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Abstract—The algorithm is suggested for calculating the I–V characteristics of a voltage or currentcon
trolled metal–tunnelthin insulator–semiconductor system. The basic underlying physical models are dis
cussed. Applicability of the algorithm is confirmed by a comparison of the simulation results with the mea
surement data obtained by the authors and borrowed from the literature, for several different structures. The
presented information is supposed to suffice for calculating the electrical characteristics of the investigated
structures with the various combinations of materials: metal or polysilicon gate, singlelayer or stacked insu
lator, and semiconductor with any doping type and level.
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1. INTRODUCTION
Metal–insulator–semiconductor (MIS) struc
tures with a tunnelthin insulator are important
objects of investigations in semiconductor electron
ics. At present, such structures are considered as a
onedimensional gate crosssection of a classical
fieldeffect transistor [1]. In addition, they have many
other applications, e.g., in MOS tunnel emitter tran
sistors [2, 3] and photodetectors [4]. The structures, in
which several successive dielectric layers are used as an
“insulator”, are widely used in fieldeffect transistors
(gate stacks [5]) and memory cells [6]. Among such
structures are also resonanttunnel systems based, in
particular, on CaF2/CdF2 layers [7]. Finally, the MIS
structures with thin insulator films are convenient for
studying the properties of an insulating material itself.
Thus, the MIS structures are extensively used.
To the best of our knowledge, there is a lack of stud
ies that would systematize all the subproblems in sim
ulating currents in a MIS tunnel structure. As a rule,
the available are concerned with a certain important
aspect with no analysis of the others. For example, the
object of the recent thorough investigations has been
the electron leakage current from the nchannel of a
fieldeffect transistor into polycrystalline Si (polySi)
[8, 9]. Meanwhile, the valence band current was even
not mentioned. The most comprehensive approach to
the problem was given in the studies of a MOS tunnel
emitter transistor [3, 10], which, however, covered
only the inversion mode of the structures.

In view of the aforesaid, it seems very important to
represent algorithmically a specific calculation proce
dure applicable to a wide range of MIS tunnel systems.
Such algorithms tested in practice would be useful
when dealing with any new structure of this type, since
they would make it possible to predict characteristics
for the general case; the approach must be universal
for any bias modes and any insulators. The aim of this
study was to demonstrate such an algorithm. The
physical aspects are just briefly addressed.
2. AN APPROACH TO SIMULATION
OF A MIS TUNNEL STRUCTURE
In calculating the electrical characteristics of the
MIS tunnel structures, the three main physical prob
lem must always be solved.
The first problem consists in the following. Given
are electric field strength FI in the insulator and differ
ence ΔEFpn between the quasiFermi levels of the sili
con conduction band (EFn) and valence band (EFp).
The potential distribution qϕ(z) in Si and the charge
distribution are to be calculated.
The most wellknown methods for calculating
band diagrams are the selfconsistent solution of the
Schrödinger and Poisson equations [11] and the clas
sical approach [12]. However, the first method is fairly
cumbersome, while the second does not take into
account the surface quantization effects. A convenient
compromise seems to be the model [13, 14] that takes
into account the only effective quantum level, E0, in all
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the modes, from low (FI < 106 V/cm) to extremely high
(over 107 V/cm) fields. Particles are often described by
the wave function ψ0 = (b3/2)1/2zexp[–bz/2] with
parameter b (cm–1) determined as
2

12q m 11N
b = 2sz ⎛ s + N dop w⎞
⎝ 32
⎠
ε0 εs ប

∫ (E

where Ns (cm–2) is the concentration of induced carri
ers in a well, w is the band bending region width in Si,
msz is the carrier effective mass, and εs is the permittiv
ity of Si. Then, the level energy is
E 0 = ⎛ 3 ⎞
⎝ 2⎠

2

q ប 
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5/3

2/3
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1/3
[ N dop w + ( 11/32 )N s ]

Quantities Ns and w, along with doping Ndop, enter the
relation
q ( N s + N dop w )
F I = 
,
ε0 εI
where εI is the permittivity of the insulator. Such an
approach is usually used for the depletioninversion
modes analyzed jointly; then, w is the depleted region
width. It seems possible, however, to apply the same
procedure to accumulation (although, there are more
reliable methods [15]). Then, quantity Ndop represents
the charge density on unbound states above the well;
the ion charge is not taken into account due to the low
ionization degree in the region of accumulation band
bending. This density roughly amounts to the carrier
density in the Si bulk and, consequently, to the dopant
concentration. For a specified field FI, the value of Ns
is set iteratively in order to ensure the required shift
ΔEFpn. The quasiFermi level in the bulk (EFB) is deter
mined by doping; in the well (EFW), it is determined
from
E FW – E 0
ν ⊥ m s⊥ k B t
N s = 
 ln 1 + exp 
(2)
 ,
2
kB t
πប
where ν⊥ is the degeneracy (the number of valleys
amounts to six for electrons and three for holes) and t
is the temperature. Depending on the doping type and
polarity, one of the EFW and EFB levels is EFn and the
other is EFp. The band profile is given by the formula
(zm = min(z, w))
2
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and the total band bending in Si is
2
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After Ns and E0 are found, all the levels of light and
heavy (different masses mj) carriers can be deter
mined, instead of one averaged level E0. For this pur
pose, the quasiclassical formula

1/3
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– 1/2

,

is used. The parameter ζ (equal to about 1/4) is
selected such as to the sum of concentrations at the
levels with the same EFW would be equal to Ns. The
method can be applied also to polycrystalline Si.
Examples of the calculated band diagrams are given in
Fig. 1.
The second problem is the following. Given are all
the details of the band diagram of the MIS structure:
band profiles in Si and polySi, voltage U on the insu
lator, and the quasiFermi level positions. Searched
are the values of all the tunnel current components.
The current flowing through the insulator in the
structure with a metal electrode involves the electron
(metal–conduction band of the semiconductor, jcm)
and hole (metal–valence band, jvm) components.
Depending on the mode, one of these components
contains only the continuous component and the
other includes the additional discrete one, from the E0
level. In the case of the polysilicon electrode, apart
from currents jcc and jvv between the conduction and
valence bands of silicon regions at high U, cross
currents jcv arise and the discrete component is con
tained simultaneously in jcc and jvv. Tunneling
through the insulator can be combined with the trans
port in silicon, which broadens the range of the
involved energies. At band bending in the substrate
qϕs > Eg, the bandtoband transport in Si can also
take place [16]. The expression for the continuous and
discrete parts of any component, whether it is jcc, jvv,
jvm, jcm, or (for j cont only) jcv, is
E max

j

cont

4πqν ⊥ m s⊥
= 
 ( f S ( E ) – f G ( E ) ) dE
3
h
E

∫

min

E ⊥max

×

∫
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T ( E, E ⊥ ) dE ⊥ ,

0

±∞

j
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qν ⊥ m s⊥
 ( f S ( E ) – f G ( E ) ) dE
= ± 
2
πប τ ar ( E 0 ) E

∫

(4b)

0

(3)

× T ( E, E – E 0 )dE.
Here, E is the total energy of a particle, fS and fG are
the Fermi functions in the substrate and gate for the
regions between which the transport is analyzed, E⊥ is
the energy in the structure plane, ms⊥ is the particle
mass where E⊥ is chosen, and τar is the time between
collisions with the barrier wall (~ប/E0). The sign in the
expression for j disc depends on the band (“+” for the
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Fig. 1. Energy diagrams of the MIS structures with the quantities used in the simulation. On the left and right, the accumulation
and inversiondepletion (for a metal electrode on top and for a polycrystalline one at the bottom) modes are presented.

conduction band). The limits to j cont are determined
by the presence of the states with the corresponding
pair E and E⊥ on both sides of the barrier. It is affected
also by whether or not a tunneling in Si is accounted
for. In particular, in Fig. 1 on the left, as applied to
component jcm, for j cont we have Emin = Ec0, Emax =
+∞, and E⊥max = E – Ec0 for the transport via the insu
lator only. If we take into account also the transport in
Si, then we have Emin = Ec∞ and E⊥max = E – Ec∞ . T is
the tunneling probability. It is calculated by the trans
fer matrix method (TM) [17] or the Wentzel–Kram
ers–Brillouin (WKB) method [18]. The barrier region
is divided into sections in which the barrier height is
assumed to be constant and the integration is made by,
for example, the method of rectangles. Experience
shows that this is profitable even in the WKB calcula
tions. Then,
T ( E, E ⊥ ) = exp – 2Δz

∑ min ( k* ( z ), k* ( z ) )
cz

i

vz

i

, (5)

i

i.e., a particle chooses the weaker barrier, top or bot
tom, at each point. In the case of the parabolic disper
sion law in the barrier,

k *cz =
k *vz =

2m cz ប
2m vz ប

–1

–1

–1

max [ 0, ( E c – E + m s⊥ m c⊥ E ⊥ ) ];
max [ 0, ( E – E v +

(6)

–1
m v⊥ m v⊥ E ⊥ ) ],

where mc = mc(zi) and mv = mv(zi) are, generally
speaking, the coordinatedependent effective masses
and Ec = Ec(zi) and Ev = Ev(zi) are the band edge ener
gies in the corresponding element of the barrier profile
fragmentation. In the case of the nonparabolic disper
sion law, in particular, in the Franz model [19], k *cz
and k *vz for substituting in (5) are expressed via the
energies in a different way. If the barrier has the multi
layer structure with intermediate wells, then the more
complex TM method is required, although the formu
las for the currents remain valid.
Third problem. Given are gatesubstrate voltage V
and (for the depletioninversion mode in the sub
strate) the value of the external effect: the irradiation
intensity or current jext supplied to the inversion
region. Targeted are the field in the insulator and the
quasiFermi level energy of minority carriers in the
stationary situation.
Evidently, the Kirchhoff law for voltages must be
satisfied,
G

ϕ s + ϕ s + U = V – V FB ,
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where VFB is the flatband voltage. The sign of ϕs, ϕ s ,
and U is positive when the field is directed toward the
gate. In the case of a metal electrode, VFB = (–χm +
χe)/q + Φ (for notation, see Fig. 1); for polySi, we
would have VFB = –ΦG + Φ. It is assumed that the
quasiFermi levels for electrons and holes on each bar
rier side are independent of coordinate and always
coincide in the gate and coincide in the substrate in its
accumulation mode. In the case of depletioninver
sion in the substrate (stationary mode), the balance is
set between the lost and supplied minority carriers; the
quantity ΔEFpn regulated by the MIS system itself cor
responds to this balance. In the calculation, one
should choose U (|U| = FI/d, where d is the insulator
thickness) and ΔEFpn such that they corresponded to
the balance. For certainty, we consider an nSibased
device. The minority carriers’ (holes’) inflow is pro
vided by thermal generation current jth proportional to
depletion region width w, by photocurrent jph (often
also ~w), and by external current jext supplied through
the source. Impact ionization is also possible: injec
tion of each electron from the gate to the conduction
band of the substrate upon flowing of current je (equal
to jcm or jcc) causes the production of M1 electron–
hole pairs, which induces hole current je (M1). Hole
outflow from the inversion layer, except for tunnel cur
rent jh (equal to jvm or jvv) is provided by diffusion–
drift current jdd between the interface and the bulk. We
assume that the current jdd is similar to the current of
the p–n junction and can change its sign, becoming
the hole supplier. The balance equation is written as
j h + j dd = j th + j ph + j ext + j e ( M1 ).
(8)
The factor from formula (8) is calculated as [20]
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Input: d, NGA|D, NA|D, t, V

Calculation of VFB
and difinition of the charge state
Input of the known
or choice of the trial EFn − EFp
Choice of the trial value of U
between 0 and V − VFB; Fi = |U|/d
Calculation of ϕs and ϕsG
No

V = U +VFB + (ϕs+ ϕsG)?
Yes
U is found.
Calculation of the current components
Was the value of EFn − EFp known?

Yes

No
No

Is a balance of the
minoritycarrier currents provided?
Yes
End of the algorithm

2

a 0 qN dop w
b0 ε0 εs ⎞
M = [ 1 + P ( E inj ) ] 1 + 
 exp ⎛ – 
 , (9)
⎝
b0 ε0 εs
qN dop w⎠
where a0 = 4 × 105 cm–1, b0 = 106 V/cm, quantum yield
function P is tabulated according to [21], and the
injection energy is
2

–1

–1

E inj = E Fm – E c0 + q ( ε 0 ε s ) ( 3N s b ).
Here, the last term describes the contribution of the
inversion layer to the band bending. Current jdd is
found simply as
( E Fn – E Fp )
j dd = A exp 
–1 ,
kB t
the preexponential factor
1/2
2 – 1 ( qμ p k B t )⎞
A = n i N D ⎛ 

⎝ τp ⎠
contains mobility μp and lifetime τp of holes, as well as
intrinsic concentration ni. For pSi, the approach is
analogous, but we can usually assume P = 0.
We outlined the three basic problems arising in the
simulation of the characteristics of MIS structures. In
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Fig. 2. Flowchart of the mathematical algorithm for calcu
lating the I–V characteristic of the MIS structure.

practice, they are not always solved independently,
since the tunnel leakage from the inversion layer enters
the balance equation.
3. MATHEMATICAL ALGORITHM
FOR CALCULATING THE I–V
CHARACTERISTIC OF THE MIS STRUCTURE
The system parameters, i.e., thicknesses of insulat
ing layers, substrate doping level, polysilicon doping
level, and orientation are assumed to be known.
Dielectric constants and parameters of tunnel barriers
(conduction and valence band offsets at the interface
with silicon and effective masses) are also assumed to
be known. In case the barrier parameters are not
known with a proper accuracy the present model can
be used for their determination from the measurement
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Fig. 3. I–V characteristics of the polySi/Si3N4/Si struc
tures (depletioninversion in the substrate). The results of
the calculation with different dispersion laws are compared
with the experimental data.

data like done in [10]. The effect of interface defects is
not considered.
The mathematical algorithm for calculating the I–V
characteristic comprises two loops. The flowchart is
presented in Fig. 2. If the structure operates in the sub
strate accumulation mode or the difference ΔEFpn
between the Fermi quasilevels in the substrate is spec
ified in advance, then the only one inner loop is per
formed. The algorithm is applicable to the simulation
of devices with both metal and polycrystalline silicon
gate; in the first case, the calculation is simplified,
G
because ϕ s = 0.
At the first step, the parameter input is made.
Then, flat band voltage VFB is calculated and for spec
ified terminal voltage V, the charge states of the gate
and substrate are determined. The value EFp – EFn can
be specified or chosen trial. Then, the trial values of
voltage U on the insulator are chosen from the range
between 0 and V – VFB and the insulator field Fi = |U|/d
in found. After that, band bendings qϕs and (for the
G

polysilicon gate) qϕ s are calculated and the equality
of the sum of voltages to applied voltage V is checked
over the entire structure. If the equality is valid with
required accuracy, then the solution for U is consid
ered to be obtained and the currents are calculated; if
not, a new trial value of U is chosen and the loop is
repeated again. If the sum of the voltage drops appears
too large as compared with |V – VFB|, then in the fol
lowing iteration step |U| should be reduced. As was
shown in the previous section, the universal technique
can be used for the accumulation and depletioninver
sion modes; however, if different techniques are used,
it is necessary to run individual subroutines for the
loop targeting a determination of the U value.

In the variant when the value EFp – EFn is specified
in advance, the algorithm is accomplished when the
correct value of U is found and the currents are calcu
lated; if a trial value was chosen, then the minority
carrier current balance must be checked (see formula
(8) or similar relation for pSi). If at the found U and
the calculated (with regard to jph and jext) currents, the
balance condition is not met, then, it is necessary to
choose another trial value of EFp – EFn and repeat all
the operations from the beginning.
Since in the substrate depletioninversion mode,
the same value of V can correspond to different values
of EFp – EFn (multistability), it is reasonable to precede
the loop over EFp – EFn by the calculations for the
− E g to q V
series of EFp – EFn within the range from +
with a small step. This will help to calculate the
range(s) for the main iteration. The choice of the sign
is based on the fact that the p–n junction interface–
bulk should not be shifted too much in the forward
direction; this imposes the limitation via Eg that
excludes unrealistically large currents jdd. Ignoring the
multistability problem can lead to the solution loss,
especially in the case of the nsubstrate when the
impact ionization plays an important role. Neverthe
less, sometimes the scheme from Fig. 2 can be used
without any additions; however, we must be confident
that the ionization will not occur in a specific device
(e.g. due to strong scattering on the interface) and the
minoritycarrier leakage will not occur in a specific
device and the minoritycarrier leakage current
monotonically grows with |U|.
Extension of the calculation technique to the case
of a stacked insulator (layers d1, d2, …, dN with permit
tivities ε1, ε2, … and band offsets on the boundaries
ξe12, ξe23, ξh12, ξh23, …, ξhN – 1, N) seems trivial. The
changes will touch only the relation between voltage U
on all the insulating layers and the field used in the
analysis of the band bending, i.e., the solution of the
first problem in the previous section. In this case, the
fields of the first (1) and last (N) layers are used:
U d1 + d2 + … + dN
F 1 N = 
ε1 N ε1 ε2
εN

–1

.

The presence of offsets is taken into account in the
value of voltage VFB.
In most cases, an iteration accuracy of 0.005 eV for
qU and ΔEFpn is quite sufficient. Real barriers are
almost never known with higher accuracy.
4. EXAMPLES OF THE CALCULATIONS
OF THE I–V CHARACTERISTICS
OF MIS TUNNEL STRUCTURES
The aim of this study was to describe and demon
strate universality of the approach for calculating the
I–V characteristics of MIS structures. Therefore,
for the purpose of testing, we use the data obtained
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Fig. 4. I–V characteristics of the TiN/HfO2/SiO2/nSi
structures. For the reverse polarity, the measurement and
calculation results with and without external radiation are
presented.

for devices with three absolutely different combina
tions of materials: polySi/Si3N4/Si (Fig. 3),
TiN/HfO2/SiO2/Si (Fig. 4), and Al/SiO2/Si (Fig. 5).
In addition, we present the results for the systems with
the crystalline insulator CaF2 (see the next section).
The data for the structures with nitride were taken
from the available publication [22]; the other samples
were fabricated and measured by us using traditional
technological and measuring techniques whose
description is omitted for brevity.
Figure 3 demonstrates the I–V characteristic of the
polySi/Si3N4/Si structures on n and ptype sub
strates; the condition EFn = EFp was intentionally kept
in the fieldeffect transistor configuration. In this case,
it is not necessary to solve minoritycarrier current
balance equation (8) and the situation in the presented
inversiondepletion mode is close to the case of accu
mulation (common Fermi level), which leads to the
exponential current growth with voltage. The barrier
parameters are χe = 2.1 eV [22], ε1 = 7.5, and E g ( Si3 N4 ) =
5.1 eV [23]. The effective masses in the insulator are
given in the figure. Note that, when the Franz disper
sion law is applied, the obtained theoretical I–V char
acteristics are more flat, which often (e.g., in Fig. 3)
yields better agreement with the experiment.
The data for the TiN/HfO2/SiO2/Si samples are
shown in Fig. 4. In the accumulation mode, the typi
cal exponential current growth is observed. However,
at the reverse polarity, in contrast to the situation in
Fig. 3, the condition EFn = EFp is not met. Therefore,
the subproblems with finding the band diagram and
tunnel currents were solved jointly. Irradiation of the
structure induces generation of photocurrent jph; at
strong irradiation, Eq. (8) is reduced to jh = jph, i.e.,
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Fig. 5. Reproduction of the calculation of the Sshaped I–V
characteristic of the Al/SiO2/nSi structure in the deple
tioninversion mode.

the value of the tunnel leakage is determined by the
photogeneration level. In this case, the tunnel current
weakly depends on the voltage at the structure (Fig. 4),
especially if jph is considered to be independent of the
depletion region width. The constant in jph = const was
selected such as to obtain the best agreement. The cal
culation was performed for the barrier heights χe =
3.15 eV (Si/SiO2 conduction band offset), χm = 2.6 eV
(metal/HfO2 barrier), ξ = 1.1 eV (SiO2/ HfO2 conduc
tion band offset; the value is consistent with [24]),
E g ( HfO2 ) = 6.02 eV [25], E g ( SiO2 ) = 8.9 eV and the per
mittivities ε HfO2 = 23 and ε SiO2 = 3.9. Effective mass
mF in HfO2 is approximately equal to the values of me
from [24].
In the investigated structure HfO2/SiO2, we practi
cally could not enter the regimes where hot electron
injection is significant. However, in the Al/SiO2/nSi
system (χm = 3.17 eV), ionization current je(M1)
strongly affects the balance (Fig. 5). The positive feed
back comes into effect: the more intense electron tun
neling enhances the impact ionization, which changes
the value of EFp – EFn, increases the minoritycarrier
concentration Ns, and leads to the voltage growth at
the insulator, which, in its turn, enhances tunneling.
As a result, the balance equation has three solutions
and the I–V characteristic is Sshaped with the OFF
and ON states and the negative differential resistance
segment. Such a behavior was observed by us (Fig. 5)
and reported in the earlier publications [3, 26]. At
small thicknesses when the hole leakage is large, the S
shaped loop broadens due to a wider OFFstate
branch and the inversion layer is, in fact, not formed.
In contrast, at the thick insulator, component jh is sup
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teristics of other systems, including those with stacked
insulators, can be calculated.

Au/CaF2/nSi(111)
ND = 1015 cm−3

Total current j, A/cm2

10−1
10−3

Simulation with a tunneling probability model:
〈T(E, k2⊥ (E, E⊥, α))〉α
k0shift
no k0⊥shift (directband)
3 ML

10−5

5 ML

7 ML

Within the model, it was considered that transverse
wave vector k⊥ and energy component E⊥ of a carrier

Experiment

in the semiconductor are related as E⊥ = ប k ⊥ /2m s⊥ .
Such an approach is valid under the condition k0⊥ = 0,
where k0 is the band extremum vector, but it is applied
also to the electron transport in silicon. This can be
justified by the absence of pronounced differences in
the currents measured in the MIS structures with
oxides on Si (100) and (111), although in the first case
the shift of k0⊥ for two valleys is zero and in the second

−9

inv./depl.
10−11

Certainly, at the numerical simulation of various
tunnel systems, particular problems arise. Below we
touch upon two questions arising in many cases.
5.1. Crystalline Insulator:
Calculation of the Transverse Wave Vector

10−7
10

5. ADDITIONAL PROBLEMS

0

0.5

1.0

1.5

2.0
2.5
3.0
Applied bias V, V

Fig. 6. I–V characteristic of the Au/CaF2[3–7ML]/n
Si(111) structure in the depletioninversion mode.

pressed; however, je(M1) is still significant due to
asymmetry of the barrier for electrons and holes. Thus,
the I–V characteristic is not Sshaped and the device
is in the ON state. Hence, the MIS tunnel structure
differs from the structures with the thick insulator not
only by the presence of the current but also by the volt
age distribution.
Note that the choice of the tunneling parameters is
very important, since the change in the carrier effective
mass even by hundredths of m0 can noticeably change
the value of the tunnel current (compare the I–V char
acteristics for me = 0.40m0 and 0.42m0 in Fig. 5).
We should separately consider the issue concerning
the reproduction of the dark reverse I–V characteris
tic. Most often, the lifetime in expression for jdd (see
after Eq. (9)) is known unreliably. In this case, it can be
fitted [27] and, then, thermal generation current jth
may not be considered at all. Thus, for τp = 3 × 10–11 s,
the curve in Fig. 4 was reproduced. The alternative
approach consists in the modeling of thermal genera
tion current jth as qG(w – wV = 0) with fitted bulk gen
eration rate G in the substrate (Fig. 5); usually, it is G =
1023 m–3 s–1 or sometimes higher; then the tabulated
values are taken for the lifetime and jdd appears very
small. Parameter G, and also the lifetime, are deter
mined by the concentration of the trap states in the
band gap of the silicon substrate. The inset in Fig. 5
shows that an increase in G can noticeably narrow the
bistability region.
Summarizing the results presented in Figs. 3–5, we
may conclude that the technique for calculating the
tunnel currents successfully works for a wide class of
MIS structures. In the same manner the I–V charac

2 2

2 2

case it is fairly large ( ប k 0⊥ /2m 0 ≈ 2.44 eV), which
should sharply reduce the tunneling probability. Possi
bly, at the interface between Si and the amorphous
film, the wave vector with the large value relaxes [28].
Nevertheless, if the insulator is a crystal, one may
expect that the tunneling process will occur with the
real conservation of k⊥, whatever large it is. In this
case, in analyzing the transport to the conduction
band of the Si (111) substrate or from it, the expression
for probability T should be changed. Specifically, the
expression is averaged [29] over all states α for the
specified pair of E and E⊥:
2

T* ( E, E ⊥ ) = 〈 T ( E, k ⊥ ( E, E ⊥, α ) )〉 α

(10)

2 2
and in formula (6), m s⊥ E ⊥ is replaced by ប k ⊥ /2 .
2
2
–2
Near the minimum, the shift k ⊥ = 2m s⊥ ប E ⊥ + k 0⊥

[30] can be roughly introduced. For Si (100), the tradi
tional approach T = T(E, E⊥) is used but in (4) ν⊥ = 2 is
put. The expressions for the current and the algorithm
from Fig. 2 remain generally the same.
The example of the situation where the above
mentioned tunneling features manifest themselves is
the Au/CaF2[3–7]ML/nSi(111) structures. Figure 6
presents, along with the experimental data, the results
of the calculation with regard to the real band structure
of silicon with the aforementioned shift and in the
directgap silicon approximation. Evidently, the first
of the variants yields the best agreement. At low volt
ages, the simple shift model works not bad. The
parameters used in the calculation [30] are me = 1.0m0,
χe = 2.38 eV, χm = 2.63 eV, E g ( CaF2 ) = 12.1 eV, G =
1027 m⎯3 s–1, and 1ML = 3.15 Å.
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2

G + ( d ) = ( 2π )

– 1/2

( d – dn )
–1
σ d exp – 

2
2σ d
2

+∞

je h =

∫j

e h ( d,

U ( d ) )G + ( d, d n, σ n )δd.

(11)

0

Quantities jth and jph also should be weighted, since
the depletion region width depends on d. In practice,
if the difference ΔEFpn is given, it is convenient to
calculate j(V) for the thickness series in advance.
Figure 7 illustrates the comparison of the I–V char
acteristics of the Au/CaF2/pSi (111) structure and the
results of the simulation with regard to finite standard
deviation σd. The value of σd was measured using an
atomicforce microscope and, in contrast to the sam
ples presented in Fig. 6, is not negligible. The account
for the inhomogeneity of the CaF2 layer thickness sig
nificantly improves the consistence with the experi
ment in the depletion mode. This agreement could not
be reached by fitting d = const due to the different
slopes. At the same time, in the plateau segment in the
depletioninversion mode, if the current is mainly
contributed to by minority carriers and therefore
weakly depends on the thickness, the role of the fluc
tuations is less important.
It should be emphasized that any inhomogeneities
are characterized by the correlation length [32], i.e.,
minimum distance λ between the points at which the
local insulator thicknesses are independent. We con
SEMICONDUCTORS
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Measurement [dark]
7 ML/σd = 2.7 Å (AFM) dCaF :
2
Simulation
3 ML
Constantthickness
simulation

10−3
10−4
10−5

5 ML
10−6
10

−7

10−8

with nominal value dn and dispersion σ d ; the region
d < 0 is ignored. The more complex Γtype laws can
also be used [31]. For deposited films (roughly, for
SiO2, too), we have σd ≈ rms; if rms is measured for the
layer of the same material with thickness drms different
from dn, then it should be approximately assumed that
σd = rms(dn/drms)1/2.
Usually, the conductance of the inversion or accu
mulated layer is rather high, so the position of the
Fermi (quasi)level of the surface quantum well can be
considered equal over the entire structure area. In this
case, in contrast to EFp and EFn, local voltage U on the
insulator will be different for different local thick
nesses d. Each component of the tunnel current is cal
culated as

Au/CaF2/pSi(111)

10−2
Total current density j, A/cm2

5.2. Inhomogeneity of the Insulator Thickness
over the Area
The widely spread problem, especially in films of
novel materials whose fabrication technology is not
developed to the level comparable with the SiO2 tech
nology is related to the fluctuations of the insulator
layer thickness. Due to these fluctuations, the calcu
lated characteristics do not quantitatively correspond
to the measured data, despite good qualitative agree
ment. In this case, in the simulation we may assume
that the thickness is distributed by the Gaussian law
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NA = 1016 cm–3
inv./depl.
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−3
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−2
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Fig. 7. I–V characteristic of the Au/CaF2/pSi(111) struc
ture with the nonuniformly distributed thickness of the
insulating layer.

sidered that the relation L Ⰷ λ is valid, where L is the
electrode size. If this condition is not met, then the
spread of the I–V characteristics between the struc
tures appear [32]. However, the average current values
are independent of the ratio L/λ.
4. CONCLUSIONS
The proposed general procedure of the calculation
of MIS tunnel structures is applicable to the current
or voltagecontrolled structures with very different
materials combinations: metal or polysilicon gate, sin
glelayer or stacked insulator, and semiconductor with
any doping type and level. We described the separate
subproblems and commented the basic physical mod
els used. The important items are the universal
account for the surface quantization in the accumula
tion and depletioninversion modes, inclusion of the
valence band current in the analysis along with the
electron component, and the general record of the
tunneling probability through the top and bottom bar
riers simultaneously. These items were partially con
sidered in the previous studies, but the complete algo
rithm is presented for the first time.
We calculated the I–V characteristics of the MIS
tunnel structures Al/SiO2/S, TIN/HfO2/SiO2/Si,
polySi/Si3N4/Si, and Au/CaF2/Si and reached good
agreement with the experiment. The presented illus
trations not only demonstrated the algorithm testing
but also accented the important simulation details,
such as carrier effective mass variation and the
(dis)regard of the fluctuations. We believe that the
information given in this work is sufficient for calcu
lating the electrical characteristics of the structures of
interest. In studying of new samples, the barrier
parameters should be borrowed from the literature; the
model for estimating these parameters can also be
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used. Taking into account that the MIS structures are
one of the most attractive objects of study in modern
semiconductor physics and electronics, the general
verified algorithm can be of practical importance.
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