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Abstract—The currents flowing in metal—CaF,—n-Si and metal—SiO,—CaF,—n-Si structures with the same
(about 1.5 nm) fluoride thickness are compared in the reverse-bias mode. It is revealed that the current in the
case of a two-layer dielectric can be notably higher within a certain voltage range. Such unexpected behavior
is associated with the coexistence of both electron and hole components of the current as well as with the con-
figuration of the SiO,—CaF, barrier through which tunneling occurs. The results of measurements and

explanatory simulation data are presented.
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1. INTRODUCTION

Calcium fluoride (CaF,) is a promising crystalline
dielectric material for silicon devices [1], which, in
particular, can serve as a gate insulator in field-effect
transistors of various designs. At the same time, for
preliminary study of the properties of CaF, layers,
metal—insulator—semiconductor (MIS) structures in
the reverse bias mode, which most closely corresponds
to the conditions implemented in transistors, are tra-
ditionally used.

A significant advantage of fluoride is a high quality
of its interface with silicon as compared with the case
of amorphous insulators. However, in practice, the
thickness of fluoride films is often insufficiently
homogeneous. Therefore, sometimes one deposits
another dielectric layer over CaF,, usually, silicon
dioxide (Si0O,). In this case, the addition of the oxide
provides “smoothing” of the surface. The methods of
forming a SiO, layer on CaF, may be different (for
example, the authors of [2] carried out “additional
oxidation” after the growth of CaF,). Broadly speak-
ing, the resulting system can be considered as a struc-
ture with a two-layer dielectric; however, unlike better
known cases of high-k materials above a SiO, sublayer
(for example, [3]), here the role of the sublayer is
assigned to fluoride, while SiO, occurs “above” (see
the inset in Fig. 1).

This study is devoted to analyzing the features of
the behavior of reverse-biased metal—CaF,—n-Si
(111) structures with ultrathin epitaxial fluoride films
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(the nominal thickness is 6—7 monolayers, i.e.,
~2 nm, but with fluctuations taken into account, it is
effectively ~1.5 nm). Before depositing the metal, an
extra SiO, layer is sometimes created so that a metal—
Si0,—CaF,—n-Si system with a double insulator is
obtained. The specific problem lies in clarifying the
nature of variations in the tunneling current in the
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Fig. 1. Comparison of the experimental /—V characteris-
tics of the metal-SiO,—CaF,—Si and metal-CaF,—Si
MIS structures with the same fluoride thickness (for sev-
eral samples). At relatively high voltages, the current in the
case of a two-layer barrier unexpectedly turns out to be
higher.
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Fig. 2. Band diagram of the structure with fluoride and
oxide. The profile of the bands in Si corresponds to a situ-
ation close to equilibrium (solid lines) and strong non-
equilibrium (dotted line)—in the inset to Fig. 4, these two
situations correspond to segments 1 and 2, respectively.

reverse-bias mode with the addition of an oxide layer.
Intuitively, it is natural to foresee that SiO, increases
the film resistance, i.e., the current always decreases at
any given bias V, but, as it turns out, the situation is
more complicated.

2. SAMPLES WITH CaF, AND SiO,—CaF, FILMS

The samples under study represented two-elec-
trode structures. The key technological stage of their
fabrication was the formation of dielectric layers on
moderately doped n-type silicon substrates (the con-
centration N, ~ 10'® cm~3) with the crystallographic
orientation (111).

The growth of fluoride films with an average thick-
ness of 1.5—2.0 nm was carried out by molecular-beam
epitaxy. In this case, the main point was the use of rel-
atively low (~250°C) growth temperatures, which
made it possible to minimize the number of triangular
pinholes typical for fluoride formed at high tempera-
ture [2].

Certain CaF, films were covered with a dioxide
layer by ion sputtering. Its thickness was not strictly set
and amounted to units of nanometers. It should be
noted that, as was clarified in the process of study, the
behavior of the samples after long-term storage (sev-
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eral weeks or more) in a laboratory without specially
deposited SiO, became qualitatively similar to the
behavior of the structures with a two-layer insulator (it
is likely that additional oxidation due to available air
took place).

We deposited metal contacts consisting of 5 nm Ti
and 30 nm Au also by ion sputtering.

3. MEASUREMENTS. PRINCIPAL FEATURE
OF /-V CHARACTERISTICS

We measured the steady-state characteristics of
samples under a positive substrate bias V" with respect
to the metal. As already noted, in the MIS structures
with calcium fluoride as well as with other dielectrics,
it is the reverse-bias mode that is of principal practical
interest, i.e., with such a polarity at which an inversion
layer, which is the hole one in this case, is induced at
the dielectric—substrate interface. The problem was to
compare the behavior of the structures only with a flu-
oride layer and with an additional oxide layer at the
indicated polarity.

It was found that the measured /—V characteristics
often have the following trend. At relatively low volt-
ages V' up to ~2—3 V, the current through a double
dielectric layer (SiO,—CaF,) is significantly lower
than in the sample with one CaF, layer; however, as V'
increases, the current level in the structure with
SiO0,—CaF, is higher approximately by an order of
magnitude (Fig. 1). If the decrease in the current in
the initial portion of the metal—-SiO,—CaF,—n-Si
structure in comparison with a single-layer structure is
taken as natural and induces no questions, an increase
in the current in a certain region of higher voltages
seems to be at first glance paradoxical and requires
explanation.

4. AUXILLIARY MODELING

To achieve an understanding of the situation, we
carried out auxiliary semi-quantitative modeling.

‘We highlight its most important moments relevant
with respect to the systems under study. The tunneling
current j =j, + j, consists of hole (from the level £ in
the valence band of Si into metal, Fig. 2) and electron
(the metal—Si conduction band) components, which
are the currents of minority and majority charge carri-
€rS: Jmin = Jp and jp.i = J,. For simplicity, we assume
that electron transfer takes place mainly in the vicinity
of kt (kt is the thermal energy) of the Fermi energy EF,
then the known expression [4] for the current j, takes
the form:

Jo = dmgmy(kt)’ h°T,(Ey). (1)

Holes give the main contribution to the field in the
dielectric due to the smallness of N, while their
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energy level with respect to the bottom of the Si
valence band at the interface can be written as

) 2/3
E, = ﬁi/g 4N, , N, = M,
3211\ g \fm, q

i.e., according to the formula from [5] by neglecting
the charge of donors (here N, is the two-dimensional
density of holes, and m, is their mass). Correspond-
ingly, the hole current is found as

Jn = N (Eo/WT,(E\o — Ey). 3)

In the formulas for the current components, the
probabilities of tunneling are written somewhat differ-
ently forj, and j,:

()

T(E) = exp| 2" ([N2m(Eo2)+ mym ! AE — Exiz

+ I\/zmgoX(Eeox(Z) + mym AE — E)dz)} “4)

Ty(E) = exp| =21 ([ N2m (B (@) = E)z
+ [ V20 (B = Eoon(0)2) |.

The difference consists in the fact that, for tunnel-
ing from the metal to the conduction band, the pres-
ence of a large in magnitude electron transverse wave
vector (case Si(111) orientation) is effectively taken
into account for which we introduce the term with

AE = AE, exp[~(E;. — E)/E.], (6)

where AE, = 2.44 eV, and E, = 1 eV. This formula was
tested by us in [6]. The barrier heights are marked
in Fig. 2. The values of the parameters: effective
masses in the oxide are m,,, = 0.42m, and m,,, =
0.33my; in fluoride: m,; = 1.0m,, the discontinuities of
bands: § = 0.77 eV, x; = 2.38 eV [7]; the permittivities
€.x = 3.9 (Si0,), g, = 8.43 (CaF,), and g, = 11.9 (Si).
The tunneling through CaF, is always implemented
through the upper barrier E, (7).

5. CAUSES OF GROWTH IN THE CURRENT
WITH THE ADDITION OF SiO,

In our opinion, the increase in the current when
adding the oxide can be due to two not mutually exclu-
sive reasons.

First, as we noted previously, when a double-layer
barrier is deformed, it can become more tunnel-trans-
parent as compared with a single-layer barrier [8]. If
for the sake of simplicity we neglect the band bending
qo, in Si and do not consider the component j,, it is
easy to see (inset in Fig. 3) that, at high voltages V, only
the oxide part of the tunnel barrier “works”, where the
effective mass is smaller. In Fig. 3, we plot the curves
J(V) calculated disregarding the bending; it turns out
that the indicated barrier deformation in a certain
range of changes of parameters could explain the
effect.
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Fig. 3. Calculated electron tunneling current in the metal—
CaF,—n-Si and metal—SiO,—CaF,—n-Si MIS structures

for the case of disregarding the bending of bands in silicon.
For relatively high voltages, higher currents are predicted
in the two-layer case, which is associated with the defor-
mation of the tunnel barrier shown in the inset (one of the
possible explanations of the experimental result in Fig. 1).

Second, it is known that a slowdown in current
growth in the MIS structures with voltage can be
observed in the depletion—inversion modes [9]. This is
owing to a deficiency in minority charge carriers,
which are created by thermal generation or photo-
generation in the Si bulk, supplied to the interface (the
current j,), and are used to provide the leakage current
Jn (Fig. 2). The voltage across the dielectric at the given
Vis established to provide the balance j; = j;,. The
I—V characteristic consists of two segments (see inset
in Fig. 4): up to a certain bias, the field in the dielectric
and the current increase sharply (in this case, g, is
small, see also Fig. 2) and then there arises a “plateau”
(where g, grows). If the bulk—interface current j; is
formed by thermal generation, it varies from zero to a
certain value of j, like in the reverse-biased p—n junc-
tion: the relation j; < j corresponds to the current
increase, and j; = j,—to the plateau. To estimate the
value of the current on the plateau

jplateau = je,plateau (E! Fvom dia dox) + jsOﬂ

E‘lox = E‘\oxl (7)

the values of the fields F;, F,, (= Fg;/€.,) in dielectrics
corresponding to the condition j, = j, should first be
found by setting a certain fixed value of j, (for exam-
ple, 10~° A/cm?). Then the current j, can be calculated
with previously found fields. Correspondingly, there
appears the possibility to track how the plateau current
varies at a set fluoride thickness (for example, d; =
1.5 nm) and oxide thickness d,, varying from zero to
several nanometers. Since the dependences of the
components of currents on fields are complex and dif-

Jn=Js0?
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the segments of the initial increase in current and plateau
are marked in the inset. The thermal-generation current is

set equal to 10~ A/cmz, the qualitative picture is indepen-
dent of this value. The current of the plateau in a certain
oxide-thickness range can be higher than without the oxide

(one of the possible explanations of the result in Fig. 1).

ferent for j, and j,, the plateau current greatly depends
on the parameters of materials.

The predicted dependence of the current jpuean(doy)
in the metal—SiO,—CaF,—n-Si system is nonmono-
tonic (Fig. 4). There are both regions of current
decrease with thickness and growth regions. The cur-
rent drop at small SiO, thicknesses is explained by the
fact that there are no strong changes in the field, and
the probability 7, decreases with thickness. A further
sharp increase in jjj,,, in a certain thickness range is
associated with the beginning of the field growth in
dielectrics (it is clear that, in the direct-tunneling
mode for a thicker oxide, the same thermal current j
is able to support a stronger field). Therefore, as d,,
grows, electrons are injected with increased fields of
F,, and F,, and, which is more important, with higher
energies, and such a process is characterized by a
much higher probability 7, as the difference Ex — E,,
grows, since the role of the factor AE decreases. As can
be seen, the appearance of the oxide (the replacement
of d, = 0 for a certain finite value) may well lead to an
increase in the /e, Current.

6. EXPERIMENTAL DATA
AND INTERPRETATION

It follows from the preceding section that, to iden-
tify the first mechanism explaining an increase in cur-
rent by the deformation of the barrier in the case of
SiO,—CaF,, conditions with a small bending of bands
in silicon are more convenient, i.e., segment 1
(marked in the inset to Fig. 4). At the same time, to
implement the second mechanism, within which an
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excess in current is associated with the coexistence of
electron and hole components in the case of a lack of
minority charge carriers, it is exactly segment 2 that is
necessary.

The observed variants of the measured /—V charac-
teristics (“+” on Si) are specified in Figs. 5a and 5b.
It should be noted that intentionally oxidized samples
were used [8] as bilayer structures in Fig. 5a and those
that had undergone natural additional oxidation were
used in Fig. 5b; though, this detailization is not so
important because the effect was not related to the
method of oxide formation. As can have already seen
in Fig. 1, the current in the metal—SiO,—CaF,—Si
structures at high voltages proves to be higher than in
metal—CaF,—Si structures with fluoride of the same
thickness. There were cases, when the current in a
two-layer structure became higher in the ascending
portion (Fig. 5a), and other cases, where the intersec-
tion point in the /—V characteristics was located on the
current plateau (Fig. 5b). The difference between the
samples may be caused by a difference in the rate of
thermal-carrier generation, as a result of which certain
samples are in mode 1 at the same value of V, and
some, in mode 2. It should be noted that we used the
logarithmic scale in Fig. 5a (unlike Fig. 5b); i.e., there
is no stabilization to the right of =1 V as it may seem.

Correspondingly, it can be concluded that the
mechanism related to deformation of the barrier
(shown in Fig. 3), and the mechanism associated with
the behavior features of the current of minority carri-
ers (Fig. 4) are real. Be that as it may, an unexpected
effect of increasing the current in the case of a two-
layer film as compared with a single-layer one can be
quite simply explained. Of course, all this only quali-
tatively explained an increase in current, since the
degree of conservation of the transverse wave vector in
a real structure is not clear.

It is evident that similar features can appear for
other combinations of dielectrics, and if the deforma-
tion mechanism of the tunneling barrier is real only in
the case of different materials, then, an increase in the
current plateau due to changes in the relation between
Jnandj,, in principle, is not excluded even with thick-
ening of a homogeneous layer.

7. ADDITIONAL NOTES

One technical detail irrelevant as applied to the
I—V characteristics in Fig. 5, but significant in the
practical work with many similar samples, should be
noted. In the case of complex MIS structures with new
insulating materials (where active thermal generation
occurs also at the interface instead of only in the Si
bulk), segment 2 on the /—V characteristics does not
always have a distinct plateau as in the schematic inset
in Figs. 4 and 5b. It happens that the transition from
segment 1 to segment to 2 manifests itself only in a
No. 6 2019
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Fig. 5. Comparison of the measured /—V characteristics of
the metal—SiO,—CaF,—n-Si and metal—-CaF,—n-Si MIS
structures: (a) intentionally oxidized samples, (b) samples
that underwent natural oxidation. Solid lines—in the dark,
and dotted lines (Fig. 5b)—during irradiation. At low volt-
ages, the current through the two-layer dielectric is lower
and, at high voltages, is higher. A change in the trend can
occur both in the portion of the current rise (segment 1,

Fig. 5a) and on the plateau (segment 2, Fig. 5b).

change that is likely not even particularly obvious in
the /—V-characteristic slope.

In such cases, to assign a certain voltage to seg-
ment 1 or 2, it is the nature of the response of the
structure to external irradiation with a photon energy
exceeding the band gap of Si [10] that is of importance.
The photosensitivity on segment 2 is much stronger
because the bending of bands decreases in the semi-
conductor during irradiation due to the generation of
minority carriers, and the reserve of such a decrease is
large in segment 2 and small in segment 1.

Although segment demarcation in Fig. 5b is clear,
the corresponding figure is supplemented with curves
recorded under irradiation: the regions of weak and
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strong response to light are singled out. In this case,
the photosensitivity in Fig. 5a was almost absent both
in the leftmost part of the curve in Fig. 5b (essentially
the entire shown portion of the /—V characteristic in
Fig. 5a refers to segment 1, while segment 2, likely,
might appear at higher V, when the sample is already
damaged).

8. CONCLUSIONS

In the study, it was found that the addition of an
oxide layer to a fluoride layer in a MIS tunnel struc-
ture leads to a decrease in the through current only in
the range of relatively small voltages, while at high
biases, on the contrary, there is an increase in the cur-
rent. The possible explanations for such behavior tak-
ing into account the tunnel-barrier deformation as
well as the coexistence of electron and hole compo-
nents of the current are proposed. It is likely that both
of these mechanisms act jointly.

This result should be considered when implement-
ing the oxidation of fluoride films which is practiced
to increase their resistance (in this case, the advan-
tages of the crystalline interface are preserved). In
addition, it can be considered as an interesting feature
of tunnel MIS structures in general, since a similar
behavior is hypothetically possible also at different
combinations of dielectric materials than were consid-
ered in this study.
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