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Abstract—A simple numerical method for processing the data of the high-frequency capacitance—voltage
characteristics of metal—insulator—semiconductor structures is proposed. The approach is based on analyz-
ing the experimental characteristics near the flat-band states, where the charge exchange of surface localized
electron states is of little importance compared with changes in the near-boundary charged layer in the semi-
conductor. The developed technique makes it possible, first, to find the necessary parameters of the semi-
conductor and insulating layer and, second, to obtain the experimental field dependences of the energy-band
bending in the semiconductor and the total concentration of the built-in charge, the charge of boundary
states and minority charge carriers at the semiconductor—insulator interface in the range from the flat bands
to deep depletion. The technique is well applicable to structures with an ultra-thin insulating layer. On n-Si-
based metal—oxide—semiconductor samples with an oxide thickness of 39 A, experimental approbation of the
proposed approach is carried out. The accuracy of the obtained results is 2—3%.
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Experimental investigations of the processes
occurring in insulating layers and at their interfaces
with a semiconductor require the control of changes in
the potential and charge reliefs in metal—insulator—
semiconductor (MIS) structures. Information about
the band bending in the semiconductor, the charge of
boundary states, and the accumulation of minority
charge carriers near the surface are obtained from the
results of measurements of the high-frequency capac-
itance of the MIS structures on the basis of classic
expressions for the potential relief [1]. To process data
on the high-frequency capacitance—voltage charac-
teristics (C—V characteristics), it is necessary to know
the values of the insulating-layer capacitance C,, the
field-electrode area .S, and the dopant concentration
N, in the semiconductor near its boundary with the
dielectric. The first two quantities are found reason-
ably easy: C; coincides with the highest value of the

high-frequency capacitance C corresponding to the
surface charged semiconductor layer and the insulat-
ing gap (i.e., in the deep-enrichment region). The
variable C as a function of the field-electrode voltage
V, is determined directly from the measurement data
(see below). The value of §'is established from optical
measurements. It is more complicated with N,. First,
it is known, for example, for silicon structures [2] that,
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in the processes of high-temperature oxidation of the
Si surface and purification of the obtained structures,
the N, concentration near the Si—SiO, interface may
vary as compared to its value in the semiconductor-
substrate bulk. These deviations can achieve dozens of
percent, which critically affects the results of process-
ing the experimental C—V characteristics for the struc-
tures with an ultrathin insulating layer. Second, the
boundary states are charge exchanged almost up to the
states of the semiconductor flat bands in the experi-
ments at room temperature. Therefore, as are shown
below, use of the often applied representation of the
C—V characteristics in the Schottky depletion-layer
model with the voltage-independent built-in charge
leads to significant errors. Thus, it is necessary to find
the dopant-concentration value in a semiconductor
directly at its interface with the dielectric and the val-
ues of the dimensionless structure parameters calcu-
lated on its basis from the measurement data on the
field dependences of the high-frequency capacitances
of the MIS structures. The calculations should be car-
ried out in the vicinity of the flat-band states, i.e., in
the region, where the boundary states are practically
filled and barely change their charge with increasing
field voltage. In this case, it is difficult to pass to the
state of strong enrichment, where the effects of degen-
eracy and size quantization of the electron system
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result in significant deviations [3] of the C—V charac-
teristics from the classical form [1]. This study is ded-
icated to developing such an approach for determining
the values of the parameters of MIS structures from
the experimental high-frequency C—V characteristics.

The specificity of samples with an ultrathin dielec-
tric layer of the thickness # < 50 A consists in the
necessity of taking into account at least the resistance
of the base when measuring the C—V characteristics
[4—6] and conducting experiments under nondestruc-
tive conditions, i.e., in a limited voltage range and for
reasonably short times [7, 8]. The values of C and the
conductivity p, of the semiconductor substrate are
determined through the values of C; and C, of the
MIS-structure capacitance measured at two high fre-
quencies from the formulas [4, 5]
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where ®, and m, are the cyclic frequencies of a varia-
tion in the test voltage.
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The band bending V; in the »n semiconductor, the
total concentration p,, of the built-in charge, the
charge of the boundary states, and that of holes at
interfaces, expressed in cm—2, are related to the capac-

itance C by the classical relations [1], which in the
dimensionless form can be written as
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where v, = gV,/T'is the dimensionless band banding in

the semiconductor (v, > 0 with depletion and v, < 0
with enrichment; if we disregard the inequality

I/;,|V:=0 # 0, the region V, < 0 corresponds to depletion
of the semiconductor, while ¥, > 0 corresponds to
enrichment), ¢ is the elementary charge, 7'is the tem-
perature in energy units, V;, = 2nxgN, dhz /%?, %, and
%; are the permittivities of the semiconductor and
insulator, respectively; 4 is the oxide thickness.!

!'[t should be noted that the transition layers can occupy more
than 40% of the insulator volume in Si—SiO,—poly-Si struc-

tures with a super-thin oxide. Therefore, the values of »; and A
should be in fact efficient and dependent on the insulator thick-
ness and on the technology of its preparation.
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Formula (2) is also valid in the case of the charge
exchange of electronic states. Therefore, it is necessary
to know the value of the parameter (gV,,/T) for estab-

lishing the experimental dependences v (V,) and
Psg(Vy)-

In the vicinity of flat bands, a range of voltages V,
should exist, where the value of p,, is practically invari-

able. In this region, we obtain differentiating Egs. (2)
and (3) with respect to V,

( . Tsz@ _ (e rve oD
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The convenience of Eq. (4) for calculating the
parameter (qV,,/T) consists in the direct link between
the left-hand side determined from the experimental
data and the right-hand side, which is the function of
band bending only. Now the procedure for determin-
ing the value of the parameter (¢V,,/T) can be carried
out using successive approximations. At the first step,
setting v, — 0, we find the voltage V, corresponding to
the flat bands from expression (4). According to the
value of the capacitance C corresponding to this volt-
age, we determine the value of the parameter (¢gV,,/T)
from Eq. (2). Using it, we construct the dependence
v, (V,) from formula (2), and the function p,,(V,), from
Eq. (3). We determine the voltage V, corresponding to
the plateau center on the dependence p,(V,) and,

already from the dependence v,(V}), the value of v, in

the center of the plateau.2

With this value of v,, we pass to the second step:
from Eq. (4), we determine the voltage V, correspond-
ing to it; from formula (2), we find a new value for the
parameter (qV,,/T); from relations (2) and (3), we
build new dependences v (V) and p,,(V,); at the center
of the plateau of the function p,(V},), we obtain a new
value of v, and pass with it to the next step. The pro-
cedure is repeated, until the difference in the values
of the parameter (¢V,,/T) are within the required
accuracy.

The proposed method was experimentally tested in
investigations of the MOS »-Si structure with an oxide
39 A thick (4 is determined from the optical measure-
ments) and the field electrode area of 1.6 X 103 cm?.
The C—V characteristics were measured at frequencies
of 1 MHz (C)) and 0.5 MHz (C,) on a computerized
experimental installation [9, 10] using an LCR Agilent

2 As the plateau, we should understand a segment of the graph in
the depletion region of the semiconductor, where the quan-
tity p, varies with voltage as weakly as possible. At least, the

condition q|dpsq/dVg| < |dQsd/dVg|, where Q. = (2C;T/qS) %

(qVShT)l/z(e*V"' + v, — l)l/zsgnvs is the charge per unit area of
the semiconductor surface, associated with the overflow of free
electrons with changing field voltage should be fulfilled.
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Fig. 1. Dependences C](Vg), C2(Vg , and é(Vg , G =
1.303 x 10~ F. In the inset, the dependence p,(V,) is
shown. The dashed line shows the region of an excess in
the accuracy measurements.

E4980A precision meter in the dynamic mode: V, var-
ied with the field-sweep rate 3 = 16 mV/s first from 1.5
to —1.5 V (forward branch), then, from —1.5to 1.5V
(reverse branch). The dependences C(V,), C5(V,), and

C (V,) are shown in Fig. I; the forward and reverse
branches almost coincide; they are distinguishable
only in the region of hole generation [7, §].

In the inset to Fig. 1, we show the semiconductor-
substrate conductivity with variation in the field volt-
age. The deviation from a constant value occurs only
in the region, where, the difference (C, — C,;) becomes
smaller than the measurement accuracy due to merg-
ing of the curves C,(V,) and C,(V,). The highest value

of C amounted to 1.303 x 10~° F; it was taken for the
value of C,. As expected (see Footnote 1),

C; calculated from this value with the permittivity
of the oxide corresponding to a massive sample, the
oxide thickness proved to be # = 42.4 A, which is
slightly higher than 4 obtained from the optical mea-
surements.

Table 1. Values of voltages V, taken for calculating Eq. (4),

the dimensionless band banding v,, and the parameter
(@Vg/T 172 for each iteration

e I R
2 —0.245 1.511 7.323 x 1072
3 —0.235 1.158 7.323 x 1072
4 —0.224 0.723 7.280 x 1072
5 —0.221 0.622 7.258 x 1072
6 —0.218 0.483 7.213 x 1072
7 —0.213 0.332 7.286 x 1072
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Fig. 2. Dependence of the dimensionless band banding v,
on the field voltage Ve for each approximation. (/—7) are

the numbers of iterations; due to the proximity of the
curves, the numbers are shown only for the highest (/) and
lowest (6) curves. In the region of enrichment, the lines are
given by the dashed, line due to mismatch of the used clas-
sical technique and the conditions of degeneracy and spa-
tial quantization.

In accordance with the previously described meth-
odology, we made 7 successive approximations. In

Figs. 2 and 3, we show the corresponding curves v, (V,)
and p,, (V). At the first step (curves /), a value of v, =0
was chosen; it corresponded to the value of V, =
—0.202 Vin relation (4), and the parameter (¢V,,/T)"/? =

7.413 x 102 was obtained from expression (2). The
data selected further for the calculations as well as the
results obtained for the variable v, and the parameter
(qV,,/T)'/? are cited in Table 1; in Figs. 2 and 3;
curves 2—7 correspond to them. For the last iteration
in the vicinity of the selected voltage V,, the specific
capacitances amounted to as follows: gldp,,/dV, =

9.4 x 10~ F/em?, |dQ,,/dV,| = % =6.6 x 10-° F/cm?.

From Figs. 2, 3, and Table 1, it follows that the calcu-
lation procedure is not divergent, the voltage values
selected for the calculations and the resulting values of
the variable v, and the parameter (¢gV,,/T) are concen-
trated in small regions around their mean values, the
sequence of an increase and decrease in the p.(V,)
curves as a result of iterations repeats in 6 steps. The
values of the parameter (¢qV,,/T) on the last iterations
vary only in the second decimal place. From here, the
estimate of the 2—3% error follows. From the value of
the parameter (¢qV,,/T) on the last step, we can deter-
mine the value of the dopant concentration in the
semiconductor directly near its boundary with the
dielectric. If we take the value for the oxide permittiv-
ity corresponding to a massive sample (see Footnote 1),
it turns out that N, = 1.117 x 105 cm—3,
SEMICONDUCTORS  Vol. 53
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Fig. 3. Dependences py,(V,) for each iteration. (/—7) are
the numbers of iterations; because of the proximity of the
curves, the numbers of only the highest (6) and lowest (/)
curves are shown. The dashed line—see the caption to
Fig. 2. In the inset, a magnified fragment of curves in the
region of voltages, where the parameter (qVy,/T) was cal-

culated, is given.
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Fig. 4. Dependence C (V) in Schottky coordinates.

It should be noted that the frequently used tech-
nique [1] of determining the dopant concentration

from the slope of the straight portion of C ~%( V,) in the
region of v, > 1 for high-frequency measurements of
samples with an ultrathin insulating layer does not
work at room temperature. In Fig. 4, we show the
dependence C ~%( V,), and the experimental line rep-
resents practically the segment of straight line. The
value of N, = 2.2 x 102 cm~3 calculated from the slope
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of this straight line is absolutely incompatible with the
real parameters of silicon substrates.>

Thus, a simple numerical method of processing
data on the C—V characteristics for samples with an
ultrathin insulating layer at room temperature is pre-
sented. The developed techniques makes possible as
follows: first, to find the necessary parameters of the
semiconductor and the insulating layer; second, in the
range from the flat bands to deep depletion, to obtain
the experimental field dependences of the band bend-
ing in the semiconductor and the total concentration
of the built-in charge, the boundary-state charge, and
the minority charge-carrier charge at the semiconduc-
tor—dielectric interface.
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Translated by V. Bukhanov

3 In this region the total concentration of the built-in charge, the
boundary-state charge, and the minority charge strongly vary.



	ACKNOWLEDGMENTS
	REFERENCES

		2019-04-04T11:49:22+0300
	Preflight Ticket Signature




