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Distribution of potential barrier height local values
at Al-SiO, and Si-SiG, 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 gatefxigler, y) and semiconductor-oxide
Eps(z,y) barrier height local values have been determined using the photoelectric measurement methods. Two methods were used to obta
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 tHez(x,y) and Egs(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 A-Si®™) MOS structures with semitransparent( = 35 nm)

square aluminum gate (x 1 mm?). It has been found that thEz (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 confrary(ithe) distribution is of a

random character. Also, in this paper, both barrier height measurements have been compared with the photoelectric effective contact potent
differencepar s (z, y) measurements. These results show good agreement between distribution of the barriefhgights) andEgs(z, y)
measurements and independently determined shape of the effective contact potential difigreticey) distribution.

Key words: barrier height, effective contact potential difference, MOS system.

1. Introduction tribution of ¢, local values over the square gate area, calcu-

. lated using this model is shown in Fig. 3. In this figure we see
It has been observed for several years in our laboratory that g‘ 9 9 9

. o 'e highest values in the center of the gate, lower values at the
cal values of the effective contact potential difference (ECP ate edges and lowest at the corners
or qSMS_) in.AI—Sioz—Si structures have a characteristic shap As shown in the next section tms value depends di-
Of(;j.'sttr.gm{[t.'on or\1/er th_e gr;te areFa} [1,12].|Art1h(.axaf1.mple (t)rfl Sucpectly on the difference of potential barrier heiglifg, and
a gistrioution shape 15 snown F1g. L. In this figure the EXEBS. Hence, one or both barrier heights must have distribu-

. i o Lo
perimentally determined;(¢) distribution is shown, where tions which are reflected in thg, s distribution over the gate

VE = ¢us + C andC is a constant (see e.g. [3]). Hence, thearea

shape ofp,,s distribution over the gate area is identical with '

the shape ot/2 distribution, shown in Fig. 1. 0.25 ; ; ; ; ; ; ;
Mechanical stress in a MOS structure is known to influ- ; ; ; : ' ; ;
ence its electrical parameters [4, 5]. One of these parametersis o . ..o . .. A R

the effective contact potential differengg,s. The influence
of mechanical stress on thg, s 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

QS]\/IS distribution (among others by Showing the influence of £ 0.10 4 - . R 1 L . T
aluminum gate thickness on this shape). Hence, other factor§ %[2 o Bﬁzgzﬁé
which may cause non uniform distributions ®f;s (such as 0.05 e e T e e g

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 0.0 0'.2 014 016 ol.g 1',0 1'.2 1"4 1.6

distributed under the metal gate of a MOS structure [5, 7-9] Position along directions 1 and 2 { (mm)

and that it changes rapidly in the vicinity of the gate edge|§

(Fig. 2) ig. 1. Typical dependence of tig ;s + C) voltage measured at the

A . . wavelength\ = 244 nm on the position in Al-Si@-Si(n*) structures
Assuming, that changes in thg, s value are proportional it ajuminum gate thicknesss, = 35 nm and SiQ layer thickness

to the changes in mechanical stress under the gate of the M@, = 60 nm. The direction is either (1) along the diagonal of the

structure, a model of the,, s distribution over the gate area square gate, or (2) through the centre of the square gate and parallel

was developed and verified experimentally [1,2]. A typical dis- to its edges
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It was the purpose of this research to prove that, abke structure and the gate potenfi&}. The band diagram of
expected, it is the gate-dielectric barrier height distributiothe MOS system is shown in Fig. 4.
Epc(x,y), which determines the shape of thgrs(x, y) dis-
tribution. To do this, we modified the barrier height measure-
ments methods of Powell-Berglund and of Fowler, used thes
modified methods to determine distributions of both barriel

heights Ep¢(z,y), Eps(z,y)) and compared these results 5
with independently measured, s (z, y) distributions. by | Epe
Al ax
Si
%
o
<)
/\ Tensile /\ T
0 Ao M 0 S
Compressive ) . )
l _____ Fig. 4. Band diagram of the MOS system, at arbitrary gate poten-
oo tial Vo. Ega, Eps are potential barrier heights at gate-dielectric and
x semiconductor-dielectric interfaces, respectively
0 L
Position (x) Balancing the potentials on both sides of the dielectric
layer yields:

Fig. 2. The expected one-dimensional distribution of stress (z)
in the oxide layer under the aluminum gate bar — Vi = x — b1 — b5 + % + o (1)
where:¢,; — the barrier height at the gate-dielectric interface,
V& — gate potentialy — the electron affinity of the silicon sub-
strate at the interfacey; , ¢s — the potential drop in the di-
electric and at the semiconductor surfaEe,/2q — the voltage
ﬂ,,”’,’_:;f;"”.,...__.g::‘i:.; equivalent of half energy bandgap in the semicondugtethe
s e e electron chargep — the Fermi level.
The definition of the effective contact potential difference

o s Offers the possibility of a comparison between the differ-

ence of internal photoemission barrier heights from both sides
of the dielectric and the value @f,;s. The effective contact
potential difference,; s is defined as [10]:

"'.'...
"';u......'...

x[mm] 1

Eq
Fig. 3. Two-dimensional distribution af,/s(z,) calculated using dyms =édm — | X+ 20 T oF | - (2)
model after Ref. 1 for MOS structures with square gates of side length ] q ]
L=1mm The value ofp,,s given by (2) depends on the doping den-

sity of the substrate (ther value). Sometimes it is more con-
venient to use the value of the reduced effective contact poten-
tial difference (RECPD op}, ¢ factor), defined as:

2. Theory
The internal photoemission phenomena may be observed in a Ohus = oM — X (3)
MOS structure with a semitransparent gate, illuminated by Uer B

radiation. The UV radiation absorbed in the electrodes (the birs = dus + =€ 4 bp. (4)

gate or the substrate) causes excitation of some electrons. If 2q

these electrons acquire sufficient energy to surmount the po- The ¢}, value depends on the barrier heights on both
tential barrier at the electrode-dielectric interface, they masides of the dielectric and does not depend on the doping con-
pass into the insulator giving rise to a photocurrent which cagentration in the substrate.

be measured in the external circuit. This photocurignts a Using the band diagram shown in Fig. 4, one finds that:
function of the barrier height'z which electrons have to sur- . 1
mount, as well as of the wavelengtiof UV light illuminating Pus = dm — X = q (Epa — Eps + Eg) .- (5)
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Hence, using Eqgs (1-4), comparisons can be made between Vi=0
the independently measured value®gfs and values oF g
andEgg, if the ¢ and E; values are known.

The experimentally determineb = f(V, ) character-
istics can be used to determine the individual barrier heights
(E¢ and Epg) by the well known Powell-Berglund [11-13]
and Fowler [14,15] methods. An example of sugh= f(\)
characteristics taken for thEgg barrier height determination
is shown in Fig. 5.

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

Va=Vi+Vs+ dus (6)

where:V; — the voltage drop in dielectric afids — the semi-
conductor surface potential.

The band diagram of the MOS system fidr: = Vo is M O S
shown in Fig. 6. In this case the situation when voltage drop in Fig. 6. Band diagram of MOS structure¥é = Vao
dielectricV; = 0 (flat band in dielectric) and semiconductor
surface potential’s is equalVgg takes place. Hence, it results
from Eq. (6) and Fig. 6 that: 4 ' ' ' ' ' '

Vao = Vso + dms (7) 37 Ao

where: V5o — the semiconductor surface potential for < 2 4
Ve = Veo. =
Measuring/p = f(V) characteristics for different ( val-
ues (Fig. 7) and choosing the one which is symmetrical with re-
spect to thdp = 0 point, the value of gate voltadé; = Vo,

at whichV; = 0 can be determined [3]. This can be done with
an accuracy of the order @f1 mV [16].
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Having foundVgg, one still has to find’s, to determine

onrs from EqQ. (7).Vso can be determined in a separate mea——

surement (e.g. from the value of the MOS capacitaficat

100 150 200 250 300 350 400
Voltage Vg (mV)

=50 0 50

Fig. 7. The experimental characteristits = f(V¢) taken for the
Veo voltage determination

=

Al

Si

Si0,

Fig. 8. The measurement system: the MOS structure with semitrans-

Ve = Vo), or it can be made negligible in comparison withparent Al gate is illuminated in 9 different locations over the gate area
¢ums (e.9. by using heavily doped substrate MOS structuresjy a focused light beam. The photocurrent is measured in the external
These two approaches allow the determinatiom gfs, with circuit M
+10 mV accuracy, or better [3].

The principle of the recently developed modification of Barrier heights were measured by both methods: modified
the photoelectridip; and EFgg measurement method is il- Powell-Berglund method and modified Fowler method. The
lustrated in Fig. 8. modifications of both methods consisted in using a UV light
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beam of a relatively small diametdr= 0.3 mm in compari- Powell-Berglund method and in Figs. 10a and 10b for mea-

son with the side length of a square Al gate. A focused lighdurements made by the modified Fowler method.

beam illuminates a small fragment of the gate area (9 differ- Figure 9a and 10a show that averadegl; (z, y) distribu-

ent locations in this case), causing internal photoemission timn has a dome-like shape and the difference between maxi-

take place in this region of the MOS structure. Hence, it wasium E' g max @and minimumFE g¢ i, local barrier height val-

possible to measure local values of both gate-dieledie;  ues over the gate ared; £ max — E'5c min) Femains relatively

and dielectric-semiconductdfzg barrier heights. Scanning large (68 or 45 meV) in comparison with averagéds(z, y)

the gate with the UV light beam allows determination of thalistribution, shown in Fig. 9b and 10b, which has a random

lateral Eg; and Egg distribution over the gate area. character and a smalléfgs .« — EBs min difference (18 or
The principle of theVgq local value measurement is as10 meV). Moreover, this difference shows a decreasing ten-

described in relation to Fig. 7. The resulting photocurgnt dency with the increasing number of MOS structures measured

vs. gate voltagd/; characteristics (for example Fig. 7) can beand taken into account in the averaging process.

taken in the external circui/ (Fig. 8). Analysis of these char- The Epg max — FBc min difference is called the amplitude

acteristics allows determination of the lod&l, values in the of the E'z¢ distribution, similarlyE g max — EBs min IS called

illuminated region. the amplitude of thé&’ s s distribution. It is clearly seen that the
amplitude of Eg distribution is c.a. 4 times larger than the
3. Experimental details amplitude of theF'g ¢ distribution.

In this work measurements were made on Al-$i®) capaci-
tors with semitransparent4; = 35 nm) squarei x 1 mm?) EpSmax — EBSmin
gate. Phosphorus doped rsubstrates{ = 0.015 Qcm) of
<100> orientation were used to simplify interpretation of the
photoelectric measurements, as discussed in [1,3]. Wafers were
thermally oxidized at temperatuvé= 1000°C, in dry oxygen,

to grow a SiQ layer of thicknesgpox = 60 nm. Although 549
SiO, layers of current technological interest are thinner than sz
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 ¢ = 10 min and¢t = 120 min, at7T = 1050°C. The
post metalization annealing was carried out for 20 min, 544
atT = 450°C in forming gas atmosphere. Photoelectric mea- o ;
surements of barrier heights were made after all the structures ~ S 3

EBGmax - EBGmin o~y (8)

3.56

3.5~

3.48

3.46 |

Barrier height EBG [eV]

were checked for gross defects, such as non negligible leakage *——; o
. . . . . - 04 - 5
currents, ionic instability, low breakdown voltage of the $iO o8 08 o %
layer, etc., and the defective structures were eliminated. Postionx [l () Positiony [mm]

The absolute accuracy @fgo and Egg determination is
estimated to bet50 meV. However, the relative accuracy in
determining the changes é&fz; andE'z 5 in consecutive mea- 448
surements (in different places over the gate area) is better anc ;|
is estimated to be=10 meV.

4.44 |

4.42

4. Results and discussion

44

height EBS [eV]

Measurements of local’gc and Epg barrier heights were
made by both modified Powell-Berglund and (for comparison)
by the modified Fowler method, in nine locations over the gate 43+
area (as shown in Fig. 8), on each of the 26 MOS structureson ,, | ‘
one silicon wafer. T -
The so determined values were averaged in such a way that R — /ﬁ

average locallp; and Epg values were determined for each position [l posiiony [
of the nine positions over the gate area and then were con- (b)

nectgd by s_mo.oth.(3rd order polynqmlal) lines to obt.am aFlfig. 9. Averaged two-dimensional distribution of Bk and b)Er s
proximate distributions of barrier heights over the entire 93, rrier heights measured using modified Powell-Berglund method for

area of the.MO'S §tructure. 26 MOS structures. Averageg and Eps values were found for
Such distributions of the averaged values are shown #ach of the 9 locations over the gate area (shown in Fig. 8) and used
Figs. 9a and 9b for measurements made by the modified to determine distributions shown in the figure

4.38

Barrier

08 ]
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There are slight differences between averaged distributions

386, , 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-

eragedEpq(z,y) and Eps(z, y) distributions do not depend

on the measurement method applied.

On the other hand, th€;g voltage Voo = ¢ars in this
case) also has a characteristic dome-like shape of distribution
over the gate area with loc&l;o 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 aver&gg(r, v)

. = distribution over the gate area.
Y —as % To simplify explanation of the obtained results we propose
‘ the following symbols for the;, ¢ (or RECPD) value:

3.54

3.52

3.5+

3.48 —

3.46 ~

Barrier height E_ . [eV]

3.44 |

3.42—

Position x [mm] a Position y [mm]
@ — ¢3,5(1) — the reduced effective contact potential difference
determined applying Eq. (4) in whiehy, s values measured

448 , by the photoelectric method [3] are used,

446 ’ — ¢3,5(2) — the reduced effective contact potential difference
calculated (Eq. 5) using thBg; and E'gs values measured
by both modified Powell-Berglund and modified Fowler
442 ' methods.

4.4

4.44 —

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

4.38

436 : ¢*MS(1)_¢7\/[S(2):¢MS_¢M+X+%+¢F=R. (9)
o . The R factor should be equal to O for ideally accurate mea-
433 ' . s 08 surements. Otherwise we consideito stand for the error of

%4 o5 g o2 the barrier height measurement (since we know that is
Position x [mm] (b) Position y [mm] measured much more accurately [3,9]). The valu& diigher

than 10 mV means that at least one of the considered barrier
Fig. 10. Averaged two-dimensional distribution of Bgc and b) heights was measured inaccurately.
Es barrier heights measured using modified Fowler method for 26 The averaged;, s(1)(z, y) distribution over the gate area
MOS structures. Averagezc and Eps values were found for each s similar to theVgg =2 ¢ars distribution shown in Fig. 11, just
of the 9 locations over 'Fhe.gat.e area (shqwn in Fig. 8) and used {ifted vertically according to Eq. (4).
determine distributions shown in the figure Figure 12 shows averagett, (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
@315(2)(z, y) distribution over the gate area for both measure-
ment methods can be observed. There are slight differences be-
tweeng}, ¢ (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 betweett,, o (1) and¢}, o (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.

Barrier height EBS [eV]

4.34 |

0.21+

0.19~

017 +

0.15

Voltage VGn V]

0.13

0.11

i U Table 1
0.09 = .
0 02 o - —os Values of the measurement error R
0.8 1 0 - —
Position x [mm] Position y [mm] Positions over 1 2 3 4 5 6 7 8 9

the gate area
Fig. 11. Averaged two-dimensional distribution ;o values mea- ~Powell-Berglund20 1 9 13 -2 1 15 1 18

sured for 26 MOS structures. Averalje, values were found for each R [mV]
of the 9 locations over the gate area (shown in Fig. 8) and used to de-  Fowler 49 39 45 51 44 47 53 51 55
termine the distribution shown in the figure R[MV]
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Table 2
027 The average values of R (in [mV]) for analogous positions over the
gate area
7 Positions over gate area  Powell-Berglund  Fowler
— 1,3,7,9 (corners) 15.5 50.5
2 . 2,4,6,8 (edges) 4 47
2o 5 (center) ) 44
a
S
E 0.19 —
0.17 3.8+
3 - . 1 ,"Q\
045 Te 08 375 ST LTSRN
0 0.2 0.4 0.6 0.8 02 o //;”’”"'.”‘\\\
Positi . v Position y [mm] % 3.7+ ////”””"”“\\\ 162 meV
osition x [mm] (a) ._‘:.3 7*77:!.”‘\\\\
g 3.65-]
0.27 — % 36
a
025 P B e I e oo s e
S 023+ 35 o
@m 0.4 06 08 ; 5
« .2 021+
5 Position x [mm] Position y [mm]
(a)
019
0.17 ~ 472 —
1 467

0.15=
0

IS

@

N}
I

Position x [mm]

Position y [mm]
(b)

4.57 ~

Fig. 12. Averaged two-dimensional distribution ©f,¢(2) reduced
effective contact potential difference calculated usifyg; andEgs
values determined by: a) the modified Powell-Berglund method and b)

Barrier height EBs [eV]

4.52 -

the modified Fowler method for 26 MOS structures. Averagg; (2) 4.47-|
values were found for each of the 9 locations over the gate area (shown o e
in Fig. 8) and used to determine distributions shown in the figure a42- : 0s 08

0.2 - 0.4
0.4
0.6 0.8 0.2

Position x [mm] Position y [mm]

The positive value of the measurement erfRomay be ex-
plained by too low a value of th&gs barrier height or too
high a value of theE'zg barrier height. The opposite applies

whenR < 0. . method for 30 MOS structures. Avera@hs; and Eps values were
Good agreement between they,o(1)(z,y) and found for each of the 16 locations over the gate area and used to de-
¢315(2)(z,y) values has been observed for measurements termine distributions shown in the figure

made by modified Powell-Berglund methoR,{., = 20 mV
at gate corner — position R,,,;, = 1 mV at gate edges — posi- In case of the measurements made by both methods the
tion 6). The modified Fowler method compares unfavourabliiighest values of? at gate corners, lower values at gate edges
with the modified Powell-Berglund method. The values of erand lowest value at the center of the gate can be observed.
ror R for each of the nine positions over the gate area (about To confirm the results reported above, a similar investiga-
40-50 mV) are much higher than respective values for th#on was made using the UV light beam of a smaller diameter
modified Powell-Berglund method. Hence, it is clearly seed = 0.25 mm. This allowed to find local barrier heights values
that the complexity of the modified Fowler method is noin 16 different positions over the gate area (instead of 9 po-
balanced by higher measurement accuracy, while the simglgions, as shown in Fig. 8). Measurements were made on 30
modified Powell-Berglund method yields relatively accurat®1OS structures, on one silicon wafer (which, however, was
measurement results. differently processed than the wafer used in previously de-
In Table 2 are given the average values of R (in [mV]) foiscribed measurements) and the averaging procedure was the
analogous positions over the gate area. same as described above.

(b)

Fig. 13. Averaged two-dimensional distribution of (&sc and
(b) Es barrier heights measured using modified Powell-Berglund

466 Bull. Pol. Ac.: Tech. 54(4) 2006
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The differences between results obtained by two methods Conclusions

were found to be insignificant in. t.his case, hence, the re,sulfshe lateral distribution of local s and Exg barrier height
of measurements made by modified Fowler method won't Bgyes over the gate area of a MOS structure were studied.
discussed here. Measurements were made on two series of 26 and 30 Al-

Results of the/p and Eps distributions obtained in this  SiO,-Si(n') capacitors. Two photoelectric measurement meth-
case are shown in Fig. 13. These results fully confirm theds were used in this investigation: modified Powell-Berglund
dome-like shape of th& ¢ distribution and the essentially method and modified Fowler method. The modifications of
uniform distribution ofE'p 5 over the gate area. The more pro-these methods consisted in applying a focused UV light beam
nounced dome-like shape of thesc distribution shown in  (diameterd = 0.3 and 0.25 mm) which allowed measurements
Fig. 13a, as compared to the distribution shown in Fig. 9a i® be made in 9 and 16 different locations over the gate area. It
due to different processing of the samples used in the measwigas found thatz; barrier height has a characteristic dome-
ments. like shape of distribution, with highest values in the middle of

The scatter of measurement results obtained in practicetie gate, lower at gate edges, and lowest at gate corners. On the
illustrated in Fig. 14. In this figure average values of local baether hand, theZzs barrier height distribution has a random
rier heights in different positions over the gate area are shov@haracter and differences between highest and lowest values
(connected by straight lines), together with standard deviatiof§ Eps (so-called amplitude) for any of the measured MOS
of results (shown by error bars). structures are much smaller than the respective differences in

Ep¢ values.
The dome-like shape dfp¢(x, y) distribution is identical

4.7 with the shape of independently (and much more accurately)
measured distributions afy;s(x, y) over the gate area. This
4.6 1 7 proves that, as expected, the shape of ¢dhgs distribution
results directly from the distribution of gate-dielectric barrier
45 1 heightEpq (z, y) over the gate area. We ascribe the dome-like
E ) P N S P Sy S SN S shape of thef; distribution to the non uniform distribution
2 4491 1 1 1 ! ] 1 L 1 of mechanical stress at the gate-dielectric interface in a MOS
~ 13 1 | structure.
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