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Distribution of potential barrier height local values
at Al-SiO2 and Si-SiO2 interfaces of the metal-oxide-semiconductor

structures
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Abstract. In this work studies of barrier height local values are presented. Distribution of the gate-oxideEBG(x, y) and semiconductor-oxide
EBS(x, y) barrier height local values have been determined using the photoelectric measurement methods. Two methods were used to obtain
the local values of the barrier heights: modified Powell-Berglund method and modified Fowler method. Both methods were modified in such
a way as to allow determination of theEBG(x, y) andEBS(x, y) distribution over the gate area using a focused UV light beam of a small
diameterd = 0.3 mm. Measurements have been made on a series of Al-SiO2-Si(n+) MOS structures with semitransparent (tAl = 35 nm)
square aluminum gate (1 × 1 mm2). It has been found that theEBG(x, y) distribution has a characteristic dome-like shape, with highest
values at the center of the gate, lower at the gate edges and still lower at gate corners. On the contrary, theEBS(x, y) distribution is of a
random character. Also, in this paper, both barrier height measurements have been compared with the photoelectric effective contact potential
differenceφMS(x, y) measurements. These results show good agreement between distribution of the barrier heightsEBG(x, y) andEBS(x, y)
measurements and independently determined shape of the effective contact potential differenceφMS(x, y) distribution.
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1. Introduction

It has been observed for several years in our laboratory that lo-
cal values of the effective contact potential difference (ECPD
or φMS) in Al-SiO2-Si structures have a characteristic shape
of distribution over the gate area [1,2]. An example of such
a distribution shape is shown Fig. 1. In this figure the ex-
perimentally determinedV 0

G(ζ) distribution is shown, where
V 0

G = φMS + C andC is a constant (see e.g. [3]). Hence, the
shape ofφMS distribution over the gate area is identical with
the shape ofV 0

G distribution, shown in Fig. 1.
Mechanical stress in a MOS structure is known to influ-

ence its electrical parameters [4, 5]. One of these parameters is
the effective contact potential differenceφMS . The influence
of mechanical stress on theφMS value of a MOS structure
was quantitatively estimated [6] and it was shown that the me-
chanical stress has a dominating influence on the shape of the
φMS distribution (among others by showing the influence of
aluminum gate thickness on this shape). Hence, other factors
which may cause non uniform distributions ofφMS (such as
non uniform distribution of electric field, due to the edge effect
or to the surface roughness) are not considered in this article.

It is also known that mechanical stress is non uniformly
distributed under the metal gate of a MOS structure [5, 7–9]
and that it changes rapidly in the vicinity of the gate edges
(Fig. 2).

Assuming, that changes in theφMS value are proportional
to the changes in mechanical stress under the gate of the MOS
structure, a model of theφMS distribution over the gate area
was developed and verified experimentally [1,2]. A typical dis-

tribution ofφMS local values over the square gate area, calcu-
lated using this model is shown in Fig. 3. In this figure we see
the highest values in the center of the gate, lower values at the
gate edges and lowest at the corners.

As shown in the next section, theφMS value depends di-
rectly on the difference of potential barrier heightsEBG and
EBS . Hence, one or both barrier heights must have distribu-
tions which are reflected in theφMS distribution over the gate
area.

Fig. 1. Typical dependence of the(φMS +C) voltage measured at the
wavelengthλ = 244 nm on the position in Al-SiO2-Si(n+) structures
with aluminum gate thicknesstAl = 35 nm and SiO2 layer thickness
tOX = 60 nm. The direction is either (1) along the diagonal of the
square gate, or (2) through the centre of the square gate and parallel

to its edges
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It was the purpose of this research to prove that, as
expected, it is the gate-dielectric barrier height distribution
EBG(x, y), which determines the shape of theφMS(x, y) dis-
tribution. To do this, we modified the barrier height measure-
ments methods of Powell-Berglund and of Fowler, used these
modified methods to determine distributions of both barrier
heights (EBG(x, y), EBS(x, y)) and compared these results
with independently measuredφMS(x, y) distributions.

Fig. 2. The expected one-dimensional distribution of stressσOX(z)
in the oxide layer under the aluminum gate

Fig. 3. Two-dimensional distribution ofφMS(x, y) calculated using
model after Ref. 1 for MOS structures with square gates of side length

L = 1 mm

2. Theory
The internal photoemission phenomena may be observed in a
MOS structure with a semitransparent gate, illuminated by UV
radiation. The UV radiation absorbed in the electrodes (the
gate or the substrate) causes excitation of some electrons. If
these electrons acquire sufficient energy to surmount the po-
tential barrier at the electrode-dielectric interface, they may
pass into the insulator giving rise to a photocurrent which can
be measured in the external circuit. This photocurrentIP is a
function of the barrier heightEB which electrons have to sur-
mount, as well as of the wavelengthλ of UV light illuminating

the structure and the gate potentialVG. The band diagram of
the MOS system is shown in Fig. 4.

Fig. 4. Band diagram of the MOS system, at arbitrary gate poten-
tial VG. EBG, EBS are potential barrier heights at gate-dielectric and

semiconductor-dielectric interfaces, respectively

Balancing the potentials on both sides of the dielectric
layer yields:

φM − VG = χ− φI − φS +
EG

2q
+ φF . (1)

where:φM – the barrier height at the gate-dielectric interface,
VG – gate potential,χ – the electron affinity of the silicon sub-
strate at the interface,φI , φS – the potential drop in the di-
electric and at the semiconductor surface,EG/2q – the voltage
equivalent of half energy bandgap in the semiconductor,q – the
electron charge,φF – the Fermi level.

The definition of the effective contact potential difference
φMS offers the possibility of a comparison between the differ-
ence of internal photoemission barrier heights from both sides
of the dielectric and the value ofφMS . The effective contact
potential differenceφMS is defined as [10]:

φMS = φM −
(

χ +
EG

2q
+ φF

)
. (2)

The value ofφMS given by (2) depends on the doping den-
sity of the substrate (theφF value). Sometimes it is more con-
venient to use the value of the reduced effective contact poten-
tial difference (RECPD orφ∗MS factor), defined as:

φ∗MS = φM − χ (3)

or

φ∗MS = φMS +
EG

2q
+ φF . (4)

The φ∗MS value depends on the barrier heights on both
sides of the dielectric and does not depend on the doping con-
centration in the substrate.

Using the band diagram shown in Fig. 4, one finds that:

φ∗MS = φM − χ =
1
q

(EBG − EBS + EG) . (5)
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Hence, using Eqs (1–4), comparisons can be made between
the independently measured values ofφMS and values ofEBG

andEBS , if the φF andEG values are known.
The experimentally determinedIP = f(VG, λ) character-

istics can be used to determine the individual barrier heights
(EBG andEBS) by the well known Powell-Berglund [11–13]
and Fowler [14,15] methods. An example of suchIP = f(λ)
characteristics taken for theEBS barrier height determination
is shown in Fig. 5.

It is well known [10], that the gate voltageVG is a sum of
three components:

VG = VI + VS + φMS (6)

where:VI – the voltage drop in dielectric andVS – the semi-
conductor surface potential.

The band diagram of the MOS system forVG = VG0 is
shown in Fig. 6. In this case the situation when voltage drop in
dielectricVI = 0 (flat band in dielectric) and semiconductor
surface potentialVS is equalVS0 takes place. Hence, it results
from Eq. (6) and Fig. 6 that:

VG0 = VS0 + φMS (7)

where: VS0 – the semiconductor surface potential for
VG = VG0.

MeasuringIP = f(VG) characteristics for different ( val-
ues (Fig. 7) and choosing the one which is symmetrical with re-
spect to theIP = 0 point, the value of gate voltageVG = VG0,
at whichVI = 0 can be determined [3]. This can be done with
an accuracy of the order of±1 mV [16].

Fig. 5. Typical spectral characteristicsIP = f(λ) for the EBS barrier
height measurements

Having foundVG0, one still has to findVS0, to determine
φMS from Eq. (7).VS0 can be determined in a separate mea-
surement (e.g. from the value of the MOS capacitanceC at
VG = VG0), or it can be made negligible in comparison with
φMS (e.g. by using heavily doped substrate MOS structures).
These two approaches allow the determination ofφMS , with
±10 mV accuracy, or better [3].

The principle of the recently developed modification of
the photoelectricEBG and EBS measurement method is il-
lustrated in Fig. 8.

Fig. 6. Band diagram of MOS structure atVG = VG0

Fig. 7. The experimental characteristicsIP = f(VG) taken for the
VG0 voltage determination

Fig. 8. The measurement system: the MOS structure with semitrans-
parent Al gate is illuminated in 9 different locations over the gate area
by a focused light beam. The photocurrent is measured in the external

circuit M

Barrier heights were measured by both methods: modified
Powell-Berglund method and modified Fowler method. The
modifications of both methods consisted in using a UV light
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beam of a relatively small diameterd = 0.3 mm in compari-
son with the side length of a square Al gate. A focused light
beam illuminates a small fragment of the gate area (9 differ-
ent locations in this case), causing internal photoemission to
take place in this region of the MOS structure. Hence, it was
possible to measure local values of both gate-dielectricEBG

and dielectric-semiconductorEBS barrier heights. Scanning
the gate with the UV light beam allows determination of the
lateralEBG andEBS distribution over the gate area.

The principle of theVG0 local value measurement is as
described in relation to Fig. 7. The resulting photocurrentIP

vs. gate voltageVG characteristics (for example Fig. 7) can be
taken in the external circuitM (Fig. 8). Analysis of these char-
acteristics allows determination of the localVG0 values in the
illuminated region.

3. Experimental details

In this work measurements were made on Al-SiO2-Si capaci-
tors with semitransparent (tAl = 35 nm) square (1 × 1 mm2)
gate. Phosphorus doped n+ substrates (ρ = 0.015 Ωcm) of
<100> orientation were used to simplify interpretation of the
photoelectric measurements, as discussed in [1,3]. Wafers were
thermally oxidized at temperatureT = 1000◦C, in dry oxygen,
to grow a SiO2 layer of thicknesstOX = 60 nm. Although
SiO2 layers of current technological interest are thinner than
tOX = 3 nm, we used thicker oxides to optimize the sensitiv-
ity of the applied photoelectric methods.

Oxidized wafers were subsequently annealed in nitrogen
for t = 10 min and t = 120 min, at T = 1050◦C. The
post metalization annealing was carried out fort = 20 min,
at T = 450◦C in forming gas atmosphere. Photoelectric mea-
surements of barrier heights were made after all the structures
were checked for gross defects, such as non negligible leakage
currents, ionic instability, low breakdown voltage of the SiO2

layer, etc., and the defective structures were eliminated.
The absolute accuracy ofEBG andEBS determination is

estimated to be±50 meV. However, the relative accuracy in
determining the changes ofEBG andEBS in consecutive mea-
surements (in different places over the gate area) is better and
is estimated to be±10 meV.

4. Results and discussion

Measurements of localEBG and EBS barrier heights were
made by both modified Powell-Berglund and (for comparison)
by the modified Fowler method, in nine locations over the gate
area (as shown in Fig. 8), on each of the 26 MOS structures on
one silicon wafer.

The so determined values were averaged in such a way that
average localEBG andEBS values were determined for each
of the nine positions over the gate area and then were con-
nected by smooth (3rd order polynomial) lines to obtain ap-
proximate distributions of barrier heights over the entire gate
area of the MOS structure.

Such distributions of the averaged values are shown in
Figs. 9a and 9b for measurements made by the modified

Powell-Berglund method and in Figs. 10a and 10b for mea-
surements made by the modified Fowler method.

Figure 9a and 10a show that averagedEBG(x, y) distribu-
tion has a dome-like shape and the difference between maxi-
mumEBG max and minimumEBG min local barrier height val-
ues over the gate area, (EBG max –EBG min) remains relatively
large (68 or 45 meV) in comparison with averagedEBS(x, y)
distribution, shown in Fig. 9b and 10b, which has a random
character and a smallerEBS max – EBS min difference (18 or
10 meV). Moreover, this difference shows a decreasing ten-
dency with the increasing number of MOS structures measured
and taken into account in the averaging process.

TheEBG max – EBG min difference is called the amplitude
of theEBG distribution, similarlyEBS max –EBS min is called
the amplitude of theEBS distribution. It is clearly seen that the
amplitude ofEBG distribution is c.a. 4 times larger than the
amplitude of theEBS distribution.

EBG max − EBG min

EBS max − EBS min

∼= 4 (8)

Fig. 9. Averaged two-dimensional distribution of a)EBG and b)EBS

barrier heights measured using modified Powell-Berglund method for
26 MOS structures. AverageEBG andEBS values were found for
each of the 9 locations over the gate area (shown in Fig. 8) and used

to determine distributions shown in the figure
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Fig. 10. Averaged two-dimensional distribution of a)EBG and b)
EBS barrier heights measured using modified Fowler method for 26
MOS structures. AverageEBG andEBS values were found for each
of the 9 locations over the gate area (shown in Fig. 8) and used to

determine distributions shown in the figure

Fig. 11. Averaged two-dimensional distribution ofVG0 values mea-
sured for 26 MOS structures. AverageVG0 values were found for each
of the 9 locations over the gate area (shown in Fig. 8) and used to de-

termine the distribution shown in the figure

There are slight differences between averaged distributions
obtained by both measurement methods (compare Fig. 9a with
Fig. 10a, and Fig. 9b with 10b), which are due to measurement
inaccuracies by both methods, but the general features of av-
eragedEBG(x, y) andEBS(x, y) distributions do not depend
on the measurement method applied.

On the other hand, theVG0 voltage (VG0
∼= φMS in this

case) also has a characteristic dome-like shape of distribution
over the gate area with localVG0 values being highest in the
middle of the gate, lower at the gate edges, and lowest at gate
corners. Fig. 11 shows the measured and averagedVG0(x, y)
distribution over the gate area.

To simplify explanation of the obtained results we propose
the following symbols for theφ∗MS (or RECPD) value:

– φ∗MS(1) – the reduced effective contact potential difference
determined applying Eq. (4) in whichφMS values measured
by the photoelectric method [3] are used,

– φ∗MS(2) – the reduced effective contact potential difference
calculated (Eq. 5) using theEBG andEBS values measured
by both modified Powell-Berglund and modified Fowler
methods.

Subtracting Eq. (3) from Eq. (4) we have:

φ∗MS(1)−φ∗MS(2) = φMS−φM +χ+
EG

2q
+φF = R. (9)

TheR factor should be equal to 0 for ideally accurate mea-
surements. Otherwise we considerR to stand for the error of
the barrier height measurement (since we know thatφMS is
measured much more accurately [3,9]). The value ofR higher
than 10 mV means that at least one of the considered barrier
heights was measured inaccurately.

The averagedφ∗MS(1)(x, y) distribution over the gate area
is similar to theVG0

∼= φMS distribution shown in Fig. 11, just
shifted vertically according to Eq. (4).

Figure 12 shows averagedφ∗MS(2)(x, y) distribution for
the modified Powell-Berglund method (Fig. 12a) and for the
modified Fowler method (Fig. 12b) over the gate area.

In Fig. 12 characteristic dome-like shape of the
φ∗MS(2)(x, y) distribution over the gate area for both measure-
ment methods can be observed. There are slight differences be-
tweenφ∗MS(2) distributions determined by modified Powell-
Berglund and by modified Fowler method, as can be seen in
Fig. 12a and 12b. These differences are due to the inaccuracies
of both barrier height measurement methods.

The differences betweenφ∗MS(1) andφ∗MS(2) values (cal-
culated by Eq. (9)) for the modified Powell-Berglund method
and modified Fowler method on each position over the gate
area are given in Table 1.

Table 1
Values of the measurement error R

Positions over
the gate area

1 2 3 4 5 6 7 8 9

Powell-Berglund
R [mV]

20 1 9 13 –2 1 15 1 18

Fowler
R[mV]

49 39 45 51 44 47 53 51 55
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Fig. 12. Averaged two-dimensional distribution ofφ∗MS(2) reduced
effective contact potential difference calculated usingEBG andEBS

values determined by: a) the modified Powell-Berglund method and b)
the modified Fowler method for 26 MOS structures. Averageφ∗MS(2)
values were found for each of the 9 locations over the gate area (shown

in Fig. 8) and used to determine distributions shown in the figure

The positive value of the measurement errorR may be ex-
plained by too low a value of theEBG barrier height or too
high a value of theEBS barrier height. The opposite applies
whenR < 0.

Good agreement between theφ∗MS(1)(x, y) and
φ∗MS(2)(x, y) values has been observed for measurements
made by modified Powell-Berglund method (Rmax = 20 mV
at gate corner – position 1,Rmin = 1 mV at gate edges – posi-
tion 6). The modified Fowler method compares unfavourably
with the modified Powell-Berglund method. The values of er-
ror R for each of the nine positions over the gate area (about
40–50 mV) are much higher than respective values for the
modified Powell-Berglund method. Hence, it is clearly seen
that the complexity of the modified Fowler method is not
balanced by higher measurement accuracy, while the simple
modified Powell-Berglund method yields relatively accurate
measurement results.

In Table 2 are given the average values of R (in [mV]) for
analogous positions over the gate area.

Table 2
The average values of R (in [mV]) for analogous positions over the

gate area

Positions over gate area Powell-Berglund Fowler
1,3,7,9 (corners) 15.5 50.5
2,4,6,8 (edges) 4 47

5 (center) –2 44

Fig. 13. Averaged two-dimensional distribution of (a)EBG and
(b) EBS barrier heights measured using modified Powell-Berglund
method for 30 MOS structures. AverageEBG andEBS values were
found for each of the 16 locations over the gate area and used to de-

termine distributions shown in the figure

In case of the measurements made by both methods the
highest values ofR at gate corners, lower values at gate edges
and lowest value at the center of the gate can be observed.

To confirm the results reported above, a similar investiga-
tion was made using the UV light beam of a smaller diameter
d = 0.25 mm. This allowed to find local barrier heights values
in 16 different positions over the gate area (instead of 9 po-
sitions, as shown in Fig. 8). Measurements were made on 30
MOS structures, on one silicon wafer (which, however, was
differently processed than the wafer used in previously de-
scribed measurements) and the averaging procedure was the
same as described above.
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The differences between results obtained by two methods
were found to be insignificant in this case, hence, the results
of measurements made by modified Fowler method won’t be
discussed here.

Results of theEBG andEBS distributions obtained in this
case are shown in Fig. 13. These results fully confirm the
dome-like shape of theEBG distribution and the essentially
uniform distribution ofEBS over the gate area. The more pro-
nounced dome-like shape of theEBG distribution shown in
Fig. 13a, as compared to the distribution shown in Fig. 9a is
due to different processing of the samples used in the measure-
ments.

The scatter of measurement results obtained in practice is
illustrated in Fig. 14. In this figure average values of local bar-
rier heights in different positions over the gate area are shown
(connected by straight lines), together with standard deviations
of results (shown by error bars).

Fig. 14. Average values, shown by points connected by straight lines
and standard deviations, shown by error bars, of local barrier height
measurement results. a) LocalEBS measurement results for all the
nine positions in the3 × 3 matrix over the gate area. b) LocalEBG

measurement results in four positions lying on the diagonal of the
4× 4 matrix over the gate area

5. Conclusions
The lateral distribution of localEBG andEBS barrier height
values over the gate area of a MOS structure were studied.
Measurements were made on two series of 26 and 30 Al-
SiO2-Si(n+) capacitors. Two photoelectric measurement meth-
ods were used in this investigation: modified Powell-Berglund
method and modified Fowler method. The modifications of
these methods consisted in applying a focused UV light beam
(diameterd = 0.3 and 0.25 mm) which allowed measurements
to be made in 9 and 16 different locations over the gate area. It
was found thatEBG barrier height has a characteristic dome-
like shape of distribution, with highest values in the middle of
the gate, lower at gate edges, and lowest at gate corners. On the
other hand, theEBS barrier height distribution has a random
character and differences between highest and lowest values
of EBS (so-called amplitude) for any of the measured MOS
structures are much smaller than the respective differences in
EBG values.

The dome-like shape ofEBG(x, y) distribution is identical
with the shape of independently (and much more accurately)
measured distributions ofφMS(x, y) over the gate area. This
proves that, as expected, the shape of theφMS distribution
results directly from the distribution of gate-dielectric barrier
heightEBG(x, y) over the gate area. We ascribe the dome-like
shape of theEBG distribution to the non uniform distribution
of mechanical stress at the gate-dielectric interface in a MOS
structure.
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