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Abstract:

The paper will present the modeling of charge partsin TaOs nanolayers together with experimental
verification of the model. MIS structure model tantalum capacitors with conducting polymer cathailebe
described on the base of the leakage current asalyg0s films show good electrical and dielectric propesti
for considered applications and low leakage curdemsity value 1¢A/m? for the electric field 100 MV/m. It is
assumed that electrons tunnel from the localizatestin the impurity band into the conduction bafidhe
insulating TaOs layer and, at low temperatures, from conductintymper cathode to the conduction band of
Ta,0s. The decreasing the thickness of the insulatingdd éayer below 100 nm, the classical physical models
are not able to give satisfactory descriptions leirge transport mechanism, and voltage and temyperat
dependences of electrical current. Dominant meshamif charge carrier transport is ohmic conductarthe
low electric field, while Poole-Frenkel mechanisecbmes dominant for electric fields in the rang® 200
MV/m. Tunneling current becomes dominant for theceic field higher than 200 MV/m. Ohmic current
component and Poole-Frenkel current component beemally activated, while the tunnelling current
component is temperature independent. We have \wibénat for temperatures above 250 K the leakageit

is given predominantly by the ohmic and Poole-Fetmkechanism. For temperatures below 250 K theetim

is dominant charge carrier transport mechanism. dharacteristics measured for tantalum capacitothan
temperature range 10 to 300 K were analyzed.

conduction band of T&s the structure Ta-L&s or
1. INTRODUCTION Ta,Os-CP conducting polymer. The wave amplitude
) ) ) exponentially decreases with the thickngssf the
A tantalum capacitor consists of metallic Ta anOde:potential barrier between cathode and insulating
amorphous T insulating layer produced mostly |ayer. The energy of the electron and the electron

by anodic oxidation, and cathode made fromyaye |engthi are assumed to be constant during
semiconductor Mn©® or conducting polymer. the transport. [4]

Capacitor structure can be in the first approxiorati
considered as an ideal metal-insulator-semiconducto
(MIS) structure [1 to 3]. Dominant mechanism of cp
charge carrier transport is ohmic conduction fa th Tao.
low electric field, while Poole-Frenkel mechanism - =8
becomes dominant for electric fields in the rangé 1 Te,0, Affinity = 3.6 eV j_Ec_ LUMO
to 200 MV/m. Tunneling current becomes dominant 4l

for the electric field higher than 200 MV/m. It is W==41¢V

assumed that electrons tunnel from the localized / T ler.2ls dey
states in the impurity band into the conductiondan M ™ :

" ; T @ ef, = 0.9 eV
of the insulating T#Ds layer and, at low 0.5eV ee
d = 100 nm E - HOMO, E,

temperatures, from conducting polymer cathode to — —
the conduction band of 7@s.
In normal mode (for Ta electrode positive) the VA Fig. 1: A pproximate band diagram of MIS structure for
characteristic for tunneling current is describgdhe tantalum capacitor with conducting polymer
relation: cathode

The traps rise during the anodic oxidation of Td an
I, =GTU“exp(—UTj @ create an impurity band. in 1@5 layer. Oxid_e film
U contains oxygen vacancies with concentration of the
order of 16%cn?® [1]. They act as donors — deep traps
which are charged during the electric field
application. Activation energy of these traps iswb
0.4 to 0.8 eV depending on the insulating layer
rpreparation [2]. Approximate band diagram of MIS
structure for tantalum capacitor with conducting
polymer cathode is shown in Fig. 1. The value ef th
leakage current in normal mode depends on the

WhereU is the applied voltageir and Uy are the
constants, and the value of the expomedépends on
the barrier shape (for rectangular barrier 2).

Leakage current can be described as electro
traveling wave with an amplitud&, in cathode with
conducting polymer and amplitudé\, in the



potential barriers between the cathode andOfa TTCO1-T50-R100k-10s-25V-005V-na

insulating layer. In the reverse mode it depends al 1.00x10* PP
on the potential barrier between tantalum anode and LG8 300 | - 20
tantalum pent-oxide. Charge carriers transport — orsao | oM B S - 300K

mechanism and charge storage in insulating layer ar |
important parameters for the application in these < s}t b J
devices. Tgs films show good electrical and |

dielectric properties for considered applicatioms! a 0.25x10° | - 4 ,,,,,,,
low leakage current density value about 4%A@m? 1 1 1
for the electric field 2 MV/cm. o
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2. EXPERIMENT

Fig. 3: VA characteristics of capacitor TTCO1 in normal rapd
T = 150 K (lowest) to 300 K (top curve)

2.1 Measurement in thetemperature
range 20 to 300 K VA characteristics of capacitor TTCO1 in the reeers
mode for the temperature range 20 to 300 K were

Experimental analysis of the leakage current in theMeasured. They are shown in Figs. 4 and 5.

wide temperature range can give the information on

different current components as ohmic, Poole-Frenke TTCOL-T350-R100k-105-8V-005V-ra

and tunneling. VA characteristics measured for o . 10K
tantalum capacitors with polymer cathode in normal T=10- 100K | ; Hl oo ok
mode (Ta electrode is positive) and the temperature — 3xo® |- ReverseMOde oo fonpr o 100K
range 10 to 300 K were analyzed. VA characteristics ! ! /
of capacitor TTCO1 in the normal mode for low < 2a0%f——— Y A A
temperatures measured in the temperature range from ; Y/
10 to 150 K are shown in Fig. 2. P L) S— S S——
TTCO1-T50-R100k-10s-25V-005V-na o iu_“....- sl
1.00x10 1.0 15 2.0 25
O + 100K UV
TTCO1 ! 150K

07500 |- Nor Ve | | T Fig. 4: VA VA characteristics of capacitor TTCOL in reverse

X 1 ‘ . 50K mode, T = 10 K (lowest) to 100 K (top curve)
< 3
= 0800 T () The leakage current value measured for the

| } temperatures 10 and 20 K are equal. With increasing
0.25x10°" == Y /4 temperature the leakage current increases. The
| | leakage current value decreases with decreasing
th s . o temperature in the reverse mode similarly as fer th
ey capacitor with manganese dioxide cathoBer the

Fig. 2: VA characteristics of capacitor TTCO1 in normal rapd temperature 300 K SChOttky current is dominant,

T =50 K (lowest) to 150 K (top curve) while for the temperature below 100 K VA
characteristic can be fitted with the tunnelling

We can see that the leakage current value increaseaomponent only [3].

with decreasing temperature up to 50 K and than the

saturation of the leakage current value appears. TTCO1-T350-R100k-105-8V-005V-ra

VA characteristics of capacitor TTCO1 in the normal 6x10°

mode for high temperatures measured in the TTCO1 . 200K
temperature range from 150 to 300 K are shown in Reverse Matle Tk

Fig. 3. We can see that the leakage current value — axao®f---—---imeee e
decreases with increasing temperature up to 250« | |
K while slightly increases for the temperature 300 - | |
We expect the leakage current minimum value for the =~ 2a0® [ J

temperature about 250 K.
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Fig. 5: VA characteristics of capacitor TTCO1 in reverse
mode, T = 150 K (lowest) to 300 K (top curve)



The potential barrier influencing the low temperatu including the ohmic, polarisation and tunnelling
tunnelling process in reverse mode is the barrer o current component is shown in Fig. 6. Ohmic

the Ta — Tg0s interface. conductivity isG, = 4.5 x 16 S, tunnelling current
constantt =521 A, andJ; =-128 V.
2.2 Fitting equations VA characteristic measured in the normal mode for

the temperature 300 K and fitted characteristic is
The leakage current dependence on the applie§hown in Fig. 7 in the semi-logarithmic scale.

voltage in the normal mode can be approximated by TTCO1-T300-R100k-10s-25V-005V-na
equation: 10°

TTCO1

T= 300K

Normal Mode

1U)=GyU +Gx U exp (G- VU )+ GU exp (U, 1U)  (2) 10 ffffffffff

1A

Where G, is Ohmic conductivity, Gp is Poole-
Frenl_<e_| condut_:t|V|ty, ﬁppl is  Poole-Frenkel _ =4 3e-Oxexp(1.96qrt(0)
coefficient, Gy is tunnelling current constant, 107 | ™ I B.950-8x+5.7e-7(L-exp(-20.80)+”

exponenta depends on the potential barrier profite ( AN A

= 0 to 2), andU; is a constant dependent on the 107 ‘ 1

barrier height. 0 5 10 15
Depending on the leakage current measurement speed ursv

also the polarisation current is observed in the VA

characteristic. Polarisation current is given by Fig. 7. Leakage current vs. applied voltage for capaci€l

in normal mode, T = 300K, equation for ohmic, Peole
Frenkel and tunnelling current component with

|pol =b [1—exp (—C[U)] (3) polarization current

You can see that VA characteristic can be with good
g accuracy approximated by ohmic and Poole-Frenkel

Where b and ¢ are constants. We have include ) .
and tunnelling current components. Ohmic

polarisation current component into our fitting

equation. conductivity is G, = 8.9 x 1¢ S, Poole-Frenkel
Ohmic current component and Poole-Frenkel currenonductivity Ge = 4.3 x l/%og S, Poole-Frenkel
component are thermally activated, while the COEfficient fer = 1.96 V', tunnelling current

tunnelling current component is temperature Constantt =14.1 A, andJr = -178 V. _
independent. We have observed that the leakagfarametelr for the potential barrier of heigh®,
current is given predominantly by the ohmic and With thickness, is given by:

Poole-Frenkel mechanism  for the  higher

temperatures, while the tunnelling current componen _ s 15
is dominant in the low temperature range. U; =@m/2m /3eh)(eP,) ™t (4)

TTC01-T20-R100k-105-25V-005V-na Where m' is effective electron masg) is Planck

2.010" constant,®, is the barrier energy in eV, artg is
TTCO1 . . . .
T= 20K effective thickness of potential barrier.

15x10% _ NormalMode{ 4§ The tunnelling current component obtained from the

) ! 1 VA characteristics fitting for the temperature 300
g e B3 Be-Tl-om290) characterized by tunnelling constad = -175 V,
1.0X10™ fmmmmm e .. while the tunnelling current component obtainedrfro

‘ ‘ the VA characteristics fitting for the temperat@e

K is characterized by tunnelling constant

Ur=-128 V.
The difference between the low temperature and high
temperature value ofJ; corresponds to different
potential barrier affecting the tunnelling procedse
uiv suppose that the potential barrier on the03a-
9. 6: Leakage current vs. applied voltage for capaci@@Tin conducting polymer interface is modulated with the
23;2‘;;{ ?oonﬂgble?tzswﬁ{ sglii‘it;‘;rt‘i;‘r’lr&hrg'ﬁta”d wimee  temperature. With the decreasing temperature the
barrier height decreases which leads to the inerefis
the leakage current for Ta capacitor with condyctin
polymer cathode.

1A

0.5x10™ et S A

Fi

VA characteristic measured in the normal mode for
the temperature 20 K and fitted characteristic



3. CONCLUSIONS

The leakage current value for
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