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Ilkovičova 3, 812 19 Bratislava, Slovakia

2 Technical University of Ilmenau,
PF 98684 Ilmenau, Germany

3 Slovak Academy of Sciences,
Dúbravská cesta 9, 841 04 Bratislava, Slovakia

Received 9 December 2009; accepted 28 March 2010

Abstract: A new model is presented of current transport in Metal Insulator Metal (MIM) structures by quantum me-
chanical tunnelling. In addition to direct tunnelling through an insulating layer, tunnelling via defects present
in the insulating layer plays an important role. Examples of the influence of the material and thickness of
the insulating layer, energy distribution of traps, and metal work functions are also provided.

PACS (2008): 73.40.-c, 73.40.Gk, 73.40.Rw, 73.50.-h, 73.50.Gr

Keywords: MIM • I-V characteristics • trap-assisted tunnelling • high-permittivity dielectrics
© Versita Sp. z o.o.

1. Introduction

The MIM structure, along with a MOSFET, creates thebasic element of the DRAM (Dynamic Random AccessMemory). The MIM structure has a high capacitancethanks to the use of a thin dielectric layer with high per-mittivity, the so-called high-k layer. The structure shouldbe designed to minimize the leakage currents so as toavoid the need to increase the refresh frequency to keepthe functionality of the memory element. The leakage cur-rent is a consequence of Direct Tunnelling (DT) of free
∗Presented at the SURFINT–SREN II Conference, November 15-20, 2009,Florence, Italy.
∗∗E-mail: juraj.racko@stuba.sk

charge carriers through the insulating layer. The currentdue to DT creates the lower, physically insurmountablelimit, which has to be taken into account in the design ofthe DRAM. In real structures, however, the leakage cur-rent reaches a higher value, which stems from tunnellingof charge carriers via a sub-band of deep traps presentin the insulator, the so-called traps-assisted tunnelling(TAT) current. The paper presents a new model for cal-culation and simulation of DT and TAT currents in MIMstructures.
2. Theory

Our physical model treats a MIM structure with a thininsulating layer. The energy-band diagram of the struc-
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ture is shown in Fig. 1. Traditionally, the charge transferthrough a thin insulating layer is described by the modelof Frenkel-Poole emission [1–3] or by the field-dependentShockley-Read-Hall (SRG) model modified by Schenk [4]and including tunnelling by Hurkx, [5]. There are manyother works dealing with the issue of trap-assisted tun-nelling [6, 7] and with thermionic trap-assisted tunnellingin Schottky junctions [8–11]. Our new physical model ofTAT considers the fact that the insulating layer containsa high concentration of defects [12]. These defects maybe viewed as traps for free charge carriers. The traps lieat energy levels ε and may create a sub-band of traps inthe band diagram (see Fig. 1). Their energy distributionwithin the corresponding sub-band can be described by aGaussian function
DD,At (ε, x) =∑i

Ni D,At (x)
Eg
√2π

· exp(−(ε − EC(x) + E it2∆E it
)2)

,
(1)

where subscript i denotes the i-th sub-band of traps, Eg isthe energy band gap, ∆E it is the width of the i-th sub-band

of traps (more exactly, the standard deviation of distribu-tion Dt), E it is the distance of the middle of the i-th sub-band of traps from the conduction band edge EC (x), and
Ni D,At (x) is the concentration of traps in the i-th sub-bandof traps. The upper indices denote donor or acceptor traps.The traps are characterized by effective cross-sections forelectrons σ e and for holes σh (m2).The model of current transport considers both direct tun-nelling (DT) and tunnelling via deep traps present in theinsulator (TAT). The resulting current is then given as

JMIM = JDT + JTAT. (2)

2.1. Direct tunnelling

The current due to DT JDT consists of electron (e) andhole (h) components, and the net current is given by JDT =
JeDT + JhDT. Single current components can be written as[13, 14]

Je,hDT = A∗e,hT 2
EC(xM1 )∫

EV(xM2 )

 ∞,0∫
0,−∞

Γe,hDT(E⊥)(exp(± E||+E⊥−EFM1
kT

)
− exp(± E||+E⊥−EFM2

kT

))
(1 + exp(± E||+E⊥−EFM1

kT

)) (1 + exp(± E||+E⊥−EFM2
kT

))dE||
 dE⊥, (3)

where A∗e,h is the effective Richardson constant of electrons or holes impinging onto the metal-to-insulator potentialbarrier, EF M1 ≡ 0 is the reference Fermi level in metal M1 and EF M2 = −qVa is the Fermi level in metal M2, where Vais the voltage applied to electrode M2. The energy of the tunnelling electron or hole has two components, ε = E⊥+E||.Component E⊥ is the energy perpendicular to the metal-insulator interface (i.e., in the field direction in the insulator),and E|| is the energy parallel to the interface. Γe,hDT(E⊥) are transmission coefficients for direct tunnelling of electronsand holes. In the WKB approximation they are calculated as
Γe,hDT(E⊥) = exp

− 2
~

xM2∫
xM1

√2m∗e,hTUN (±EC,V(x)∓ E⊥)dx
 , (4)

where m∗e,hTUN is the electron or hole tunnelling mass in the field direction.
2.2. Trap-assisted tunnelling

In addition to direct tunnelling through the insulatinglayer with high permittivity (high-k layer), an importantrole belongs also to tunnelling via defects present in the

insulating layer. The exchange of free carriers betweenthe traps and the metals on the two sides of the MIMstructure, and between the traps and the conduction (CB)and valence bands (VB) by thermal generation and re-combination, involves twelve processes, shown in Fig. 2.
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Figure 1. Band diagram of the MIM structure in thermal equilibrium.

Figure 2. Band diagram for trap-assisted tunnelling (TAT) at applied
voltage Va.

Each of the twelve exchange processes is characterized byits respective charge-carrier transport function =, definedfor both electrons and holes, and describing the rate offree-charge-carrier transport. The charge-carrier trans-port function divided by elementary charge =/q has adimension of frequency (s−1). Physically, the ratio q/=is the period between two subsequent electron (hole) tun-

nelling processes between the trap and the metal, electron(hole) trapping processes between the CB (VB) and thetrap or, finally, electron (hole) emission processes betweenthe trap and the CB (VB).The charge transport function = in our TAT model (belong-ing to each of the twelve exchange processes) can be ex-pressed comfortably by the following physical quantities:escape times τ, occupation probability of traps by elec-trons ft, and the Fermi-Dirac distribution function fM1,2 ,for free electrons in metals M1 and M2. Now let us dis-cuss the twelve exchange processes in detail. The fol-lowing four processes correspond to the classical SRHgeneration-recombination model.
1. The current of electrons from the conduction band ofthe insulator trapped by a trap lying in the insulatorat place x on energy level ε can be written as

=eR(ε, x) = q (1− ft(ε, x))
τeR(x) , (5)

with recombination escape time
τeR(x) = (vethσ en(x))−1 . (6)

The electron concentration in the insulator is givenby
n(x) = NC exp(−EC(x)− EFn (x)

kT

)
, (7)

where NC is the effective CB density of states, and
EFn (x) is the electron quasi-Fermi energy. Function(1− ft(ε, x)) in (5) is the probability that the trapcentres are not occupied by electrons.

2. The current of electrons emitted from the trap intothe conduction band of the insulator is
=eG(ε, x) = q ft(ε, x)τeG(ε, x) , (8)

with generation escape time
τeG(ε, x) = (vethσ ent(ε, x))−1 , (9)

where
nt(ε, x) = NC exp(−EC(x)− ε

kT

)
. (10)
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3. The hole current from the valence band trapped bythe trap is
=hR(ε, x) = qft(ε, x)

τhR(x) , (11)
with recombination escape time

τhR(x) = (vhthσhp(x))−1 . (12)
The concentration of holes in the insulator is givenby

p(x) = NV exp(EV(x)− EFp (x)
kT

)
, (13)

where NV is the effective VB density of states and
EFp is the hole quasi-Fermi energy.

4. The current of holes emitted by the trap into thevalence band
=hG(ε, x) = q (1− ft(ε, x))

τhG(ε, x) , (14)

with generation escape time
τhG(ε, x) = (vhthσhpt(ε, x))−1 , (15)

where
pt(ε, x) = NV exp(EV(x)− ε

kT

)
. (16)

These four exchange processes are completed byeight other tunnelling processes assisted by traps.
5. The current of electrons tunnelling from metal M1to the trap is

=eM1→T(ε, x) = qfM1 (ε) (1− ft(ε, x))
τeM1 (ε, x) , (17)

where
fM1 (ε, xM1 ) = (1 + exp(ε − EF M1 (xM1 )

kT

))−1 (18)
and the tunnelling escape time is

τeM1 (ε, x) = q
A∗eT 2σ eΠeM1⇔T(ε, x) . (19)

The effective transmission coefficient for trap-assisted tunnelling of electrons ΠeM1⇔T is calculated as
ΠeM1⇔T(ε, x) = 1

k2T 2
ε∫

ε⇒−∞

(ε − E⊥) ΓeM1⇔T(E⊥, x)dE⊥, (20)
and the electron transmission coefficient (thus the tunnelling probability of an electron with total energy ε andwith energy perpendicular to the metal-insulator interface E⊥) ΓeM1⇔T is given, in the WKB approximation, byformula

ΓeM1⇔T(E⊥, x) = exp
− 2

~

xT∫
xM1
√2m∗eTUN (EC(x)− E⊥)dx

 . (21)
Except for the integration boundaries, this expression is the same used for calculating the probability of tunnellingin the case of direct tunnelling, Eq. (3).

233



Trap-assisted tunnelling current in MIM structures

6. The current of electrons tunnelling from the trap into metal M1 is
=eT→M1 (ε, x) = q

ft(ε, x) (1− fM1 (ε))
τeM1 (ε, x) . (22)

7. The current of electrons tunnelling from metal M2 to the trap is
=eM2→T(ε, x) = qfM2 (ε) (1− ft(ε, x))

τeM2 (ε, x) , (23)
where

fM2 (ε, xM2 ) = (1 + exp(ε − EF M2 (xM2 )
kT

))−1 (24)
and the tunnelling escape time is

τeM2 (ε, x) = q
A∗eT 2σ eΠeM2⇔T(ε, x) , (25)

with
ΠeM2⇔T(ε, x) = 1

k2T 2
ε∫

ε⇒−∞

(ε − E⊥) ΓeM2⇔T(E⊥, x)dE⊥ (26)
and

ΓeM2⇔T(E⊥, x) = exp− 2
~

xM2∫
x

√2m∗eTUN (EC(x)− E⊥)dx
 . (27)

8. The current of electrons tunnelling from the trap into metal M2 is
=eT→M2 (ε, x) = q

ft(ε, x) (1− fM2 (ε))
τeM2 (ε, x) . (28)

9. The current of holes tunnelling from metal M1 to the trap is
=hM1→T(ε, x) = q

ft(ε, x) (1− fM1 (ε))
τhM1 (ε, x) (29)

with tunnelling escape time
τhM1 (ε, x) = q

A∗hT 2σhΠhM1⇔T(ε, x) , (30)
with

ΠhM1⇔T(ε, x) = 1
k2T 2

ε⇒∞∫
ε

(E⊥ − ε) ΓhM1⇔T(E⊥, x)dE⊥ (31)
and

ΓhM1⇔T(E⊥, x) = exp
− 2

~

x∫
xM1

√2m∗hTUN (E⊥ − EV(x))dx
 . (32)
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10. The current of holes tunnelling from the trap into metal M1 is
=hT→M1 (ε, x) = qfM1 (ε) (1− ft(ε, x))

τhM1 (ε, x) . (33)
11. The current of holes tunnelling from metal M2 to the trap is

=hM2→T(ε, x) = q
ft(ε, x) (1− fM2 (ε))

τhM2 (ε, x) , (34)
with tunnelling escape time

τhM2 (ε, x) = q
A∗hT 2σhΠhM2⇔T(ε, x) , (35)

with
ΠhM2⇔T(ε, x) = 1

k2T 2
ε⇒∞∫
ε

(E⊥ − ε) ΓhM2⇔T(E⊥, x)dE⊥ (36)
and

ΓhM2⇔T(E⊥, x) = exp− 2
~

xM2∫
x

√2m∗hTUN (E⊥ − EV(x))dx . (37)
12. The current of holes tunnelling from the trap to metal M2 is

=hT→M2 (ε, x) = qfM2 (ε) (1− ft(ε, x))
τhM2 (ε, x) . (38)

The following quantities have been used to define the es-cape times: ve,hth = √3kT /m∗e,h is the thermal electronand hole velocity and m∗e,h are effective masses of freeelectrons in CB or holes in VB.The twelve exchange processes between the traps, met-als M1 and M2, and conduction and valence bands mustsatisfy the balance equation. Under steady-state condi-tions, the flow of electrons onto the trap must be the sameas the rate of electrons released from the trap, which isexpressed in the following equation
=e
R −=e

G + =h
G −=h

R + =eM1→T −=eT→M1+=eM2→T −=eT→M2 −=hM1→T + =hT→M1
−=hM2→T + =hT→M2 = 0. (39)

On inserting respective charge-transport functions for the

twelve exchange processes Eqs. (5, 8, 11, 14, 17, 22, 23,28, 29, 33, 34, and 38) in (39) we obtain1− ft(ε, x)
τeR(x) − ft(ε, x)

τeG(ε, x) − ft(ε, x)
τRh(x) + 1− ft(ε, x)

τhG(ε, x)
+ fM1 (ε)− ft(ε, x)

τe+hM1 (ε, x) + fM2 (ε)− ft(ε, x)
τe+hM2 (ε, x) = 0, (40)

where τe+hM1 and τe+hM2 are conjoined escape times given by
1

τe+hM1 (ε, x) = ( 1
τeM1 (ε, x) + 1

τhM1 (ε, x)
) (41)

and
1

τe+hM2 (ε, x) = ( 1
τeM2 (ε, x) + 1

τhM2 (ε, x)
)
. (42)
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By eliminating ft(ε, x) from Eq. (40), we get the probability of trap occupation by an electron
ft(ε, x) = τTAT(ε, x)( 1

τeR(x) + 1
τhG(ε, x) + fM1 (ε)

τe+hM1 (ε, x) + fM2 (ε)
τe+hM2 (ε, x)

)
, (43)

where 1
τTAT(ε, x) = ( 1

τeR(x) + 1
τeG(ε, x) + 1

τhR(x) + 1
τhG(ε, x) + 1

τe+hM1 (ε, x) + 1
τe+hM2 (ε, x)

)
. (44)

Now let us treat the trap-assisted tunnelling current JTAT flowing through the MIM structure after applying an externalvoltage. We can start either by calculating the current flowing between metal M1 and the traps or the current betweenmetal M2 and the traps. The current between metal M1 and the traps is given by the difference of the charge transportfunctions (17), (22), (29), and (33):
JM1⇔T = EC(xM1 )∫

Ev(xM2 )


xM2∫

xM1
(
=eM1→T −=eT→M1 −=hM1→T + =hT→M1

)
Dt(ε, x)dx

dε =
= q

EC(xM1 )∫
EV(xM2 )


xM2∫

xM1
fM1 (ε)− ft(ε, x)
τe+hM1 (ε, x) τTAT(ε, x)Dt(ε, x)dx

dε. (45)
The current between metal M2 and the traps is given as a difference of the charge-transport functions (23), (28), (34),and (38):

JT⇔M2 = EC(xM1 )∫
Ev(xM2 )


xM2∫

xM1
(
=eM2→T −=eT→M2 −=hM2→T + =hT→M2

)
Dt(ε, x)dx

dε =
= q

EC(xM1 )∫
EV(xM2 )


xM2∫

xM1
fM2 (ε)− ft(ε, x)
τe+hM2 (ε, x) τTAT(ε, x)Dt(ε, x)dx

dε. (46)
On inserting Eq. (43) for ft we get

JM1⇔T = EC(xM1 )∫
EC(xM2 )


xM2∫

xM1

(
fM1 − fM2
τe+hM2 τe+hM1

−
(1− fM1
τeRτe+hM1

− fM1
τeGτe+hM1

− fM1
τhRτe+hM1

+ 1− fM1
τh
Gτe+hM1

))
τTATDt dx

dε, (47)

JT⇔M1 = EC(xM1 )∫
EC(xM2 )


xM2∫

xM1

(
fM2 − fM1
τe+hM1 τe+hM2

−
(1− fM2
τeRτe+hM2

− fM2
τeGτe+hM2

− fM2
τhRτe+hM2

+ 1− fM2
τh
Gτe+hM2

))
τTATDt dx

dε. (48)

Let us assume that the insulating layer
• is “sufficiently“ thin so that tunnelling between thetraps and metallic electrodes is intensive, and

• the traps in the energy band gap are located atdeep levels: (EC − Et) > 0.5 eV.
In this case, the first term (

fM1 − fM2) / (τe+hM2 τe+hM1
) inequations (47) and (48) dominates. This term represents
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the difference between the currents of electrons and holestunnelling from metal M1 into metal M2 via the traps(M1 e+h⇔ T e+h⇔M2). The remaining four terms in Eqs. (47)and (48), in denominators containing both the tunnellingescape times and recombination and generation escapetimes, contribute little to the overall current. In our sim-ulations (see below), the contribution of these terms waslower by 4 to 6 orders of magnitude than the contributionof the dominating term. The reason is that under steady-state conditions, the concentration of free electrons andholes in the insulator is virtually zero: n(x) ≈ 0 in Eq. (7)and p(x) ≈ 0 in Eq. (13). (We do not assume the pres-ence of shallow donor or acceptor levels.) The recombi-nation escape times are then τeR(x) ≈ ∞ in Eq. (6) and
τhR(x) ≈ ∞ in Eq. (12). Similarly the generation escapetimes (Eqs. (9) and (15)) are much larger than the tun-nelling escape times: τe,hG (x)� τe+hM1 , τe+hM2 . This is becausethe concentrations of electrons nt in Eq. (10) and holes ptin Eq. (16) are very low if the traps are located deep in theenergy-band gap of the insulator. This is why all recombi-nation and generation terms in expressions (40), (43), and(44), in which the escape times τeR, τhR, τeG, and τhG occur inthe denominator, can be neglected.Physical interpretation of the less important terms inEq. (47) follows:

• Term (1− fM1) / (τeRτe+hM1
) describes the flow ofelectrons trapped by the traps from CB, and tun-nelling further into metal M1 (CB e→T e→M1);

• Term fM1 / (τeGτe+hM1
) describes the flow of elec-trons tunnelling from metal M1 onto the traps andthen being emitted into the conduction band CB(M1 e→T e→CB);

• Term fM1 / (τhRτe+hM1
) describes the flow of holestrapped by the traps from the valence band andthen tunnelling to metal M1 (VB h→T h→M1),

• Term (1− fM1) / (τhGτe+hM1
) describes the flow ofholes tunnelling from metal M1 on the trapsand then being emitted into the valence band(M1 h→T h→VB).

The terms in Eq. (48) can be interpreted in a similar way;one simply has to replace metal M1 by metal M2. If theabsolute values in Eq. (47) satisfy
∣∣∣∣∣ fM1 − fM2
τe+hM2 τe+hM1

∣∣∣∣∣�
∣∣∣∣∣1− fM1
τeRτe+hM1

− fM1
τeGτe+hM1

− fM1
τhRτe+hM1

+ 1− fM1
τhGτe+hM1

∣∣∣∣∣ ,(49)

and in Eq. (48) it holds that∣∣∣∣∣ fM2 − fM1
τe+hM1 τe+hM2

∣∣∣∣∣�
∣∣∣∣∣1− fM2
τeRτe+hM2

− fM2
τeGτe+hM2

− fM2
τhRτe+hM2

+ 1− fM2
τhGτe+hM2

∣∣∣∣∣ ,(50)
then the currents in Eqs. (47) and (48) are reduced sothat JM1⇔T ≈ −JT⇔M2 , and the net current JTAT due to trap-assisted tunnelling in the MIM structure is expressed as

JTAT ∼= JM1⇔T ≈ −JT⇔M2

= q

EC(xM1 )∫
EV(xM2 )

 xM2∫
xM1

fM1 (ε)− fM2 (ε)
τe+hM1 (ε, x) + τe+hM2 (ε, x)Dt(ε, x)dx

dε.

(51)Here we utilize the fact that the escape time τTAT definedby Eq. (44) reduces to 1/τTAT ∼= (1/τe+hM1 + 1/τe+hM2
) by ne-glecting the recombination and generation term. In princi-ple it means that we neglect the four exchange processesrepresenting the classical Shockley-Read-Hall model ofgeneration and recombination.For evaluating EC and EV it is enough to solve the Poissonequation:

− d
dx

(
κ dψdx

)
∼= q
ε0


EC∫
EV
DDt (1− ft) dε − EC∫

EV
DAt ft dε

 .

(52)
Assuming that the right side of the Poisson equation con-tains only very small values, the field intensity in thewhole bulk of the insulator is constant, and for approx-imate values of EC(x) and EFn,p (x) we get
EC (x) ∼= ΦM1 − χI − x − xM1

xM2 − xM1
(ΦM1 − ΦM2 − qVa) ,(53)

EFn,p (x) ∼= q x − xM1
xM2 − xM1 Va, (54)

where ΦM1 and ΦM2 are the work functions of metals M1and M2, χI is the electron affinity of the insulation layer,and Va is the external voltage.
3. Results
In the first simulation we show how the energy distri-bution of traps in the insulator Dt(ε, x) affects the net
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current flowing through the structure on applying an ex-ternal voltage Va. The parameters of the sub-band oftraps (1) are varied by means of three variables: Nt, Et,and ∆Et. In our simulations only one sub-band of ac-ceptor or donor traps is considered, where the maximumvalue Nt of the Gaussian distribution of traps concentra-tion within the sub-band is constant. For I−V simulationsthis type of defect does not play a role. The simulationsdemonstrate how these parameters change the shape ofthe I − V curves of the MIM structure. We have cho-sen a MIM structure with a 4 nm thick TiO2 layer (with
κ=120) having an energy band gap Eg=3.5 eV, electronaffinity χI=3.9 eV, and metallic contacts with work func-tions ΦM1 = ΦM2=5.0 eV. Further, the following materialparameters have been chosen: trapping cross-sections forelectrons and holes σ e = σh = 5× 10−20 m2; the effectiveRichardson constant for electrons and holes in dielectriclayer A∗e,h = 1.0A, where the Richardson constant forfree electrons is A = (4πqm0k2) /h3; effective tunnellingelectron and hole masses m∗e,hTUN = 0.3 m0; and the ef-fective mass of free electrons in CB or holes in VB is
m∗e,h = 0.3 m0.The net current JMIM flowing through the MIM structurecontains contributions from direct tunnelling JDT and fromtrap-assisted tunnelling JTAT. This contribution dependson the distribution of traps Dt(ε, x). Figure 3 shows thecontributions of JDT and JTAT dependent on the overall den-sity of traps NT . The density of traps is given by

NT(x) = EC∫
EV

DD,At (ε, x)dε. (55)

The density of traps has been varied by changing the max-imum trap concentration in the middle of the sub-band oftraps: Nt=1021, 1022, 1023, 1024, and 1025 m−3. The mid-dle of the band of traps Et was located 1 eV below theconduction band EC in the forbidden band of the insula-tor. The width of the sub-band of traps was kept con-stant, ∆Et=0.075 eV. Having chosen the parameters inthis way, the overall density of traps in the insulator was
NT=3×1019, 3×1020, 3×1021, 3×1022, and 3×1023 m−3.As can be seen in Fig. 3, at small voltages the net cur-rent JMIM is dominated by trap-assisted tunnelling, whileat larger voltages direct tunnelling dominates. The tran-sition between the two regions strongly depends on thetrap density, since Nt basically acts as a prefactor to JTAT.

Figure 3. I − V curves (solid lines) of a MIM structure with a
4 nm thick TiO2 layer with various overall trap densities,
NT=3×1019, 3×1020, 3×1021, 3×1022, and 3×1023 m−3.
The middle of the sub-band of traps Et is located 1 eV be-
low the conduction band, and the width of the sub-band is∆Et = 0.075 eV. Dashed lines denote the contributions of
trap-assisted tunnelling, while the solid line with symbols
denotes the direct tunnelling current.

Figure 4. I − V curves of a MIM structure with a 4 nm thick TiO2
layer, with varying positions of the middle of the sub-band
of traps: 0.5, 0.75, 1.0, 1.25, and 1.5 eV below the con-
duction band in the energy-band gap of the insulator. The
overall density of traps was set to NT=3×1022 m−3, and
the width of the sub-band was ∆Et = 0.075 eV.

Figure 4 shows the contributions of direct JDT and trap-assisted tunnelling JTAT, dependent on the position of themiddle of the sub-band of traps in the energy-band gapof the insulator. This position is expressed through Et ,the conduction band edge EC considered as a reference.Simulations demonstrate a strong effect of Et upon thetotal current. If Et lies close to the intrinsic level (middleof the sub-band gap), then trap-assisted tunnelling pre-vails at low applied voltages. As Et shifts towards theconduction band, the voltage dependence of JTAT changes.
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For Et <0.75 eV, JTAT becomes smaller than JDT at smallvoltages and eventually at Et=0.5 eV the situation iscompletely different, compared to larger Et . Now, directtunnelling dominates at low Va, while trap-assisted tun-nelling prevails at large Va.

Figure 5. I−V curve of a MIM structure with a 4 nm thick TiO2 layer
with various widths of the sub-band of traps ∆Et=0.025,
0.05, 0.075, and 0.1 eV.

Figure 6. I − V curve of a MIM structure with a 4 nm thick TiO2
layer. The parameters of sub-band of traps: Nt = 1024
m−3, Et = 1.0 eV, and ∆Et = 0.075 eV. The work functions
are ΦM1 = ΦM2 = 4.5, 4.75, 5.0, and 5.25 eV.

Figure 5 shows the contributions of JDT and JTAT to thenet current JMIM, dependent on the width of the sub-bandof traps characterized by ∆Et . The values of the two re-maining parameters were kept constant: Et=1.0 eV and
Nt=1024 m−3. As it is expected, with the increase of ∆Etthe calculated tunnelling current also increases. Figure 5shows that the narrower the sub-band of traps, the morepronounced the “hump” in the lower part of the I−V curve.Parameters of the sub-band of traps only affect JTAT, notthe direct tunnelling current JDT. The choice of the metal-lic electrodes, however, affects both of these components.

This is illustrated in Fig. 6, presenting simulations of the
I−V curve of a MIM structure with identical metallic elec-trodes and variations of work functions ΦM1 = ΦM2 =4.5,4.75, 5.0, and 5.25 eV. Simulations reveal how strongly theleakage current depends on the choice of the electrodematerial.Direct tunnelling is related to the barrier, defined as adifference between the work function of the metal and theaffinity of the insulating layer. For metals with a low workfunction, the direct tunnelling current JDT dominates alongthe whole I−V curve. In the case of higher work functions,the contribution of JDT to the overall leakage current be-comes less significant, and trap-assisted tunnelling startsto be of major importance (JMIM ≈ JTAT for low voltages).However, for the range of work functions considered, itis generally valid that the higher the work function, thesmaller the leakage currents. For larger work functions,however, hole tunnelling might become dominant and thenet current would increase again. Respective contribu-tions depend strongly on the distribution of traps Dt.

Figure 7. I − V curves of MIM structures for different types of high-
κ materials with a 3 nm thick isolating layer. Parame-
ters of the sub-band of traps: Nt=1024 m−3 (equal to
the overall density of traps Nt=3×1022 m−3), Et = 0.75
eV, and ∆Et = 0.075 eV. The metal work functions areΦM1 = ΦM2 = 5.0 eV.

material EG χI ΦMid κ(eV) (eV) (eV) (-)TiO2 3.5 3.9 5.65 120Ta2O5 4.5 2.8 5.05 20HfO2 5.7 2.55 5.4 18
Table 1. Parameters of insulating materials used in simulations.
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The effect of the dielectric layer upon the leakage cur-rent is even stronger than that of the metallic electrodes.This is shown in Fig. 7, which displays I − V character-istics of MIM structures with 3 nm thick dielectric lay-ers of different high-k materials (TiO2, Ta2O5, and HfO2).The parameters of these dielectric materials are summa-rized in Table 3 [15]. The work function ΦMid representsthe ideal value calculated as ΦMid = χI + EG2 (assuming
m∗eTUN = m∗hTUN), for which the direct tunnelling current hasthe lowest magnitude. The highest leakage current hasbeen observed in the structure with TiO2, which, however,has the highest relative permittivity (κ = 120) among theinsulators studied.

Figure 8. I − V curves of MIM structures with variously thick TiO2
layers, t=2, 3, 4, and 5 nm. The parameters of the sub-
band of traps areNt=1024 m−3, Et=1.0 eV, and ∆Et=0.075
eV. The work functions are ΦM1 = ΦM2 = 5.0 eV.

Figure 9. I − V curve of a MIM structure with a 4 nm thick TiO2
layer with a work function of the second metal electrodeΦM2 =5.0 eV, and two different values of work functions for
the first metal electrode: ΦM1 = 4.50 eV, 4.75 eV.

The leakage current might be reduced by increasing thethickness of the insulating layer. This is shown in Fig. 8.As the thickness of the insulator is increased, both com-ponents JTAT and JDT are reduced. The strongest relativecontribution of trap-assisted tunnelling to the net currentcan be seen at a thickness of about 4 nm.Figure 9 shows how the I−V curves of the MIM structurediffer on changing the polarity of the applied voltage, incase we use metallic electrodes with different work func-tions. The higher the difference in the work functions ofthe two electrodes, the more marked the asymmetry ofthe I − V curves. The negative differential resistance ob-served (local minimum in the direct tunnelling current JDT)is because in this region, the tunnelling probability offree carriers Γe,hDT falls faster with applied voltage Va thanthe exponential growth of the terms in Eq. (3) containingFermi-Dirac distribution functions. Obviously, the shiftof the local minimum in the I − V characteristics corre-sponds to the difference of the work functions between thetwo metal electrodes.
4. Conclusion

This model and simulation of the leakage currents in MIMstructures allow the prediction and physical interpreta-tion of the experimental characteristics. By comparingthe simulated results with those achieved experimentally,one can analyze the defects present in dielectric layers.After some modification, the model can also be appliedto Schottky structures. However, unlike in a MIM struc-ture, in a doped Schottky structure one cannot neglect thegeneration-recombination processes. In this case one canexactly solve the continuity equations for electrons andholes, incorporating the generation-recombination ratesand additional tunnelling rates of the exchange processesbetween the trap and conduction or valence band. We be-lieve that such a modified TAT model can explain the originof high gate currents in MIM structures, with small mod-ifications in A3B5 compound semiconductor devices withbroad energy-band gaps and naturally high concentra-tions of traps (e.g., AlGaN/GaN HEMTs).
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