method involving double filling pulses
and the search for a quantity related to the capture cross
section. Moreover, standard DLTS and CC-DLTS were
firstly unable to discriminate between different families of
interface and insulator states characterized by different
time constant at the same temperature because of a sin-
gle time window for the analysis of the transient and sec-
ondly the temperature scan used in DLTS induced varia-
tions of many physical quantities simultaneously, making
model adjustment more difficult. Conversely, isothermal
transient spectroscopy (ITS) [5] is free of these draw-
backs and able to solve in a very smart and direct way

the calibration of the energy scale at interface provided
it is used in differential mode [6]. But the original analog
ITS technique relying on the product of time and deriva-
tive of the capacitance or its square suffered from a non
optimal signal over noise ratio (S/N) and poor resolution
in the frequency domain. Fast Fourier transform (FFT)
of the digitized capacitance transient [7] is now able to
yield both much better S/N because the calculation uses
the whole transient, and precise time constant for the
excess carriers population relaxation, which can be accu-
rately extracted from several Fourier coefficient spectra
in the frequency domain. In the following, isothermal
pulsed capacitance and transient methods are analysed
with the help of calculations which are fully detailed in
the Appendix and applied to Al/SrTiO3/Si capacitors.

PULSED CAPACITANCE METHOD

All measurements are performed in a PhysTech
FT1030 spectrometer which uses a Boonton 72B capac-
itance meter, whose analog output signals are digitized,
and FFT processing of the transient signals. Firstly, the
pulsed capacitance method is presented and used in a
Al/SrTiO3/p-Si/p™*-Si capacitor provided with a 50 nm
insulating layer [8], annealed 30 min. at 450 °C un-
der Hs atmosphere. The silicon layer is doped with
2 x 10 cm™3 boron atoms and epitaxially grown on
degenerate substrate. The high frequency capacitance
Cy(Vg,i) of the MIS structure is measured after the end
of an accumulation or flat band pulse at each step of
the gate voltage Vi, with a variable delay (Fig. 1).
Interface states are full of majority carriers up to the
energy level reached during this pulse and the charge



X o 0.6 0.04 s~
E-Ev(eV) A (@) i
g =X

& ~

Capacitances (pF)

Gate voltage (V)

FIG. 1. (Color Online) (a) Difference of the inverse square ca-
pacitances of the MIS structure and the oxide layer measured
after a Vpp = 0.68 V pulse within a delay of d0 = 200 us; (b)
MIS capacitance measured after a —1 V accumulation pulse
within a delay of 200 us; (c) MIS capacitance measured after
a —1 V accumulation pulse within a delay of d1 = 2 s; (d)
interface state density (eV~'.cm™?) deduced from the voltage
shift between (b) and (c) curves. Measurement temperature
is 250 K, low enough to inhibit inversion charge building.

trapped in them changes negligibly at least in the inter-
face energy range above the Fermi level at flat bands in
a p-type semiconductor after the response time of the
set-up, which is 200 us (d0). Thus, if the pulse voltage
is chosen at the flat band voltage Vpp after some tri-
als, Vpp can be deduced rigorously from the data from
(C1T)72 = (Con)™ = 25— (Vs — V&) (equation
A.11) in the depletion and deep depletion regimes, as
shown in Fig. 1 (a). If the pulse voltage induces ac-
cumulation, the same measurement method can be used
with two different delays (dO and d1) (Fig. 1 (b) and
(c) respectively). The first one (d0) is the same as pre-
viously and the second one (d1) is such that interface
states has enough time to re-emit their trapped carrier
and become empty. From the gate voltage difference

Qis]0° is(¢50) = Qis (¢s
VA — v = 1> — Qis(050)=Qis(¢s) (

© : equation A.13),
the interface cha?ge is calculated. Temperature is low
enough (here 250 K) to keep the MIS free of inversion
charge up to delay d1 which is here 2 s. Finally, the ratio
of the increment in this interface charge and that of the
surface potential d¢s = C"éi;ct [(5VG + %} (equation
A.17) yields the interface density of states N;q in Fig. 1
(d) as a function of the energy F at interface assessed
from Vep and equation A.17 applied step by step. Al-
though this method is not accurate when N;, is smaller
than a few 10'2 eV~!.cm™2, a peak in IV;, is found near
midgap like in similar samples already studied [9]. Meth-
ods using differential capacitance spectroscopy are more
sensitive and additionally bring informations about the
transient dynamics as discussed in the next section.
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FIG. 2. (Color Online) (a) Differential isothermal spectra
calculated from the first real coefficient of the FFT of volt-
age transients at Vg = Vpp (a) +0.13 V; (b) +0.18 V; (c)
+0.23 V; (d) 4+0.28 V; (e) 40.33 V; (f) 40.38 V; (g) +0.43 V;
(h) +0.48 V; (i) +0.53 V; with Vpp = —0.67 V and a temper-
ature of 260 K in the p-type MIS capacitor. Position of the
maxima yields the inverse time constant ej, of each transient.
Two main families can be seen in the spectra, corresponding
to two different capture cross sections.

DIFFERENTIAL ISOTHERMAL TRANSIENT
SPECTROSCOPY

A much more sensitive method consists in performing
the difference between two transient regimes that have
been recorded at two gate voltage values Vi ; and Vg i41
after a voltage pulse V), affording the same carrier con-
centration at interface with the same duration ¢,. These
regimes can be either the capacitance at constant gate
voltages Viz,; and Vg ;41 or the voltage at constant ca-
pacitances C(Vg,;) and C¢(Vg,i41), both lasting a time
window t,,. Measurements are repeated as a function of
ty, in order to get spectra from the FFT, at various Vg ;
(Fig. 2) in samples which are prepared in the same way
as previously, except that the oxide thickness is now 15
nm, the MIS structures underwent no post-annealing and
were achieved on both p- and n-type silicon.

In order to exemplify the two methods, differ-
ential ITS at constant capacitance (CC-ITS) and
0Q;s = fC'mﬁVGLF (equation A.12) are used for the

p-type MIS while constant voltage ITS and 6Q;s =
8C,,  0C.i_
qND€SCCOI C?tb - 05;711

for the n-type MIS. Peaks position in the different spec-
tra, as one can see in Fig. 2, allows to derive the inverse
response time, or equivalently the inverse time constant
e, (or e},) of each interface state family. Only the main
amplitude is considered in the following.

After performing the same calculations as in the previous
section to get the surface potential, N;s can be derived

(Fig. 3 (a)) and the capture cross section o, can be de-

} (equation A.16) are used
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FIG. 3. (Color Online) (a) Apparent interface states den-

sity in full symbols for the p-type MIS capacitor (circles for
tp, = lus and squares for ¢, = 1ms) deduced from differential
CC-ITS at 260K and open symbols for the n-type MIS capac-
itor from differential CC-ITS at 250K; (b) Reciprocal time
constants of the transients e, for ¢, = lus, € and e;, for
t, = lms; and capture cross sections of the interface states
for majority carriers when the derivation is reliable. In these
MIS structures, flat band voltages are —0.67 V and +0.79 V
for p-type and n-type MIS respectively, as derived from the
pulse capacitance method described in the previous section.

duced from the emission rate e, = o), v, Ny exp[(Ey —
E)/kT)] for p-type when it dominates the reciprocal time
constant 1/7 = e, (Fig. 3 (b)), with v, the thermal
velocity of holes and Ny the effective density of states
at the valence band edge Ey, or symmetrically for the
n-type MIS. It must be stressed that the interface state
density obtained in the p-type MIS with two values of the
filling duration ¢, and that derived for the n-type MIS are
very similar near midgap, with a prominent peak between
Ey +0.53eV and Ey + 0.58eV. A second peak appears
for the longer filling pulse duration ¢, = 1ms, probably
related to an oxide state because all the proper interface
states are already filled at the shorter ¢, = 1us, the cap-
ture time constant being well below 1 us in accumulation
regime. The presence of a second peak nearer the con-
duction band is confirmed qualitatively by the standard
inverse square capacitance characteristics of the n-type
MIS capacitor, which shows two inflexions (not shown)
because of the term Qisjgs/cow which has to be sub-
stracted from Vpp in A.11. Above the main peak, the
energy range of IV, derived from ITS at constant voltage

in the n-type MIS capacitor is limited to only Ey+40.71eV
because of the failure of the depletion approximation be-
yond this limit. Conversely, N;; can be evaluated closer
to the valence band edge in the p-type MIS capacitor with
the CC-ITS method, not limited to the depletion regime.
However, due to the emission rate of majority carriers
which becomes much larger than the set-up limit, the
density of states is notably underestimated in compari-
son to that deduced in the n-type MIS capacitor where
the emission rate is much lower in this energy range, well
below the conduction band edge. The reciprocal time
constants e;, and e;, shown in Fig. 3 (b) should display a
7U” curve if they were equal to the sum of the emission
rates of majority and minority carriers e,, + e, minority
carrier capture being negligible due to the low tempera-
ture which prevents the inversion charge to have time to
develop. But only the branch which increases toward the
majority carriers band edge appear in each type. On the
contrary, near midgap and toward the minority carriers
band edge, e, and e), become constant. Such an effect
could be an indication of the participation of charge mi-
gration inside the oxide because the term 8@5; which
has to be added to QEF in equation A.5 is proportional
to the product of the total charge within the insulator by
the ratio of the barycentre of this charge to the insulator
thickness, but not likely dependent on the surface poten-
tial. Outside this energy range, capture cross sections
can be firmly deduced (Fig. 3 (b)). Other ITS spectra
would be necessary at lower temperatures to study all the
previous physical quantities in the energy ranges closer
to the band edges.

CONCLUSION

The methods useful for interface states and oxide states
characterization has been thoroughly analysed and ex-
emplified with two kinds of Al/SrTiOs/Si capacitors.
Pulsed mode capacitance measurements allows for a rig-
orous derivation of the flat band voltage and net im-
purity concentration but lack of sensitivity for interface
state density assessment. Differential FFT-processed
ITS, eventually at several temperatures, fulfils all the
needs for accurate evaluations.

CHARGES, VOLTAGES AND CAPACITANCES
IN A MIS STRUCTURE

Basic equations

In the MIS capacitance, relying on potential continuity,
the potential voltage applied on the metal gate Vi can
be related to the potential at the insulator-semiconductor
interface ¢, referred to as the surface potential in the fol-
lowing, and to the voltage difference across the insulator



Voo through :

Vo =Puys + Vou + @5 (A1)

where ®prg = @y — x — Eg/2e — ¢r, @y being the
metal work function, x the electron affinity of the semi-
conductor, Fg the band gap of the semiconductor, ¢ =
(E; — EF) /e the Fermi potential deduced from the dif-
ference between intrinsic and Fermi energy levels in the
bulk semiconductor, ¢s the surface potential and e the
absolute electron charge. The electrical potential ref-
erence is taken in the neutral zone of the semiconduc-
tor as usual. Using the insulator capacitance C,, per
unit surface and applying Gauss theorem from the neu-
tral zone of the semiconductor to the insulator, V,, =
- [Qsc + Qs + m /Cou, where all the charges are per
unit surface, Qgc being the total charge in the semi-
conductor space charge zone, ;s the charge accommo-
dated by interface states and ), the product of the total
charge within the insulator by the ratio of the barycentre
of this charge to the insulator thickness. Then

1
Ve =Vrp — 5 (QSC + Qings) + ¢s (A.2)
where the flat band voltage is defined when ¢, =0 :
Ve = Pus — (st(o) +@) /Co:r (A3)

Qis(0) being the absolute charge in interface states at
¢s = 0, and Qisjgs the net charge when the surface po-
tential goes from 0 to ¢s, equal to Q;s(¢s) — Qis(0). Be-
cause one needs to calculate capacitances, charge and
potential variations are evaluated in the following.

Charge and potential variations

Differentiating equation A.2 on the one hand for slow
(LF) and on the other hand for fast variations (HF) yields
respectively :

OVEE = — Cl 0QHE + ool T (A.4)
and
OVEF = — L (0QLE + 0QLF) + ol (A5)

COI

where it is assumed that the interface states do not fol-
low the AC HF signal used for probing the capacitance
of the MIS structure. The LF variations are also those
which are probed in transient measurements like in DLTS
and ITS. If variations in the oxide charge happen, a term
8@55 has to be added to QLI because these charges
play the same role in equation A.2. In the following,
9Q~" will be considered as included into QLF if neces-
sary.

4

In the general case, the charge variations OQLE
and OQHL are determined by the semiconductor ca-
pacitance Csco, where Qgc is a complicated function
Ao f(egs/kT, edr/KT), k being the Boltzman constant,
T the absolute temperature and Ap the Debye length.
However, Qsc¢ is a monotonic function of egy/kT and
its derivative Cs¢ is a univocal function of e¢y/kT if
the inversion regime is excluded, so that it is possible to
get their variations from their differential. The surface
potential being defined as the electrical potential at the
insulator-semiconductor interface as compared to that in
the neutral zone, the depletion charge QQg¢ is negative in
a p-type semiconductor (respectively positive in a n-type
one) when ¢ goes to positive values (respectively nega-
tive values in a n-type semiconductor), while Vg follows
the same direction as ¢s. These trends being unchanged
in other regimes, charge variations in the semiconductor
can be defined as follows:

0Qsc """ = ~Cscopy ™" (A-6)
while the capacitance change is :
LF,HF 1 0%f LF,HF
Csc =\ p g2 2o (A7)

The series HF capacitance can now be defined from A .4,
A.6 and the opposite charge variations on the metal elec-
trode OQIF = Cp OVAF, where C; is the total capaci-
tance of the whole MIS structure:

Cil=0+054 (A.8)

Depletion and deep depletion regimes

If the measurements are done at ¢, values restricted to
the depletion and deep depletion regime, C'sc can be re-
placed by the depletion capacitance per unit surface Cp.
If measurements are performed within a time delay, short
enough after the end of the accumulation regime and
at a sufficiently low temperature, the inversion charge
cannot develop at surface potentials able to induce in-
version. As a consequence, the depletion approximation
remains valid and the deep depletion regime occurs. If
the net dopant impurity concentration Ny; is assumed to
be homogeneous, depletion approximation allows writing
Qsc = gNgw and Cp = eg¢/w for a depletion zone
width w, a semiconductor permittivity egc, and with
q = +le| for a n-type semiconductor whereas ¢ = —|e|
for a p-type semiconductor. Then, the depletion charge
itself and its variation can be respectively expressed as:

N, i€
Qsc = 1455C g, 5C (A.9)
D
and
ow ocC
0Q55 = Qsc— = —Qsc——> (A.10)
w CD



The depletion width and surface potential can also be

_ 2esc|¢s] _ __qNdiesc
expressed as w = N, and ¢5 = sez —. From

this last expression, A.2, A.9, and A.8, calculation of the
relationship between gate voltage and HF capacitances
becomes possible in the depletion regime, provided the
term Qisjgs is cancelled in A.2. Such a case is achieved
if the total capacitance C; is measured in pulsed mode
after the end of a voltage pulse inducing nearly flat bands,
within a delay time d0 short enough to keep the interface
charge at @;5(0). In such a delay time, the term Qs |9
vanishes in A.2 and after some algebraic manipulations,
one can derive:

2

CHF,dO -2 o Coz -2 _
(@) = (Cox) P

(Ve —Va)  (A.11)

From this equation, the doping concentration and flat
band voltage can be deduced from the linear part of
(CHFAY=2 _ (¢,,)72 in depletion and deep depletion
regimes after two or three iterations to ensure conver-
gence of Vpp with the Vi; value used to induce flat bands.
Conversely, if CH¥ is not measured just after flat band
conditions but rather with enough delay so that equilib-
rium population in interface states is reached at each Vg
step, the term Q] gbs /Cor must be substracted from Vpp
in A.11. Since it is varying with Vi, both Vepp and Ny;
are affected by errors when this method is used, because
the first member of A.11 would not only reflect the de-
pletion zone variation but also the interface population
variation.

Voltage transients at constant capacitance

Firstly, calculation of transient voltages which can be
measured at constant total capacitance are detailed. In
constant capacitance DLTS (CC-DLTS) and ITS (CC-
ITS), the total HF capacitance is maintained constant
after the filling pulse by a feedback loop so that d¢s = 0
from equations A.8 and A.7 and 0Qsc = 0 from equa-
tion A.6, both for HF and LF regimes because if fast
variations are quenched, slow variations too. Therefore,
equation A.5 leads simply to

Qs = —CordVEY (A.12)
Extraction of the interface charge variations is therefore
straightforward in all regimes except inversion and can
be monitored as a function of time.

Secondly, if only the whole change in interface charge
is needed, a much simpler version of the constant capac-
itance method can be implemented. As previously, it
needs the measurement on the one hand of the capac-
itance as soon as possible after an accumulation pulse
within a delay d0, when all the interface states are full
of majority carriers up to ¢so, and on the other hand af-
ter a time delay d1 long enough for a complete discharge

of interface states in equilibrium at ¢4. If Vgo and Vgl
are respectively the corresponding gate voltages, their
difference, calculated from equation A.2, yields only the
following term when performed at the same total HF ca-
pacitance, that is at the same ¢ and Qg¢, irrespective
of the regime (accumulation, flat band, depletion or deep
depletion), except at inversion:

Qisj i.:o _ Qis (¢SO) — st(¢s)

Ve Ve = =5 o

(A.13)

Therefore, the product of V4! — V% by C,, is the in-
tegrated interface charge between ¢, and ¢y, and can
be plotted as a function of the gate voltage. It exactly
follows the change in oxide potential difference when in-
terface states are either full or empty. When the gate
voltage drives the junction towards inversion regime, the
inversion charge may be added to the interface charge if
the delay is sufficient to build this inversion charge. To
avoid such effect, a trade-off about the delay d1 has to
be determined from transient experiments. In wide band
gap semiconductors, a large margin generally exists be-
tween majority carriers emission time and inversion time,
which can be exceedingly longer in MIS capacitors, so
that this problem is not raised.

Capacitance transients at constant voltage

Alternatively, in ITS or DLTS performed at constant
gate voltage after a filling pulse, the total voltage vari-
ation reads VA = 0. Using A.6 and A.8 in A.5 leads
to:

A4
Coc (A.14)

0Qr = ~00k 1+ ¢ )
In depletion and deep depletion regimes, Csc becomes
Cp and equations A.9, A.10 and its differential 8051 =
OC; ! can be used to derive a practical expression relying
on the total capacitance variations, which are measurable
at high frequency:

0C,

9Qi" = quiESCComF (A.15)
t

Proportionality of the interface state charge variation to
the amplitude of the transient capacitance is still valid,
but limited to the depletion and deep depletion regimes.
It is sufficient to know the net dopant impurity concen-
tration Ng;, the oxide capacitance C,, and to measure
the full amplitude OC; of the total capacitance transient
in a long enough time window, and C} itself, or equiva-
lently the ITS spectrum. If the measurements are done
at subsequent values of the gate voltage V{ (i = 1,2,...),
the increment in the interface charge can be calculated
with 6Q;s = QX" — QX! from equation A.15:

18 (2

OCyi  O0Ci

3 3
Ct,i Crica

6Qis = qNDesccoz (AlG)




In practice, the denominators C’f” ; and C’fﬂ;l being mea-
sured at each step, the terms within bracket can be di-
rectly derived from the whole amplitude of the differential
ITS spectrum (DITS) also measured at each gate volt-
age. In constant voltage DLTS and ITS, interface states
are detected because they are emitting majority carriers
to the majority band, which have an opposite sign to the
depletion charge. Such a fact induces an increase of the
total capacitance until it reaches steady state because a
fraction of these majority carriers contribute to reduce
the space charge zone width in order that the overall
dipolar momentum of the junction be maintained. How-
ever, when the junction is driven deeper and deeper to-
wards depletion from the i — 1 to the i step, C} decreases
appreciably, irrespective of the semiconductor type, so
that the bracket content in equation A.16 is positive, in-
volving a loss of holes (0Q;s < 0) for a p-type MIS or
a loss of electrons (6Q;s > 0) for a n-type MIS. These
rather tricky considerations do not apply to differential
ITS at constant capacitance (CC-DITS), which turns out
to be simpler at the expense of a more involved experi-
mental set-up.

Interface states and oxide states densities

The surface potential increment §¢; = pL¥>t — pLE =1
has to be related to the charge increment and gate volt-
age increment Vg = éF” - C?F’PI to calculate the
interface state density. Replacing differentials by incre-
ments in equations A.5, A.6 and using A.8, leads to:

Cox 0Q7s ]

- C,
— |6V,
Cos { at

5¢s = Co;z;

(A.17)

where 0Q5° = 0Q);s if the transient has been monitored
until steady state, ideally after an infinite time. In prac-
tice, either the time window t,, used for transient mea-
surements or the time delay d1 must be sufficient to en-
sure that the steady state has been reached. Recalling
the previous remark about 6Q;,, the two increments ap-
pearing in this last equation have opposite signs, with a
resulting absolute variation |d¢s| systematically smaller
than |6Vg|, due to the contribution of a part of the ap-
plied voltage to the completion of the charge within inter-
face states. In the constant capacitance method, the to-
tal capacitance is constant only during the transient, but
not when the gate voltage is incremented from one step
to the next one. Therefore, §Q$° has to be derived from
the variation taking place in equation A.13 in order to
calculate d¢s. The ratio of the effective charge variation
to the energy change at the interface is easily deduced
from either A.12 or A.16, and A.17. It matches the in-
terface states density IV;s only if the occupancy function
fis of interface states goes to either one or zero at the end

of the time window t,,, which is also the transient dura-
tion. The first reason can cause underestimation of N;, if
emission of minority carriers occurs when ¢ is such that
the Fermi level at the interface is closer to the minority
carrier band edge than the majority one. In such a case,
it may happen that the final electronic occupancy func-
tion fis(tw) is either not zero (n-type MIS) or not unity
(p-type MIS) and hence, the measured charge variation
is only a fraction of that which would arise if the whole
carrier charge trapped within interface states had been
completely emitted toward the majority carrier band. If
this fraction is not known, only the apparent charge den-
sity spectrum [0Q;s/(ed¢s)| can be plotted. A second
reason of departure from the effective N, lies in the pos-
sible superimposition of the oxide states response, more
likely in high-k dielectrics or multi-layer insulators which
may contain traps. It is possible to discriminate whether
the oxide states contribute or not to §Q;s from consid-
erations about the kinetics of charging and discharging
states. The main method consists in studying the differ-
ential isothermal transient spectra as a function of the
pulse amplitude or duration t, at flat band or under
accumulation regime, which can strongly influence the
charge trapped in oxide states because of tunnelling of
carriers from interface states and charge migration inside
the insulator. Finally, once the flat band voltage Vpp is
known, the origin of electronic energies at the interface,
corresponding to ¢s = 0, can be determined from the
Fermi level position Er in the bulk, relative to the ma-
jority band edge. Then, each subsequent increment d¢s,
calculated from equation (A.17), is added to the previous
one and serves to scale the electronic energy at interface.
This is the way for plotting either the effective charge
density or interface state spectrum in the MIS structure
under study.
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