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ABSTRACT. Non-equilibrium C-V characteristics of Metal Oxide Semiconductor (MOS) structures
with thermally grown SiO,, exhibiting plateau region, were investigated. It has been shown that
discrete surface traps are responsible for the plateau. The parameters of the traps were determined.

RESUMEN. En este trabajo, se investigaron capacitores MOS con 6xido crecido termicamente, los
cuales muestran una “meseta” en sus caracteristicas C-V de no-equilibrio. Se mostré que existen
trampas discretas en la interface Si-SiOq, que son las responsables de esta meseta. Asi también,
se determinaron los pardmetros que caracterizan a dichas trampas.

PACS: 73.40.QV; 73.20.-r

1. INTRODUCTION

Simmons and Wei [1] developed the theory of dynamic characteristics of Metal Oxide
Semiconductor (MOS) capacitors containing discrete interface traps. They have shown
that when the interface traps are in dynamic equilibrium with the voltage ramp, the
device exhibits steady-state charge and capacitance characteristics. When the interface
traps are out of equilibrium with the voltage ramp, then the emission of trapped charge is a
function of the time only and not of the voltage. Under such conditions, the characteristics
are considered to be non steady-state in nature. The emission of trapped charge in non
steady-state gives rise to a plateau (ledge) in the C-V characteristics. The transition from
steady-state to the non-equilibrium state results in kinks in the C-V characteristics.

To the best of our knowledge there are no reported experimental results which demon-
strate the effects of discrete interface traps in MOS structures with thermally grown SiO,,
described by the theory of Wei and Simmons [2]. In the present work experimental re-
sults, which demonstrate the existance of discrete interface traps in MOS structures with
thermally grown oxide, are presented. The influence of these traps on the non-equilibrium
C-V curves is demonstrated. An analisis of the experimental results, on the basis of the
theory of Simmons and Wei, is performed and the parameters of the traps are determined.
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2. SAMPLES PREPARATION AND MEASUREMENTS

MOS capacitors were fabricated on n-type 2-5 Qcm, (100) oriented, CZ grown Si wafers.
The wafers were cleaned by the standard RCA process. The oxidation was performed
at 1000 °C in dry Oy + 2% TCA (CyH3Cl3) for 90 min. The wafers were annealed at
the same temperature in Ny for 30 min. The measured oxide thickness was 800 A. After
that, a backside P implantation with a dose of 10'% atoms/cm® and 120 KeV energy
was performed. The wafers were annealed at 900 °C in Ny for 60 min. Part of the oxide
was etched to prevent the contamination due to the ion implantation. The final oxide,
measured by an ellipsometer, was 449 A. The backside oxide was striped. Aluminum
dots for MOS capacitors were deposited through a metal mask on the top oxide. On
the backside of the wafers aluminum was also evaporated and the wafers were sintered
in a Ny/Hy ambient at 425 °C for 30 min. The sine-voltage C-V method [3] was used
in this experiment. The h.f. (high frequency) C-V curves were measured with Boonton
72B capacitance meter at 1 MHz. Wavetek model 271 function generator was used as a
sine-voltage source.

3. EXPERIMENTAL RESULTS AND DISCUSSION

During the measurements some MOS capacitors have shown anomalous non-equilibrium
sine-voltage C-V curves. In Fig. 1, a typical family of anomalous C-V curves for one of the
capacitors is presented. The different curves correspond to different voltage sweep rates
R = dV/dt = Vy + Vawcos(wt), where Vj is the initial voltage, V; is the voltage amplitude,
w is the angular frequency and ¢ is the time. In this particular case the voltage amplitud
was kept constant and R was changing by changing the frequency. As can be seen from
Fig. 1 the C-V curves exhibit a plateau which decreases and finally desapears with the
increase of the sweeping rate R. According to the theory of Simmons and Wei [1], such an
effect can be observed when discrete traps exist at the insulator-semiconductor interface.
Now, we shall try to explain the anomalous behavior of the present experimental C-V
curves on the basis of this theory.

When the sweep rate is very low the MOS capacitor is in dynamic equilibrium with
the voltage ramp at all times and the C-V curve does not exhibit hysteresis (Fig. 2).
However, as can be seen from Fig. 1 the increase of the voltage sweep rate produces
a hysteresis on the C-V curves for negative voltage sweep cycles. Moreover, the C-V
curves exhibit plateau, which disapears with the increase of the voltage sweeping rate.
This effect can not be explained on the basis of the bulk generation alone, as can be
demonstrated.

With the application of a negative going voltage ramp (n-type substrate, Vo = 0) the
width of the depletion region continues to grow until such times that the rate of increase of
the charge, associated with the arrival of holes (generated in the depletion region) at the
Si-SiOy interface, is just sufficient to balance the rate of increase of charge on the gate.
Thus, when the depletion region reachs its maximum any further increase in the gate
voltage is dropped across the insulator, so the gate charge, @, increases with Cox|dV/dt|.
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FIGURE 1. Experimental C-V curves with V, = —5 V and sweep frequency of 10, 20, 30, 40, 50,
60, 70, 80 and 90 mHz for the curves 1, 2, 3, 4, 5, 6, 7, 8 and 9, respectively.

If the bulk generation alone is responsible, then, at the capacitance of the plateau we have

dv
——‘ = RCox, (1)

4G Wisins = ox | 1t

where G is the generation rate in the semiconductor depletion region, Cox is the oxide
capacitance, Wpax is the maximum depletion layer width and ¢ is the electron charge.
However, Eq. (1) predicts that for given combination of V, and w the depletion region width
reachs a maximum for Ry, and hence that the capacitance reachs a minimum rather than
reachs a relative minimum (the plateau), and then decreases again. This means that in
order for the capacitance to exhibit a plateau, there must be an additional source of holes
that keeps the depletion region width almost a constant, before reaching its maximum.
The reason for the observed phenomenon lies in the fact that large density of traps exist
at the Si-SiO; interface. Surface generation of electron-hole pairs occurs through these
traps, which process take place at a very low rate initially due to the surface generation
centers being filled with electrons. As these generation centers empty their electrons, more
efficient generation of carriers take place and the surface generation current increases with
the time. It may exceed the displacement current Cu|dV/dt|, provided that the sweep
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FIGURE 2. Experimental h.f. curve of the capacitor of Fig. 1 with sweeping frequency of 4 mHz.

rate is low enough to allow the generation process take place and high enough to keep the
device in non-steady state. This non-steady state process provides extra positive charge to
the surface, thereby keeping the depletion region width almost a constant, which explains
the plateau region on the C-V curves for negative voltage cycles. At a later time, surface
generation current decreases rapidly, when free holes are gathered at the surface, causing
again inefficient generation.

Now, we shall analyze our experimental results (Figs. 1 and 2) and try to determine
the parameters of the traps using the theory of Simmons and Wei [1]. If the trap level is
below the equilibrium Fermi level, then at flat band condition the traps are filled and the
flat band voltage is given by

Qox
S - . 2
Vﬂ) Cox Cox 616 qu ( )

with the trapped charge given by Q; = —gN;, where Qo is the oxide charge and ¢mys is the
metal-semiconductor work function difference. As the voltage decreases, the capacitance
decreases according to

-1/2

; (3)
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where Np is the impurity concentration, Kj is the dielectric constant of the semiconductor
and g is the free space permittivity. When the surface potential reachs a value given by

Q'U-f)s = EF - Eta (4)
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where E; is the trap energy level and Fr is the Fermi level, then V is given by V; (Fig. 1,
curve 1),

_aNe  V2gNpeoK(Er — Ev)  Qox

=, Cox Cox

= EF 1 Et + c;bms-. (5)

and the electrons start to escape from the surface. Taking into account that plateau
capacitance, Ci, is equal to the equilibrium inversion capacitance, Cp, one can assumes
that in this case the traps are in dynamic equilibrium with the semiconductor conduction
band. Thus, further decrease in the gate voltage results in release of electrons from the
interface traps to the conduction band, rather than the depletion region growing in size,
in order that

Qg +@p+Qox+Q: =0 (6)

will be satisfaced, and where Qp is the semiconductor depletion charge and Qg is the
charge on the gate. The surface potential v, is therefore “pinned” to the value given
by Eq. (4) until such times as the traps are completly empty. Thus, the capacitance is
independent of V', and the traps are in dynamic equilibrium with the conduction band.
Then according to [1] we can write

-1
C B [2(2EF — Er_)
Clo a I:COX ququKs ] ) (7)

At point V' = Vg (curve 1, Fig. 1) the traps are empty and the capacitor goes into deep
depletion mode in order to maintain charge balance Eq. (6). For V < V}, the capacitance
is given by Eq. (3) but with Q; = 0.

Now we consider the case when the voltage sweep rate is increasead and at some par-
ticular voltage V'(0) the traps can not emit charge at the rate the charge is changing at
the gate, that is

Qg

dQy
a |~ |at

rralk (8)

the traps are in non-equilibrium with the conduction band and the device goes into a deep
depletion mode (Fig. 1, the point on the curve 2, corresponding to V' = V/(0)). In this case,
the capacitance is given by Eq. (3), but with Q, as a function of time. In the non-steady
state, if the trap level is more than a few kT above the equilibrium Fermi level, the rate
of change in the surface traps is given by

dQy
Tcg = —enQt, (9)

where e,, is the emission probability, given by

en = vo, N exp (EST}E—‘) , (10)
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TABLE 1. Basic parameters of the MOS capacitor from Figs. 1 and 2.

Cax Cr C  Ax107% doe Npx10® gy, i V(0 R Vi
(PF) (pF) (pF)  (em®) (A)  (em®) VM V) M V) (V)
270 8 85 351 449 1.0 -0.237 -15 -20 0156 -0.25

TABLE II. Parameters used in the calculations.

up, & px107 N.x101? n;x10% K, ex10°¥ K. E L
(V) (em/s)  (em™?) (em~?) (F/cm) (eV) (°C)
13.72  0.352 2.5 3.16 1.11 11.9 8.85 39 112 24

where v is the thermal velocity, o, is the electron capture cross section, N is the effective
density of states in the conduction band and E; is the band gap. Integrating Eq. (9) we
obtain the trapped charge as a function of time:

Qe(t) = Q(0,V/(0)) exp(—ent), (11)

where t is the time, V(0) is the gate voltage and Q¢(0,V(0)) is the charge at the instant
when the capacitor goes into the non-steady state. According to [1], in this case we can
write

V(0) = R /2gNpeoK(Er — Et) _ Qox

—F FE . 12
. o » F+ Et + Oms (12)

Using the experimental results from Figs. 1 and 2, the basic parameters of the MOS
capacitor were calculated and are presented in Table I, where dox is the oxide thickness
and R = R, is the voltage sweep rate at V = V(0) (curve 2, Fig. 1). In Table II the
rest of the parameters which have been used in the calculations are presented, where uy,
is the bulk dimentionless potential, ¢}, is the bulk potential, n; is the intrinsic carrier
concentration and Ko is the dielectric constant of the oxide.

Using Eq. (4) and the data from Tables I and II we obtain

Ep — E, = 0.674 eV.

To determine trap density N first of all we have to determine oxide charge density Qax:
For the purpose we substitute in Eq. (5) the value of Ef — E; and replace Vi with Vj
(curve 1, Fig. 1), where @, = 0. By this way we obtained Qox = 7.46 X 10~8 coul/cm?.
Now, substituting the value of Qo in Eq. (5) we calculated the density of the traps in the
point on the curve 1 corresponding to V' = Vi, where they are filled with electrons. Thus,
we obtained Ny = 4.81 x 10! cm™2. )

Applying Eq. (12) for the point of the C-V curve corresponding to V' = V(0) (curve 2,
Fig. 1), we obtained e, = 3.1 x 10~! s. The obtained value of the emission constant
permited us to make an atempt to determine trap capture cross-section o,,. The relation
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between the electron emission constant and the electron capture cross-section of the trap
is given by

o By~ Et)
In =N, P ( kT )’ L)

with
N, = 5.46 x 101°T7%/2,

Substituting the corresponding values of the parameters in Eq. (13) we obtained
= 3.28:% 10~% em?

However, in Eq. (13) flat band condition is assumed as well as that the traps are filled up
to the Fermi level. Taking into account that in reality the device is biased in the depletion
mode, then Ey = Ep — g|t)s| and using the relation Ey = Er = E; — kT In(N./Np),
Eq. (13) becomes

€n

NG exp (q’tﬁfl) : (14)

Substituting the values of the corresponding parameters in Eq. (14) we obtained

On =

on = 1.27 x 10712 cm?.

4. CONCLUSIONS

It has been experimentally demonstrated the existence of dicrete interface traps in MOS
structures with thermally grown SiOs. The influence of these discrete traps on the non-
equilibrium C-V curves is in accordance with this predicted by the theory of Simmons and
Wei [1]. Using this theory the parameters of the traps were determinated.
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