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Abstract—The features of electron tunneling from or into the silicon valence band in a metal—insulator—
semiconductor system with the HfO,(Zr0,)/SiO, double-layer insulator are theoretically analyzed for differ-
ent modes. It is demonstrated that the valence-band current plays a less important role in structures with
HfO,(Zr0,)/SiO, than in structures containing only silicon dioxide. In the case of a very wide-gap high-K
oxide ZrO,, nonmonotonic behavior related to tunneling through the upper barrier is predicted for the
valence-band—metal current component. The use of an insulator stack can offer certain advantages for some
devices, including diodes, bipolar tunnel-emitter transistors, and resonant-tunneling diodes, along with the
traditional use of high- K insulators in a field-effect transistor.
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1. INTRODUCTION

Over the last decade, oxide materials with a high
permittivity ey, which are called high-K oxides, have
been intensively studied due to the miniaturization of
field-effect transistors [1, 2]. Films of these materials,
including HfO,, Ta,0s, and ZrO, (g ~ 25) are often
formed on an ultrathin silicon-dioxide (SiO,) sublayer
(e =3.9) on Si [1] to improve the quality of the inter-
face.

In studying the current in metal—insulator—semi-
conductor (MIS) systems, including those with a mul-
tilayer insulator, researchers (see, for example, [3])
often limit consideration to the analysis of electron
leakage from the n-channel induced at the SiO,/Si
interface (current j ). Much less attention is paid to
the charge transport (j,,) between the valence (v)
band of silicon and the metal. However, we should
specify that many years ago, when the question about
the application of tunnel-thin oxides in field-effect
transistors had not arisen yet, currentsj,, andj,,, were
studied together in the context of the amplification
properties of a MIS structure: the degree of asymme-
try jom/Jom TOUghly determined the gain. Devices based
on these properties were called bipolar transistors with
a MIS emitter [4] and fabricated with a single-layer
SiO, barrier. Studying the component j.,, is of funda-
mental importance not only for fabrication of the
above-mentioned devices, but also for the use of a
MIS structure as an injector of hot electrons into sili-
con [5] (in this case, it is desirable to minimize this
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component) or as a resonant-tunneling diode (RTD)
[6]. In MIS-RTDs, the current j,,, involves the reso-
nant and excess parts; the latter should be reduced.

In a brief report [7], the potential advantages of the
application of a double-layer insulator over SiO, in
tunnel injectors are discussed. In this study, we
describe in more detail the model of tunneling
between the silicon v-band and metal in Al/high-
K oxide/Si0O,/Si structures. In Section 2, we recall the
main idea. Then, in Section 3, we present the mathe-
matical aspects of the model. Section 4 is devoted to
the results of calculation and Section 5 presents the
experimental facts of the suppression of low-energy elec-
tron transport in the case of a double-layer insulator.

2. ON Si v-BAND—METAL TUNNELING
THROUGH THE HIGH-K/SiO,
COMPOSITE BARRIER

Each high-K material has a unique set of parame-
ters. However, the common feature is that the middle
of the valence band in many of these materials in the
flat-band mode V = Vy of the MIS structure lies
lower in energy than the middle of the silicon band
(Fig. 1). Thus, we can expect that a reduction in the
tunneling probability upon the addition of a high-K
layer to the SiO, layer will concern mainly the com-
ponentj,,.

The band gap E,y of high-K oxides is rather wide.
Therefore, carrier tunneling, including that from and
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Fig. 1. Tunneling probability in the structure with high-
K/SiO, at V'= Vg (see diagram in the inset); x,,, = 3.17 eV.
Thicknesses d| and dy were selected to ensure approxi-
mately equal T'values at £ — E,, ~ 0.

into the Si v-band, can occur through both the lower
and upper barriers. This detail is reflected in the
expression of the component of a particle wave vector
in the z tunneling direction

k? = max [—2mCZ(E2 Ec)
h

2m, (Ec - E, — E)} _2my E|

n’ n’

where E, = E.(z) is the coordinate-dependent energy
of the edge of the conduction band; E,, m., and m., are
the piecewise constant (e.g., E, = Eyy, E,, or E,, the
latter being for Si) band gaps and electron/hole masses
in the barrier; F is the total carrier energy, and £
(in Si) is the transverse carrier energy. At the tunneling

b

(1)

B

distance, kz2 is negative. In HfO,, E,y = 5.7 and in
Z10,, Eg4 = 7.8 €V; the c-band discontinuity &y to
SiO, is 1.75 eV in both cases; the effective carrier
masses in the investigated materials were assumed to
be m .y = myy = 0.15m,, according to the data reported
in [1, 8—10]. The parameters of SiO, are well-known:
E, =38.9¢V, m,=0.42m,, m, = 0.33m,, and the
c-band discontinuity at the interface with Si is ¥, =
3.15 eV. The masses in the insulators are isotropic; the
masses in Si are denoted by e and 4 instead of c and v:
for example, m,5; = my,. The sometimes made
assumption about the participation of only the hole
barrier in the transport from the valence band is elim-
inated.
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The above note concerning suppression of the
v-band current in the presence of an additional high-
K oxide layer suggests that the structure operates at
low voltages close to V = Vp Figure 1 shows the
example of predominate reduction of the tunneling
probability 7 at energies a bit lower than the Si v-band
edge, i.e., at E— E < —E,, at V= V. We can expect
that with a sharp increase in the negative voltage on
the metal (V< 0) the relative role of the current j,,
will increase: the diagram changes its shape and parti-
cles will be transferred in the allowed valence band of
the high-K material. The effect of the high-K layer on
the currentsj,,, and j,,, in specific devices is discussed
in Section 4.

3. APPROACH TO SIMULATING
THE VALENCE-BAND CURRENT

In our discussion below, we assume the potential
distribution (band profile) in the investigated MIS
structure to be precalculated. The calculation tech-
nique was generalized in [11] for all modes.

We present expressions for the current between the
silicon valence band and the metal. The energies E,,
(Ey) and E.. (E,.) used below correspond to the
edge of the Si c¢(v)-band at the interface with SiO, and
in the bulk and g, is the band bending in silicon. If
the bands in Si are bent downward (£, < E...), then

. __ .cont
Jvm = Jvm
E E,.—E

¢ (2
:“}%ij” [ Arw®) | 0", EE dE,
ab o 0

b _ -1 .
where m(" = Y1 My Yer Mot y(EVe1pMer ) and if
they are bent upward, the contribution of the hole well
is added:

9 N YnLaMhla
nh’ = Trr(E,)

Ey~Eq; ) (3)
X | A BB, Ey = E = E,E + ji3,

Eo—q@;

where Af,,, is the difference between the Fermi func-
tions of the Si v-band and Al, and T,y is the period of
hole motion in the surface well. The general form of
the formulas is well-known from available publica-
tions, similarly to the conduction-band current. How-
ever, we should explain some details that are of funda-
mental importance for our study and not always con-
sidered in the theory.

(i) The total energy limit in (2) is not E 4, but £ ;
at F,, < E., this allows us to take into account the
transport in Si, including the through transport, at
large band bending. In the latter case, we assume the
start—finish points of tunneling to be the v-band of
the quasi-neutral bulk of silicon and the metal (and

jvm =
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vice versa), but not the well, which is formed in this
mode in the c-band of'silicon and breaks the tunneling
distance.

(ii) The tunneling probability ® should be calcu-
lated using the transfer matrix technique. In the gen-
eral case, the transfer distance can involve parts of the
band gap of silicon, SiO,, and the high-K material.
When the Wentzel—Kramers—Brillouin (WKB) formula
T = exp(-2 j |min(0,k)"dz) is valid, © is replaced
with 7.

(iii) When finding © by any technique, the coordi-
nate dependences k,(z) of the particle wave vector are
used: the upper and lower barriers are taken into

account at each point; the particle “chooses” the
weaker barrier in accordance with (1).

(iv) Summation over (a) hole and (b) electron types
is introduced. Indices @ and b “run through/over” the
variants of heavy/light holes (¢ = hh, [h) and
heavy/light electrons (b = he, le); v, denotes the
degeneracy. This can be important when taking into
account tunneling in Si, which is most probable with
the combination of the smallest masses m,, , and
m,, ,. The values for Si(100) are m_ ,, = 0.916m,,
mJ_’ he — 0190m0, YJ_, he — 2, mz’ le = 0190m0, mJ_’ le =
0.417mgy, vy 1o =4, my p, = 0.291my, m; ,, = 0.433m,,
Y1, mh = 1, m, g, = 0245m0, my, , = 0230m0, and
Y, m = 2

The current j,,, between the metal and silicon c-band
is written similarly. It is clear that a formula like (3) for
it will be especially valid at E,, < E,... The authors of
the most recent publications focus their attention on
this current when studying electron leakage from the
n-channel of a field-effect transistor.

4. RESULTS OF CALCULATION
OF THE VALENCE-BAND CURRENT

We first consider the case of the injection of elec-
trons into silicon (Subsection 4.1) and then, into the
metal (4.2). The first case is valid for a transistor with
a tunnel emitter on n-type Si (the topology of this
device [4] is similar to the p-channel field-effect tran-
sistor where the connected source and drain serve as a
base terminal and the substrate serves as a collector)
and a luminescent MIS diode [5] on p-type Si. The
case of electron injection from silicon is, first of all,
the well-known situation of leakage in an n-channel
field-effect transistor; in addition, upon positive bias
voltage applied to the metal, a MIS diode on p*-Si is of
interest, where resonant tunneling (RT) can occur
upon nonequilibrium depletion [6].

4.1. Injection of Electrons into Si (Bipolar Transistor
with a M1S Emitter and MI1S Diode)

In the mode under investigation, the contribution

.cont

of j,, to the currentj,, is small, summation over b
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in (2) is excluded, and summation over a allows the sim-
4nqh73vhimhlv|.“-(7hL = Z’YhL,a

and m,, = Y;lz YiraMpi.)- T can be undoubtedly

used instead of ©. For the problems solved in this
study, the description of current from the well of the v-
band can also be simplified by replacing the ladder of
levels E, ; with the effective level £, determined upon
finding the voltage distribution in the MIS structure
[11]. Then,

.cont

plification j ,, =

s q YniMi1
T tR(Ey)| wh
oty “4)
X I A,y (EYT(E,E o — E — E))dE |+ joo™.
Ev0=q9;

Our calculation was performed using this formula,
although the expression in brackets is sometimes
changed for the product NT(E , — E;, 0), where N is

.cont -

the two-dimensional hole density and the term j_,, " is
disregarded. Moreover, using the rough approxima-
tion of a triangular well [12] to determine E, and T,g,
we can obtain

23 5/315)3
g e R

Jom =
vim 24/3m,1/z3h1/37»})/28f/3

2/3 Q)
X T{Evo - XO(M) ,0},

85 2mhz

where A, = 2.34 is the first zero of the Airy function.
Formula (5) can be used for qualitative interpretation.
In (5), F is the field in SiO, related to N, as N, =
e€rf1/q.

Figure 2a shows the dependences of the v-band
current on field Fj in the SiO, layer; the second layer
was zirconium and hafnium oxides. In addition, we
performed calculation for the Al/vacuum/Si system
(here, F; = F,,./3.9). In the MIS structure containing
only SiO, or HfO,/SiO,, the function j,,(F)) is
monotonous and holes tunnel through the lower bar-
rier. However, in the case of ZrO,/Si0O,, there is a
region where the currentj,, decreases with increasing
field F;. In this region and to the left of it, transport
occurs through the upper barrier, which lowers the
probability of transmission. This is first recompen-
sated by an increase in the first term in (5), but thenj_,,
decreases. After that, tunneling is replicated at the
lower barrier and growth is observed again. In the
artificial case of the “vacuum layer” instead of
insulators, the current does not increase at high
fields. We repeat that Fj is the field in SiO,; in

HfO,(Zr0,), it amounts to Fy; = Fieiey; -

Figure 2b shows the dependences of the currents in
the v- and c-bands on the difference between the
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Fig. 2. Calculated v-band—metal tunneling current j,, in the mode V' < 0 vs. (a) field in SiO, and (b) voltage between the metal
and induced hole layer (the figure is supplemented with curvesj.,,,). In the wide-gap high-K material (ZrO,), the current j,, can

behave nonmonotonically. Figure 2b illustrates the suppression of,,, at low voltages as due to the bilayer insulator.

Fermi level in the metal and quasi-Fermi level in the
silicon v-band Ep,. If the structure is formed on p-Si,
such a mode corresponds to accumulation and the
above-mentioned difference is equal to the applied
bias accurate to the sign (— V). As applied to the struc-
ture on n-type Si, the same polarity corresponds to
depletion-inversion and the axis argument in Fig. 2b
in terms of a bipolar transistor is the base-emitter volt-
age Vg (the inversion layer serves as a base). In these
coordinates, the role of doping is almost insignificant.
In addition, here the layer thicknesses are chosen to
ensure approximately equal currents j,, in all cases.
(We note that at a work function of the metal larger
than that of Al, j,,, near 0 can become lower thanj,,,

instead of stabilization). It can be seen that in the case
of a bilayer insulator, the current j , at moderate |V]
values is smaller than in the case of SiO,, so the ratio
Jem : Jum 18 increased. For an injection diode on p-type
Si, this implies minimization of the nonproductive
component and for a transistor, amplification is
enhanced. At very high voltages, the current j,,, as
expected, increases. The intermediate drop of j,, for
Z1r0,/Si0, is similar to that shown in Fig. 2a; it can
lead to multistability of the structure on #-Si. In this
structure, a balance between the supply and escape of
minority charge carriers jg = j,,, is established, where
Jpisthe base current; i.e., at specified Vg and j for the
case of the nonmonotonic behavior of j ,,, several

SEMICONDUCTORS  Vol. 50

No. 5 2016



FEATURES OF CARRIER TUNNELING BETWEEN THE SILICON VALENCE BAND

--- di=2nm

— d,=2nm;dy=1nm

— di=2nm; dy=2nm
“diy=1.5nm; dy=5nm

jcm -7
: N =10"cm> | 39
— ]L'm'

102 -

H
<

104 F

Current components je,,, j.»., A/cm?

L . fl ) 1 L I
0 1 2 3 4
Gate bias V, V

10”7

Fig. 3. Calculated electron and hole tunneling currents in
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transistor. The component ratio j.,,/j.,, increases for a

high-K/SiO, system.

(three) states with different gVge(= Eg,, — Ex,) andj,,
can be implemented. The limit j; = 0 corresponds to
the diode in the case of depletion.

4.2. Injection of Electrons into the Metal (Field- Effect
MIS Transistor and MIS Diode)

In the standard mode of testing an n-channel field-
effect transistor on p-type Si or a diode on n-type Si at
V' > 0, the equilibrium conditions in Si are satisfied;
q®, is undoubtedly smaller than E, + E,, | (E,, s
the lower electron level in the well of the c-band) and
often even g@, < E,,. RT transport is excluded and the
calculation can certainly be performed using the WKB
technique:

E,.
. 4T a
Jow =S [ ()
a,b oo
E,.—E

x J' T“E,E,)dE dE.

0

(6)

This mode was considered in detail in available publi-
cations, but attention was focused only on the cur-
rent j,,, since it decreases due to the high-K insula-
tor. It is quite obvious that in this situation we have
Jvm <L Jem and, in the case of a bilayer insulator, the dif-
ference between components further increases (see the
example in Fig. 3).
SEMICONDUCTORS Vol. 50
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The effect of suppression of the component j_,, is
noticeable in the range V ~ 2 V and weakens with
increasing V, since electrons from even the Si v-band
will be transferred over the edge of the HfO, conduc-
tion band. Certainly, damping of the tunneling trans-
port with low energies in the presence of an additional
high-K layer may affect not onlyj,,, but also j,,,. The
current of the ¢ band in the investigated mode consists
mainly of currents from levels similar to the first term
in (3). As was shown in [13] and confirmed by our cal-
culations, in the MIS structure with SiO, the current
Jm 1s determined by leakage from the first level, while
in the case of a HfO,/Si0O, double-layer insulator the
current from the second and third levels can prevail.
This is the case of a thin SiO, layer and low V values
(V< 1—1.5 V at the chosen parameters of the MIS
structures); for higher V, electrons start passing
through the high-K layer over the barrier (at e = oo,
all curves (V) for d; = 2 nm would merge on the right).

In contrast to the above-considered n-channel
transistor and diode on n-type Si, the MIS diode on
the p-type Si substrate at V> 0 operates under condi-
tions of nonequilibrium depletion, when the band
bending g, can be significantly larger than E,,. Upon
heavy doping NV,, in this case the resonant-tunneling
transport of carriers [6] can occur between the Si v-
band and metal through the levels of the c¢-band E, ;.
Formula (2) can be used for calculating j,,, without
transformation to formula (6) and the probability ©
will acquire large values at combinations of Eand £, ~

Elk = me,bLm;,Ll(E - E, — E,;) corresponding to RT
transmission (there is no need to purposefully find the
levels).

In the described situation, the current j,,, is deter-
mined by thermal generation in the bulk of Si, has a
small value, and does not pose a problem. However,
the excess current, which is included in the current_,
and is owing to the nonresonant transport of electrons
with energies below the levels E, ;, often becomes
quite noticeable. To suppress it, the use of high-
K/SiO, double-layer insulators may not be a bad solu-
tion. The probability of tunneling will be somewhat
lower due to the presence of an additional layer at all
energies, but the main reduction will occur for low-
energy electrons (E < E ). This situation was dis-
cussed in detail in [6], where it was shown that the RT
features in the MIS-RTD with a composite insulator
should be more pronounced than in the case of SiO,.

5. EXPERIMENTAL EVIDENCE

The energy redistribution of tunneling in the case
of a double-layer insulator was not purposefully inves-
tigated in the experiments. However, there have been
many publications devoted to field-effect transistors
with HfO,/Si0,, where we can find the measurement
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Fig. 4. Experimental evidence in favor of (a) suppression of
the valence-band current in the case of a bilayer insulator
in the mode V' > 0 and (b) appearance of the current j,,

against the background of j ,, at low voltages and an
increase in j.,,/j,, in HfO,/SiO,. The data were taken

from [17, 18] and replotted for the sake of convenience.

data that concern the subject of this study, although
the studies cited below had different goals.

First of all, the presence of a considerable hole cur-
rent in the structures with HfO,/SiO, was demon-
strated [14, 15]. This is important, since it could hap-
pen that the surface states at the high-K oxide bound-
aries have an excessively high density, which masks
any effects. Some results prove the increasing role of
Jum at high negative biases V, which is consistent with
our expectations. In particular, Rothschild et al. [14]
mentioned the feature of the logarithmic derivative
d(Inj)/dV upon transformation of the HfO, hole bar-
rier from trapezoidal to triangular. In [15], Lu et al.
noted the contribution of j,, to the charge transport
and generation of defects at V' ~ —4 V. In [16], the
change of the dominant component from j,,, to j,,, at
certain thicknesses of the SiO, sublayer was discussed.

VEXLER, GREKHOV

In experimental study [17], Pang et al. proved the
suppression of the v-band current in a double-layer
system, which weakens the undesirable recombination
and thus enhances the efficiency of the MIS photode-
tector on p-Si under conditions of V> 0 (Fig. 4a). In
[18], Southwick et al. studied the currents in
TiN/HfO,/Si0,/Si and TiN/SiO,/Si structures at
different temperatures; the curves for the structure
based on n-type Si at 300 K (V< 0) from [18] are pre-
sented in Fig. 4b. Taking into account the chosen
metal (TiN instead of Al), near zero the current j,,
prevails; then, as |V is increased, the current j,,, comes
into play (for more details, refer to [ 18]). Extrapolating
the hole current to the left (dashed line), one can take
the ratio of the currents marked with the arrow as
amplification; in the double layer, as was predicted by
us, this ratio is obviously larger.

Meanwhile, generally speaking, theoretical consid-
erations about suppression of the low-energy part of
the tunneling current seem clear and hardly need to be
proved. The degree of validity of the conclusions is
completely determined by the reliability of informa-
tion on the high-K barrier, i.e., the effective masses
and band discontinuities at the heterointerfaces. To date,
here the essential convergence of the data, if not their
complete certainty, has been attained [1, 2, 8—10].

6. CONCLUSIONS

We theoretically demonstrated that the use of a
high- K/SiO, double-layer insulator (e.g., HfO,/Si0O,)
instead of a single layer of SiO, should lead to consid-
erable suppression of the current between the metal
and silicon v-band, especially the low-energy part of
this current. This can be useful for transistors with a
tunneling MIS emitter and tunneling MIS injectors in
general. However, at high negative voltages applied to
the metal, the current j,,, in the high-K/SiO, system
can prevail. In the model, we considered tunneling
through both the upper and lower barriers formed by
the oxide band gaps; due to the effect of the upper bar-
rier, the valence-band current as a function of voltage
can behave nonmonotonically in the ZrO,/SiO, sys-
tem. We discussed the experimental evidence in favor
ofthe idea of using high- K/SiO, structures in injection
MIS devices. As applied to such structures, this can be
a new field of their application, along with the tradi-
tional use of high-K materials as a gate insulator in
field-effect transistors.
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