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Results .of c.ontaminati.on experiments .on MOS structures with aque.ous s.oluti.ons .of NaCl. KCI, acetic 
acid, and purified water are presented. A special grid-shaped electrode (AI .or p.olycrystalline Si) was 
devel.oped f.or these experiments. Vari.ous after-treatments were applied. At temperatures .of 250 and 
350·C, the I-V curve sh.ows tw.o distinct peaks caused by i.on transp.ort in the .oxide. C.ontamination 
with H+ and Na+ i.ons had a pron.ounced influence .on the area .of both peaks. The results sh.owed that it is 
imp.ossible t.o attribute the first peak t.o transp.ort .of N a + i.ons .only and the sec.ond t.o that .of K + i.ons. It is 
c.oncluded that the first peak results from i.on transp.ort under c.onditi.ons .of therm.odynamic equilibrium 
and that the sec.ond peak is c.ontrolled by the rate with which i.ons are released from traps at the 
interfaces. M.odels f.or b.oth transp.ort mechanisms are presented. 

PACS numbers: 73.40.Qv, 72.20. -i, 81.40.Rs, 73.60.Hy 

I. INTRODUCTION 

Investigation of the transport of ions in the oxide of 
MOS structures is very important because these ions influ­
ence the stability of MOS transistors. Alkali ions and the 
hydrogen ion have been shown to be the most important 
contaminations in the oxide (for an extensive list of refer­
ences see Deal' and also HickmottZ). In the ISFET device a 
special use is made of this sensitivity for hydrogen and alkali 
ions.] 

Few facts about the transport behavior of the different 
ionic species in SiOz have been published:-6 A method for 
studying the behavior of ions is the TSIC method.z In this 
method the temperature is changing with time in a pro­
grammed way, while the voltage bias is kept constant. An­
other method to investigate the behavior of ions in the oxide 
is the quasistatic 1-V method of Kuhn and Silversmith. 7 In 
this method the temperature is constant and the bias is var­
ied. We prefer the 1-V method for the case of the experiment 
and the interpretation of the results. At elevated tempera­
tures (150-400 0c) I-V curves show two distinct peaks 
caused by ion transport in the oxide. Recently, Derbenwick4 

and also Stagg6 concluded that the first peak was due to Na+ 
transport, whereas the second was caused by K+ transport. 

In this paper, the results of several contamination ex­
periments are presented. The amount of ions related to each 
peak was measured as a function of the type and duration of 
the contamination. A special type of electrode was used and 
various after-treatments were applied. In particular Derben­
wick's conclusion was checked. 

II. EXPERIMENTAL METHOD 

Contamination experiments are usually carried out as 
indicated in Fig. l(a).8 The oxide is contaminated first and 
the electrode is made afterwards. In that case the vacuum 
present during Al evaporation, the eventual substrate heat­
ing, the photolithography, the annealing of the radiation 
damage, and other after-treatments all interfere with the in-

a)Present address: Philips Research Lab.orat.ories, Eindh.oven, The 
Netherlands. 

tentional contamination. Applying the contamination in 
that way it is also necessary to use a large number of sepa­
rately prepared samples and as a consequence ofthat, uncer­
tainty arises about the references. To avoid these problems a 
new type ofMOS structure was developed [Fig. l(b)]. This 
MOS structure consists of a grid-shaped electrode, as shown 
in Fig. 2. The windows are 5 X 5 fl. First, the after-treatments 
are applied and then the shape of the grid is etched using 
standard photoresist techniques. Thus, the oxide surface in 
the openings of the electrode has also received all after-treat­
ments. Wafers were prepared for each type of electrode ma­
terial. Every wafer contained 64 MOS structures and was 
subdivided by scribing and breaking into smaller pieces. 
Contamination of the MOS structures was carried out by 
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FIG. I. Methods f.or the c.ontaminati.on .of the .oxide. (a) Meth.od as de­
scribed in the literature. (b) Method as used in .our experiments. (c) Situa­
ti.on at the wind.ow in the electrode. 
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FIG. 2. Detail of the electrode structure. The electrode is dashed. The con­
tamination of the oxide is introduced via the windows. 

immersing these pieces during different periods of time in 
the following aqueous solutions: 

(1) NaCI: p.a., contamination: K-O.00005%; Ca and 
Mg-O.OOI %; metals-O.003%; Br and 1-0.003%. 

(2) KCI: p.a., contamination: Na-O.005%; Ca and 
Mg-O.OOI %; metals-O.OOI %; Br and 1-0.0005%. 

(3) HAc: (acetic acid) p.a., contamination: metals-
0.00001 %; Na and K-smaller than 0.00001 %. 

The concentration of the contaminants was O.I-g molecular 
weight in 1 liter of water. It should be noted that the acetic 
acid is not as completely dissociated as NaCI and KCI. The 
proton concentration is about 1.3 X 10-3 mol/liter. The solu­
tions were prepared with water having a resistivity of 0.5 
Mil cm. This implies that this water contains a mobile ion 
concentration of about 1.5 X 10-' mol/liter. 
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FIG. 3. The two peaks in the /- V curve of an MOS structure (T= 350 'C; 
sweep rate is 300 m V Is; annealed AI electrode; tox = 1000 A; IO-a cm 
<loo)Si substrate). 

(4) H20: two qualities: 0.5 and 2-5 Mil cm. 

The MOS structures were immersed in the solutions for 
various periods. After this the MOS structures were immedi­
ately rinsed in water of2-5 Mil cm, spin-dried, heated up to 
250 ·C, and measured. After the measurement the same 
piece with MOS structures was again immersed in the same 
solution for a further period of time. 

We assume that only the surface layer of the oxide at the 
windows in the electrode is contaminated. Due to side diffu­
sion, a small part of the absorbed contaminants comes under 
the influence of the fringing fields at the edges of the win­
dows, Fig. l(c). We believe that we can therefore only deter­
mine the behavior of the contaminated structure at the edges 
parallel to the unintenionally contaminated major part of the 
MOS structure. 
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FIG. 5. J- V curves measured at two different temperatures (sweep rate is 
300 mV Is; annealed AI electrode; t", = 1000 A; IO-n cm (100) Si 
substrate). 

Silversmith 7 was used. When J- V curves are recorded at ele­
vated temperatures, two distinct peaks are found (Figs. 3 and 
4). One peak is always found close to the voltage zero and it 
has a symmetrical shape. We shall refer to this peak as No.1. 
The other peak appears after the first one and its position 
depends on the direction of the voltage sweep. The shape of 
this peak depends on the temperature and the sweep rate and 
it will be referred to as peak 2. The area of the peak divided 
by the sweep rate yields the amount of ions related to this 
peak. The area under the peaks was almost independent of 
the sweep direction. Those results obtained starting with a 
positive bias are shown in Figs. 3 and 4. For the experiments 
reported, we used 1O-1.? cm <1(0) Si substrates. The oxide 
was thermally grown in dry oxygen at 1150 ·C to a thickness 
of 1000 A. 

Measurements were carried out using a triangular volt­
age sweep. Before the actual measurement the MOS struc­
ture was heated to 250 ·C with a bias of + 15 V in order to 
bring all mobile ions to the interface Si-Si02. After the cur­
rent at this bias ceased, measurements were started. In this 
way a comparable starting point was achieved for all MOS 
structures. In order to check the effect of relaxation, prelimi­
nary experiments were carried out at sweep rates of 30 and 
300 m V Is. The shape of the peaks depended on the sweep 
rate, but the areas under the peak remained almost constant, 
provided the amplitude of the sweep was large enough. For 

practical purposes a sweep rate of 300 m V / s was chosen. The 
curve remained reproducible after several measuring cycles . 
From this we concluded that no further side diffusion took 
place after the MOS structure has been heated for some time 
at 250 ·C under positive bias. Some measurements we car­
ried out at 350 ·C, because then the peaks are sharper and 
small amounts of ions related to the second peak can be de­
termined. At 250 ·C the peaks are more widely separated 
and the resolution is better (see Fig. 5). 

III. EXPERIMENTAL RESULTS 

Because in our opinion the interpretation of the results 
of our research is complicated and should be open for discus­
sion, the data in Figs. 6-9 are presented in close relation with 
the actual experiments as a function of the immersing time. 
The active area of our grid-shaped electrode is not known. 
We estimated that this area can be as small as 1 % of the total 
electrode area. This means that the actual surface density 
may be a hundred times larger than the values presented in 
Table I and Figs. 6-9. 

The electrode materials used in the experiments were 
the following: 

(a) Aluminum electrode: Evaporated in vacuum from a 
tungsten filament without heating the substrate. No after­
treatment was applied. 

(b) Aluminum electrode as in the first case, but now an 
after-treatment was applied during a period of 30 min at 
450·C in wet N2 before etching the electrode. During this 
after-treatment a chemical reaction takes place between the 
aluminum and the oxide by which an ion-sensitive zeolite­
type surface layer is formed. 

(c) Poly crystalline silicon electrode: Phosphorus 
doped, deposited at 650 ·C, activated at ll00·C for 15 min, 
and after-treated at 500·C in wet N2 for 30 min. A gettering 
phosphosilicate glass (PSG) layer g is automatically formed 
in this structure. 

A. Aluminum electrode without after-treatment: 
measuring temperature is 250 ·C 

The results of the contamination experiments are 
shown in Fig. 6 as a function of the immersing time. The J- V 
curves were recorded at 250·C. Without any intended con­
tamination of the oxide, the amount of ions as derived from 
the area under the first peak was 2.0 X 1011 ± 1010 cm-2 (Table 
II). The amount related to the second peak is much larger, 
viz., 7.8 X 1012+ 1012 cm-2. 

TABLE I. Increase in the amount of ions with respect to the initial values in different MOS structures. 

Electrode material 

AI, no after-treatment; 250 'C 

AI, after-treatment; 250 'C 

AI, after-treatment; 350 'C 

P-doped poly-Si; 350 'C 

4h NaCI 

IXlOl2 

IX 101
) 

1.5 X lOll 

4.9X lOll 
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Peak I (cm-2) 
4h KCI 4hHAc 

IX 1012 

2x 1012 

8x lOll 

4.3X lOll 

3.9X lO" 

Peak 2 (cm-2) 
4h NaCI 4hKCI 4hHAc 

IX 1012 I X 1012 Ix lOll 

4XI0Il 3x 1012 6x 1012 

6x 1012 6x lOll 8x lO" 

3.7X lOll 2.3X lOll 1.9 X lO" 
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FIG. 6. Results of contamination experiments on the MOS structure with 
an Al electrode without after·treatment. Measuring temperature is 250 'c. 
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contamination; .. ·0 .. ·• H,O reference. The vertical bars give the standard 
deviation of the experimental results. 

In the case of contamination with solutions containing 
sodium chloride and acetic acid, the area of the first peak 
increases as a function of the immersing time. Raider et al. 8 

on the contrary report that acids had no influence. We found 
that contamination with the potassium chloride solution or 
with water (2-5 Mfl cm) had no effect. The number of ions 
related to the second peak changes relatively slowly and only 
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FIG. 7. Results of contamination experiments on the MOS structure with 
an Al electrode with after-treatment. Measuring temperature is 250 'C. -
_. NaCI contamination; ._.0_._. HAc contamination; - - X - -. KCI con­
tamination; .. .0 .... H20 reference. The vertical bars give the standard devi­
ation of the experimental results. 

the influence of Na+ is pronounced. It is reported in the lit­
erature4.S that the second peak is largely influenced by K+. 
Our results clearly contradict this conclusion and we believe 
that the difference is caused by the methods of sample 
preparation. 

B. Aluminum electrode with after-treatment: 
measuring temperatures are 250 and 350 ·C 

The results of the J- V curves recorded at 250 ·C are 

TABLE II. Initial amounts of ions in MOS structures with different electrodes. Between bars the standard deviation is mentioned. 

Electrode material 

AI. no after-treatment; 250 'C 

AI. after-treatment; 250'C 

AI. after-treatment; 350 'C 

P-doped poly-Si; 350'C 

2.0X 10" (1 X 1010
) 

1.8 X 1012 (I X 10") 

2.5 X 1012 (2X 1011) 

2X 10" (1 X 10") 
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Peak 2 
(em") 

7.8X 101' (I X 101') 

2 X 1012 (1 X 101') 

3.9X 1012 (2X 10") 

2X 10" (I X 10") 
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shown in Fig. 7. The chemical change at the surface of the 
Si02 due to the reaction at 450·C in wet N2 causes the initial 
number of ions related to the first peak to be 10 times larger 
than for the untreated aluminum electrode. However, the 
initial amount related to the second peak is much smaller 
than reported above for the untreated aluminum electrode. 
Moreover, the contamination occurred much faster than in 
the case of the untreated aluminum electrode. Again, the 
number of ions related to the first peak is influenced only by 
H+ and Na+ ions. The number of ions related to the second 
peak is strongly influenced by H+ contamination. The in­
crease in ions related to the second peak after contamination 
with Na., K., and H20 (2-5 Mfl cm) is not convincing. 

The results are presented in Fig. 8. Note the logarithmic 
scale. At the measuring temperature of350 ·C, an increase in 
the amount of ions is observed compared to the measure­
ments at 250 ·C for comparable samples. This increase ob­
served at 350 ·C could be due to increased side diffusion or to 
the trapping mechanism at the surface. The number of ions 
related to the first peak is again strongly influenced by H+ 
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and Na+. The influence ofH+ was so strong that the amounts 
of ions related to the first and second peaks could not be 
properly separated at long immersion times. K+ contamina­
tion has a greater influence on the second peak than Na+ 
contamination. This is the only case in which we found the 
influence ofK+ ions to be greater than that ofNa+ ions. H,O 
(0.5 Mil cm) did not show any influence. 

c. Phosphorus-doped polycrystalline Si 
electrode: measuring temperature is 350 ·C 

For both peaks relatively small initial amounts of ions, 
viz., 2 X 1011 cm-' were found at 350·C (Table II). The sensi­
tivity for ion contamination was, however, so large that only 
short contamination times could be applied (Fig. 9). Both 
peaks increase during contamination by Na+ and H+ ions. 
The increase of the second peak due to K+ is noticeable. H 20 
(2-5 il cm) caused a slight increase in the ions related to the 
first peak. In spite of the gettering action of a PSG layer at 
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high temperatures, the surface of the oxide showed a clear 
aptitude to absorb contaminations at low temperatures. 

IV. INFLUENCE OF H20, H+, Na+, AND K+ 

A.H20 

Contamination by water of a resistivity in the range 
0.5-5 Mil cm had hardly any effect. It is possible that our 
experimental method is not sensitive enough. 

The effect ofH+ ions is large and at least as important as 
that ofNa+ contamination, especially if we consider that ace­
tic acid is not completely dissociated. Only in the case of an 
untreated aluminum electrode is the structure more sensitive 
for Na+ than for H+, as is also reported by Raider et al.· 

C. Na+ 

Contamination with Na+ ions gave in every experiment 
we conducted an increase of the first peak area. The magni­
tude ofthe increase shows that Na+ ions are very rapidly 
taken up by the oxide. This fact is also reported in literature 
for untreated oxide.· 

The effect ofK+ ions on the first peak is small compared 
to the influence of H+ and Na+ ions. The effect of K+ on the 
second peak is equal or smaller than that ofNa+ and H+ ions. 
The conclusion of Derbenwick4 and NautaS that the second 
peak is mainly due to K+ ions is in our opinion a result of the 
different way of contaminating the oxide. We also conducted 
experiments in which we first contaminated the oxide and 
made the aluminum electrode afterwards. In this case, we 
can confirm Derbenwick's conclusion4 that the change in the 
first peak is due to Na+ contamination and the second to K+. 

V. MAIN FEATURES OF THE FIRST AND THE 
SECOND PEAKS 

A. First peak 

The first peak is always found at a positive voltage of 
about + 0.5 V. The voltage drop across the oxide is then 
small. This means that the ions involved immediately re­
spond to changes in diffusion and electric forces. A model 
for this behavior of ions is presented in the theoretical part of 
this paper as the so-called equilibrium model. 

B. Second peak 

The following characteristics were found: 

( I ) The second peak did not show a specific sensitivity 
for a particular sort of ion. 

( 2 ) The shape and sometimes the magnitude depended 
on the interface from where the ions drift ( Fig. 4 ). This 
points towards different trapping levels at the boundaries of 
the oxide. An asymmetric behavior is also reported in the 
literature. S 
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( 3 ) Peak I increases at the cost of peak 2 during repeat­
ed measurements for MOS structures with an Al electrode 
without after-treatment. If the sweep rate was decreased 
considerably, then the final result was found immediately. 

( 4 ) There is a very clear difference between structures 
with an Al electrode with or without an after-treatment, as 
can be seen in Table II. 

( 5 ) Uncontaminated samples prepared with e-gun 
evaporation showed no second peak. The duration of the 
after-treatment had no influence on this fact. Derbenwick 
also reported that a second peak was absent in the case of e­
gun evaporation.4 

In principle two mechanisms can explain the above­
mentioned facts: 

( i ) The existence of trapping levels at the interfaces of 
the oxide with the electrode material and the semiconductor. 

(ii) The ions show relaxation effects when the electric 
forces change. Especially remarks ( 2 )-( 4 ) point towards 
trapping at the interfaces. A trapping model to explain the 
transport of ions at a constant temperature is described in 
Sec. IV C. 

C. Theory 

Figure 3 shows a typical result of an J- V measurement. 
Two different types of peaks can normally be distinguished. 

E(x), N(x) 
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FIG. 10. The electric field E (x) and the ion distribution N (x) in the oxide of 
the MOS structure. 
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Eox =3.9; sweep rate is 30 mY Is; Qo/q= 3 X 1012 ions/em' Na' 
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The first peak is always situated at a fixed voltage, close to 
the voltage zero. This peak always has a symmetrical shape 
and it is less dependent on the sweep rate than the second 
peak. The second peak appears after the first one and its 
position depends on the sweep direction. The shape of the 
second peak is strongly influenced by the temperature and 
the sweep rate. In contrast to the first peak, a second one is 
not always found. We shall present physical models which 
can explain the occurrence of both peaks. 

D. Equilibrium model 

In a previous paper we have derived a detailed model 
for the description of ion transport in the oxide.1O In this 
model it is assumed that during transport the ion distribu­
tion can be approximated by an equilibrium distribution, 
which implies that the electrochemical potential is constant 
in the oxide. Under these conditions the following analytical 
expressions are found for the charge density qN( x ) and the 
electric field E( x ) ( where x is the distance from the elec­
trode) (Fig. 10): 

2akT 
E( x ) = -- tan( ax + b ), 

q 
( 1 ) 

N( x)= 2kTE a
2 

(2 ) 
q2 cos2 

( ax + b ) 

The integration constants a and b can be derived from the 
following two boundary conditions: ( a ) The integral of the 
electric field over the oxide thickness is equal to the negative 
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applied voltage and ( b ) The total charge per unit area at the 
electrode, found from experimental results, is the integral of 
the charge density over the oxide thickness. 

To elaborate J- V curves, numerical calculations of a 
succession of equilibrium states are required. It can then be 
shown that the shape of the first peak is correctly predicted 
and the maximum of the peak is found at an applied voltage 
equal to the negative work-function difference between the 
electrode and the Si substrate ( Fig. 11 ). 

E. Trapping model 

This model describes the situation when ions are cap­
tured in traps near the interfaces. The most plausible expla­
nation for these traps could be the potential drop brought 
about by image forces 1 

I ,12 (Fig. 12). The ions can be released 
from these traps in two ways. HickmoW and Nauta' describe 
how this can happen by an increase of temperature. In the 
following model we will show that an electric field also can 
release these ions. The transport of ions through the oxide is 
considered to occur relatively fast compared to the release 
rate. This means that the rate with which ions are released 
from traps determines the transport properties in the oxide. 
It is assumed that ions are not trapped in the bulk of the 
oxide and that both silicon and metal electrodes have a 
blocking function. The ionic current is determined by the 
rate with which ions acquire the necessary energy to leave 
the traps. 
Thus, 

dn(t) ( Eo) 
J = - q ---;Jt" = + qvn(t )exp - kT ' (3) 

where n(t ) is the number of trapped ions at time t, v has the 
dimension of a frequency, and Eo is the trap depth. Under the 
influence of a constant-sweep rate, the barrier heigth of the 
trap will decrease (Fig. 12).ll 

and 

dn(t) (-Eo+qwt!) 
J= - q -- = + qvn(t)exp , 

dt kT 

........ 

X distance from interface 

.-.-' .....-.-

qW~ 
"-

/ ----_ ........ 

/ 

FIG. 12. The influence of an electric field on the trap depth. '-', image 
potential; - - -, potential from constant electric field; -, resulting 
potential. 

(4) 
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second peak for the MOS structure with an AI electrode without after­
treatment. (T = 250 'C; -, measured curve (sweep rate a = 30 m V Is); 
-'-, single-trap level (Eo = 1.23 eV, V= 10' Hz, and w,= 1.06 X 10-' V /Sll2); 
-- -, single-trap level (Eo = 1.29 eV, V= 10' Hz; wPF =2.12 X 10-' V /s"'». 

where w is the proportionality constant. Then Eq. (4) leads 
to 

in(t) dn(t) it (-Eo+qwt!) - -- =+ vexp dt. 
n(O) n(t) ° kT 

(5) 

Integration ofEq. (5) gives 

In(n(t»)=_2v(kT)2 exp(-E o) 
n(O) qw kT 

X [exp(q;;!)(q;;! -1)+1]. (6) 

The amount of ions still in traps will then be 

{ (
kT)2 (-Eo) n(t)=n(O)exp -2v qw exp l:T 

With the aid of Eq. (4), we find the current I (t ) 

{
-Eo+qwt! (kT)2 (-Eo) I(t)=qvn(O)exp -2v - exp--

kT qw kT 

(8) 

There is a maximum in the current at dI (t )/ dt = 0, which 
leads to 

tl12 ex (qwti,ax)= ~ex (Eo). 
max p kT 2vkT P kT (9) 

According to the Schottky theory with image forces 13 the 
proportionality constant w is equal to 

(10) 
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For a Poole-Frenkel type oftrap,14 w is equal to 

W pF =2w S' 

where a is defined by 

V=at. 

L denotes the thickness of the oxide. 

(11) 

(12) 

From the determination of the maximum of the second 
peak at two sweep rates, the value of v and Eo can be calcu­
lated using Eq. (9). In Fig. 13 we show two kinds of calcula­
tions using Hickmott's2 and Nauta's' parameter for the fre­
quency factor. It is clear that for an optimal curve fitting the 
parameters must be ·varied. The results, however, show that 
in principle this trapping model can account for the second 
peak. 

VI. CONCLUSIONS 

A. First peak 

The first peak is caused by the transport of ions under 
conditions of electrochemical equilibrium. The equilibrium 
model provides a sufficient description of the first peak. This 
first peak cannot be assigned to a special type of ion. 

B. Second Peak 

Trapping at the interfaces is responsible for the second 
peak. The experimental results show that the second peak is 
not caused by a specific type of ion. The trapping model gives 
a fair description of this second peak. 

We consider the conclusion that oxides are very sensi­
tive for contamination by acids as being very important be­
cause during the fabrication of MOS transistors the oxide 
layers are in intensive contact with acids for longer periods 
during the etching of contact windows and the metal. The 
contamination rate is much larger in the case of Al and poly­
crystalline-Si structures with after-treatment than in the 
case of untreated AI. 
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