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Charge trapping control in MOS capacitors

M. Dominguez-Pumar, C. Bheesayagari, S. Gorreta, G. Lopez, 1. Martin, E. Blokhina, J. Pons-Nin

Abstract—This paper presents an active control of C-V char-
acteristic for MOS capacitors based on Sliding Mode control and
sigma-delta modulation. The capacitance of the device at a certain
voltage is measured periodically and adequate voltage excitations
are generated by a feedback loop to place the C-V curve at the
desired target position. Experimental results are presented for a
n-type c-Si MOS capacitor made with silicon dioxide. It is shown
that with this approach it is possible to shift horizontally the C-V
curve to the desired operation point. A physical analysis is also
presented to explain how the C-V horizontal displacements can
be linked to charge trapping in the bulk of the oxide and/or in
the interface silicon-oxide. Finally, design criteria are provided
for tuning the main parameters of the sliding mode controller.

Index Terms—Sliding Mode Control, MOS capacitors, dielec-
tric charge control

I. INTRODUCTION

Dielectric charge trapping is widely known as an important
reliability issue in MOS capacitors and related structures
such as ultra-thin gate oxides used in MOSFETs [1], or in
MEMS. This phenomenon alters device performance, affecting
its circuital features and even reducing its effective lifetime.
Shift of the capacitance-voltage (C-V) characteristic [2], [4],
and therefore of the threshold voltage, or NBTI degradation
observed in p-MOSFETs [5] are examples of serious reliability
problems due to oxide charge trapping.

The physical mechanisms responsible for charge trapping
are rather complex and dependent on the fabrication pro-
cess, the temperature and the electrical stress applied to
the device [8], [14]-[18]. Most works focus on the design
and characterization of materials and structures to reduce
the effects of charge trapping. Although these methods have
substantially reduced the charge trapping in the dielectrics,
shift of the C-V characteristic due to charge trapping still
represents a reliability issue in MOS transistors and capacitors.
The purpose of this paper is to show how a simple control
technique, based on Sliding Control [19], can be used to
deliberately shift the C-V characteristic to a desired operation
point, either for compensating dielectric charging or for other
circuital requirements.

The method is similar to that used in MEMS devices, [19],
[20], consisting on the application of bipolar actuation voltage
stresses and a sigma-delta modulation control loop. It has been
successfully demonstrated in silicon dioxide MOS capacitors.

II. FABRICATION PROCESS

The capacitors used in the experiments were fabricated on
a n-type c-Si <100> wafer, 280 pm thick and resistivity of
2.540.5 Qcm. The process starts with an RCA clean followed
by a thermal oxidation for 30 minutes with a temperature
ramp between 850-1080°C. A SiOq layer of ~ 40 nm thick
is grown on both sides of the wafer. The SiOs of the back
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Figure 1. Cross section of the MOS capacitor used in the experiments.

side is removed with HF etching while the front side is
protected with photoresist. To obtain a good ohmic contact
at the back surface, a stack consisting of ~4 nm a-SiCx(i)
(x~0.1), 15 nm n-doped a-Si and 35 nm a-SiCx (x~1) is
deposited on the back side of the wafer by PECVD. Then, a
laser doping technique, [21], is applied trough this dielectric
stack to create localized n*™ regions with 400 pm pitch. After
this laser processing step, the bottom of the sample is ready
to be contacted with 480 nm of Ti/Al stack deposited by
RF sputtering. A second deposition of Ti/Al is made at the
front side to create the upper contact. The active device area
is delimited by photolithography patterning and wet etching.
A final annealing in N3 atmosphere at 400°C for 30 min
improves the contacts and the adherence with the c-Si. Figure 1
shows a cross section of the device.

III. DESIGN OF THE C-V CONTROL CIRCUIT

The main contribution of this work is to change the
paradigm from the observation of charge trapping degradation
to a new one deliberately using the trapping phenomena either
to mitigate the effect on the device performance or to tailor its
operational properties. The mean to do that is to periodically
sense the capacitance value at a certain voltage and applying
positive or negative voltage pulses to keep constant this value
around a target threshold.

The control scheme designed is based on sigma-delta mod-
ulation and uses a feedback loop to periodically monitor the
displacement of the C-V curve, see Figure 2 (a). It is a sampled
circuit and at each sampling period, T, it evaluates whether
the current value of the magnitude to control is above or
below its desired value, hence the sign function in the loop.
In our case, the magnitude to control is the total charge in
the dielectric, which is indirectly sensed by observing the
horizontal displacement of the C-V curve. The detection of
whether the C-V lies to the right or to the left of its final
desired position can be achieved by observing the value of
the capacitance at a constant voltage of interest, C[V;].

The objective of the control is to shift the C-V curve
of the device so that the value of the capacitance at the
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Figure 2. a) Sigma-delta feedback loop for C-V control. The device capaci-
tance is measured periodically at voltage V7 and compared with a threshold
value, Cy,. Depending on the result, either a BIT1 or BITO waveform is
applied during the next period. b) BITO and BIT1 voltage waveforms. The
capacitance measurement is taken at the end of each waveform.

voltage reference Vi is Cy, ie., C[Vi](t) = Cy. To this
effect the feedback loop applies an adequate sequence of
voltage waveforms to the device. These waveforms must be
designed to obtain two separate results: 1) to allow periodical
monitoring of C[V;](t) at times ¢ = nTs; 2) to apply the
correct excitation to shift the C-V in the adequate direction.

The voltage waveforms designed, named as BITO and BIT1,
can be seen in Figure 2 (b). In both cases the waveform ends
with a segment of time of duration 07, in which V; is applied
to the device to be able to measure the relative position of the
C-V curve, with regard to the desired position, i.e., make the
comparison between C[V;], = C[V1](nTs) and Cy,. On the
other hand, the actuation voltages, {V+, V~}, are chosen so
that they generate horizontal shifts of the C-V of different
sign: if C[V1], < Cy, a BIT1 is applied during the next clock
cycle, and a BITO otherwise (see Figure 2).

It must be noted that the application of either a BITO or
a BIT1 waveform implies the application of two voltages,
either {V—,V;} for BITO, or {V*,V;} for BIT1. To be
able to control the C-V curve, the continuous application of
BITO waveforms must generate shifts of different sign to the
continuous application of BIT1 waveforms. This has been
indeed the case in our experimental results.

Finally, the periodical comparison between C[V1],, and Cy,
generates a bitstream at the output of the modulator, b, =
sgn(Cyw—C[V1],). From this signal it is possible to obtain real
time information of the charging dynamics within the device.

IV. EXPERIMENTAL RESULTS

The control method has been applied to one of the MOS
capacitors described in Section II, of Imm? area. It has been
observed that continuous application of V'~ = —3V generates
a shift to the right of the C-V curve, whereas application of
V+ = 6V produces a shift to the left. In order to have good
sensitivity to the displacements of the C-V curve produced
during the experiments, the value V; = —4.5V has been
chosen. The sampling period is T's = 350ms and § = 1/3.

A Keysight E4980A LCR meter (with an AC measuring fre-
quency of 1.99 MHz) controlled from a computer periodically
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Figure 3. Time evolution of C[V1], during the experiment. For each C;
segment this value is almost constant and matches its corresponding target
value, Cy,. V1 = —4.5V.

Table I
C'ty VALUES USED DURING THE EXPERIMENT. VOLTAGE SHIFTS OF THE
OBTAINED C-V CURVES MEASURED AT 0.4nF.

Segment name C'; Time [h] Cini)[nF] | Vin(0.4nF) [mV]

Co t<O0 — 0 (Initial Value)
C_4 tel0,2] 0.668 —36

C_s te[2,4) 0.653 135

C_3 te 4,6 0.638 275

C_4 te[6,8] 0.623 384

Cy t € [8,10] 0.683 —288

Cy t € [10,12] 0.698 —624

Cs te12,14] | 0.7135 —1034

Cy t € [14,16] 0.732 —
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Figure 4. C-V curves obtained at the end of each C; segment. For each C'V;
curve shown, it is C'(—4.5V) & Clp,;, as defined in Table I. Within some
limits, the control can place the C-V curve arbitrarily at any position.

measures the capacitance and sets the actuation voltages. The
experiment has been carried out for 16 h with 8 different target
capacitances, each one kept for 2 hours (see Table I). Figure
3 shows the evolution as a function of time of the capacitance
measured at the end of each clock cycle, C[V1],,. As it can be
observed, the capacitance is almost constant during most part
of each interval. At the beginning of each interval a transient
can be observed in which the measured capacitance increases
or decreases till the next threshold value is reached. Once the
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Figure 5. Top: Zoom of C[V1]|(nTs) for a short time within segment C'_4.
Bottom: sequence of bits applied during this time.
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Figure 6. Average bitstream obtained during the experiment. Each time the
target capacitance, Cy,, is changed the bitstream saturates till such target
value is reached. Increasing the average number of BIT1 waveforms allows
to increase the value C[V1], hence displacing the C-V to the left.

desired value has been reached, the feedback loop applies the
excitation required to keep it constant.

Figure 4 shows the C-V characteristic of the device at the
end of each 2-hour controlling segment (C;). By applying
this control method it is possible to shift the C-V curve
horizontally. The corresponding values of the voltage shift,
measured at 0.4nF of device capacitance, are listed in Table
I. A zoom of the time evolution of the capacitance measured
at V7 can be observed in Figure 5. As it can be seen, each
time the capacitance is below the desired threshold value
(Cn=0.6231nF for segment C'_,) the feedback loop applies
a BIT1, and in this case it takes between 3 and 4 consecutive
BITOs to take it down again below the threshold. This is
compatible with the standard behaviour of first-order sigma-
delta modulators [20].

Figure 6 shows the average bitstream generated by the
feedback loop during the experiment. As it can be observed,
for achieving lower Cy, values it is necessary to inject more
BITO waveforms (the average bitstream decreases). On the
other hand, increasing the average number of BIT1 waveforms
generates higher values of C[V;]. Each time a new target value
is applied the control saturates (it applies only BITO or BIT1
waveforms) till the new Cy, value is reached. Once in this
range, the average bitstream follows a slow time evolution,
which has also been observed in previous works [19].
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Figure 7. Power spectral density obtained from the C; step of the experiment
(between t=8h and t=10h). Total number of bits of the sequence: 16312.

Finally, a distinctive feature of sigma-delta modulators is
the power spectrum density of the generated bitstream. For the
first order case it is known that the quantization noise presents
a zero at OHz and the slope is approximately 20dB/dec (see
Figure 7).

V. PHYSICAL ANALYSIS

The objective of this section is to explain the physics
underlying the control experiments introduced earlier in the
paper. We analyze the dependence of the CV curves on the
charge trapped in the dielectric, and on other related factors
such as density of interface traps. Open loop measurements
will also be shown, in which the displacement of the CV
curves can be observed as a function of different open loop
actuations using constant voltages.

A. Study of the CV characteristic as a function of charge
trapping

In order to check whether the C-V shifts reported in fig. 4
can be related to charges accumulated in the oxide, the
experimental results have been compared with simulations
performed using a model of the device capacitance. This model
includes effects such as charges in the oxide bulk, charge
trapping in the SiO,-Si interface and work function difference
between the metal and the semiconductor.

1) Modelling device capacitance: The model has been ob-
tained following the classical theory for Metal-SiO2-Si struc-
tures [6], [8]. The capacitance per unit area of the structure
C is a series combination of the oxide layer capacitance C,,
and the semiconductor capacitance Cj,

_ COICS
B Co:c + Cs

An analytical expression of C for uniformly-doped silicon
and high frequency (HF) conditions is obtained in Chapter 7
of [8] from the equivalent charge density in the semiconductor
Qs. For n-type silicon the latter is,

(1)

Q. = \;Ef\/N%( —B%s 4 Bihy — 1) + €8s — b, — 1
V2o (ﬁwé,—)

"BLp
2



where n; and ¢, is the intrinsic carrier concentration, Np is
the donor concentration, Lp = +/€se0/q8Np is the Debye
length, 8 = q/kpT and 1) is the potential, or energy band
bending, at the silicon surface. The semiconductor capacitance
can be obtained as,

n2 —
dQs €,€0 Ni%)(l —e Bws) + eﬁws —1
dbs ~ V2Lp F(Bs, 2o)
This implies that 1, must be calculated first to obtain Cs.
Let us now consider that a voltage bias V is being applied

to the device. The voltage drop across the entire structure must
be zero,

Cs

3)

V- Ad)ms - 1/Js - 1,[10,1 =0 4)

where A, is the work function difference between the metal
and the semiconductor and v, and ,, are respectively the
potential drops along the semiconductor and along the oxide.
oz can be calculated as @,/Coy, being @, the charge
density in the metal layer. Additionally, by charge neutrality
@, must be equal to the charge at the oxide-semiconductor
interface and the charge in the semiconductor (). As discussed
later in this section, the charge at the oxide-semiconductor
interface can be modelled as Q,; + Q;:, where Q.. is an
equivalent-fixed charge and Q;; is the charge due to interface
traps. According to all this, charge neutrality leads to,

Qm Qox ta(%) Qs(ws)
or — - = — - 5
Yor = G T Co Cow  Cu P
Note that both );; and ), are functions of the surface

potential ;. By substituting (5) into (4), one can obtain

% _ ta("/}s) _ Qs(ws)
Coz Coz Cox

The surface potential s and therefore the total capacitance
of the device C'(V') can be calculated by numerically solving
equation (6) and then using equations (3) and (1).

2) Modelling oxide charges: Up to four different types of
charge can exist in the oxide layer [7]:

V_A¢ms_ws_ =0 (6)

« Mobile ionic charge: positive charges in the oxide bulk
due to ionic impurities such as Nat or K.

o Oxide-trapped charge: positive or negative charges due to
holes or electrons trapped in the oxide bulk.

o Fixed oxide charge: positive charge due to structural
defects closer to the oxide-semiconductor interface.

« Interface-trapped charge: positive or negative charges due
to process induced defects, metal impurities and bond-
breaking processes (i.e. induced by radiation), located in
the oxide-semiconductor interface.

The first three types of charge lead to rigid shift of the C-
V curve. In the model used in this work, (),, summarizes
the effect of these charge types, seen as an equivalent charge
density in the oxide-semiconductor interface, after integration
of the Poisson equation along the oxide layer.

On the other hand, interface traps are electrically connected
with the semiconductor and therefore can be charged or not
depending on the surface potential 5. Moreover, interface
traps can be acceptor-like if they are between the valence band
energy F, and the intrinsic Fermi level E;, or donor-like from

E; to the conduction band E.. The simplified model of the
interface-trapped charge ();; used in this work assumes that:
a) there is a constant trap density D,; along the semiconductor
gap, b) all trap levels below the Fermi level E are full and
all above Ey are empty, c) acceptor-like traps are negatively
charged for energies between E; and FE, while donor-like
traps between Ey and E. are positively charged. Under these
assumptions, the following expression is obtained,

Qit(’l/}s) = Dit (ﬁlﬂ( i ) - ws> (7)

3) Simulations versus experimental data: Fittings of the
experimental C-V curves reported in fig. 4 with the analytical
model described above have been performed, taking Q.
and D;; as parameters. The results are shown in fig. 8. In
good agreement with theory, these results indicate that the
horizontal-rigid C-V shifts correspond to variations of the
charge trapped in the oxide ,,. Moreover, both the mobile
ionic charge and the fixed oxide charge components of Q,,
depend on the fabrication process and they can hardly vary
during the experiments. Then it can be concluded that such
C-V shifts correspond to positive and negative variations of
the charge trapped in the bulk of the oxide, being the total
oxide charge positive in the cases reported.

Additionally, the charge trapped in the interface Q;; can be
either positive or negative depending on the surface potential,
thus on V. This produces opposite shift in the accumulation
and depletion sections within the same C-V curve, a phe-
nomenon known as C-V stretch-out [8]. This phenomenon
may explain the CV stretching observed for the CV, in
Figure 4. In fig. 4 a small discrepancy between simulation
and experimental results is seen in the accumulation section.
However, this discrepancy is due to the simplified model used,
which assumes a constant D;;. This is a rough approach, since,
in practice, D;; can exhibit noticeable variation along the band
gap [24].

B. Open loop actuation with constant voltages: observation
of C-V transient displacements

The objective now, is to present a first analysis of the
dynamics of charge trapping as a function of constant voltage
open loop actuations. Figure 9 shows the CV curves obtained
at different instants during an experiment made on a pristine
device (not previously stressed). In this experiment a sequence
of different voltages is applied to the device, while the CV is
measured at the time instants on which the actuation voltage
is commuted. The sequence of applied voltages and voltage
shifts of the CV curves for this experiment can be found
in Figure 10. As it can be seen, the experiment begins by
applying an increasing sequence of positive voltages, and the
CV curve is displaced to the left, indicating an increase of
net trapped charge. In a second part of the experiment, a
decreasing sequence of negative voltages is applied and the
CV curves move the right, indicating a decrease in the net
trapped charge.

Figure 11 shows the result of a second experiment per-
formed in another pristine device. In this second case initially
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Figure 9. CV characteristics measured in a experiment on which a sequence
of different constant voltages were applied during different intervals of time,
to a pristine device. The succession of applied voltages is: 0V, 2V, 4V, -2V,
-4V and -6V. The time intervals were in all cases 75 minutes. The second
time that a OV was applied the time interval was 9.5h. This is a pristine device
(not previously stressed) with an area of 50x50 pm?2.

a decreasing sequence of negative voltages is applied, and
then an increasing sequence of positive voltages. As it can
be observed the application of negative voltage produces
displacements to the right (decrease of net trapped charge)
while the application of positive voltages generates an increase
of the net trapped charge (voltage shift positive).

C. Discussion and design criteria

Charge trapping and de-trapping as well as the conduction
processes taking place in the dielectrics are complex. It has
been shown that horizontal shifts of the CV curves are
attributed to the presence of charge trapping in the bulk of
the oxide. The stretching of CV characteristics is associated

Ve

I
0 1.25 25 12

Time [h]
Figure 10. a) Sequence of applied voltages in the experiment of Figure 9,

b) voltage shifts of the CV curves during the experiment (measured at SpF).
A positive value of voltage shift implies a shift to the right from the original
position (first OV, pristine condition), i.e., a decrease of net trapped charge.
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Figure 11. a) Sequence of applied voltages in a second experiment on a

pristine device, b) voltage shifts of the CV curves during the experiment
(measured at 5pF).

with different density levels of interface traps in the oxide-
silicon interface. This way, it has been possible to obtain a
good match between the experimental curves with the curves
fitted taking into account this model. The main conclusion is
that monitoring of the CV displacement allows to follow the
time evolution of the net charge trapped in the bulk of oxide
and in the silicon-oxide interface. Finally, the application of
voltages of different polarity, at least for those magnitudes that
have been measured in this paper, generate either to increase
or decrease the net charge in the dielectric.

The essential mechanisms allowing a sliding mode control,
or any other type of control, are obviously how sensing
and actuation can take place. The main advantage of the
sliding mode topology presented in this work is that it is only
necessary:

o for sensing: to detect whether the net trapped charge is

above or below a certain desired level,

« for actuation: to be able either to increase or decrease the



net trapped charge.

The proposed control will generate the adequate sequence of
BITO/BIT1 symbols so as to make C[V;] = Cyp,. This means
that V7 must be chosen to have enough sensitivity for the
detection of CV horizontal shifts. The V* and V= voltages
are chosen in a first step by observing the resulting CV shifts
in constant voltage open-loop actuations. The fine tuning is
achieved by observing the open-loop actuation with BITO or
BIT1 waveforms. Due to the switching of voltages within
each symbol, the real actuation range provided by constant
sequences of BITO or BIT1 symbols is smaller than the one
obtained for constant voltage actuation with V' or V.

VI. CONCLUSIONS

A C-V control for MOS capacitors has been presented. It
is based on sigma-delta modulation and allows to position
horizontally the C-V characteristic of the device. The con-
trol capability relies on the complementary sign of the shift
generated by voltages of different polarity, in what is a sliding
mode control. Several analysis and measurements have been
undertaken in order to know the main conduction mechanisms
in the oxide, and how charge trapped can be sensed and
actuated. To the knowledge of the authors this is the first time
that trapped charge has been controlled in MOS capacitors.
This may be seen as new way of improving the reliability of
MOS structures.
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