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Obnovitev €lanstva v strokovnem drustvu MIDEM in iz tega
izhajajoc¢e ugodnosti in obveznosti

Spostovani,

V svojem vec¢ desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo priviacno in koristno vsem ¢lanom.Z delovanjem drustva ste se srecal
tudivi in se odlo¢ili, da se v drustvo v&lanite. Zivijenske poti, zaposlitev in strok-
ovNo zanimanje pa se z leti spreminjajo, najrazliénejsi dogodki, izzivi in odlocitve
so vas morda usmerili v povsem druga podroc¢ja in vas interes za delovanje ali
Clanstvo v drustvu se je z leti mocno spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu Se vedno zanimajo, ée ne drugace, kot spomin
na prijetne case, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

Ker je seznam cClanstva postal dolg, oéitno pa je, da mnogi nekdanji &iani ni-
majo vec interesa za sodelovanje v drustvu, se je Izvrsiini odbor drustva odlodil,
da stanje Clanstva uredi in vas zato prosi, da izpolnite in nam poslijete
obrazec prilozen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vasega ¢lanstva. Kot
¢lan strokovnega drustva prejemate revijo »Informacije MIDEM«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
vojne dosezke ali sreCate stare znance in nove, povabljene predavatelje s po-
drodja, ki vas zanima. O svojih dosezkih in problemih lahko poroc¢ate v stroko-
vni reviji, ki ima ugleden IMPACT faktor.S svojimi predlogi lahko usmerjate
delovanje drustva.

Vasa obveza je placilo ¢lanarine 25 EUR na leto. Clanarino lahko placate na
transakcijski racun drustva pri A-banki : 051008010631192. Pri nakazilu ne
pozabite navesti svojega imenal

Upamo, da vas delovanje drustva Se vedno zanima in da boste &lanstvo ob-
novili. Zal pa bomo morali dosedanje ¢lane, ki ¢lanstva ne boste obnovili do
konca leta 2004, brisati iz seznama ¢lanstva.

Prijavnice posljite na naslov:
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubliana

Ljubljana, september 2004

IzvrSilni odbor drustva
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A NEW APPROACH IN TESTING ANALOG-TO-DIGITAL
CONVERTERS

Martin Kollar

Technical University of Kosice, Slovakia

Key words: testing ADC, integral non-linearity, differential non-linearity.

Abstract: This paper describes a new approach in testing static parameters of analog-to-digital converters (ADCs). The input of an ADC to be tested is
connected to a generator of saw-tooth impulses. In comparison to ordinary approaches, the measured decision levels are not related to zero potential but
to the decision levels of an additional ADC, which is of same type as tested ADC. Approximating principle-based test system, with a digital-to-analog
converter (DAC) in the feedback, measures these differences, which are in the extreme case in the range of a few least significant bits (LSB} of tested
(additional) ADC. It has been proposed a special algorithm, to which output codes of tested and additional ADC enter, to control this DAC, which output
is added through a resistive divider to the input of additional ADC. By using this approach, there are no special requirements on the precision of input saw-
tooth impulse generator and precision of the obtained integral non-inearity (INL), differential non-linearity (ONL) characteristics mainly depends on DAC
used. It was also shown that using 8 bit DAC the precision is in the range of a few hundredths of LSB. By simulations with MATLAB, the theoretical
considerations are verified.

Nov pristop k preizkusanju analogno-digitalnih pretvornikov

Kjuéne besede: testiranje analogno-digitalnih pretvornikov, integralna nelinearnost, diferencialna nelinearnost

lzvledek: V prispevku opisujemo nov pristop k preizkusanju stati¢nih parametrov analogno-digitalnih pretvornikov ( nadalje ADC ) Vhod pretvornika, ki ga
Zelimo preizkusiti, priklopimo na generator impuizov. V nasprotju s standardnim pristopom, kjer merjene nivoje primerjamo z nicelnim potencialom, jih v
nasem primeru primerjamo z drugim pretvornikom istega tipa kot ta, ki ga preizkusamo. Ce upeljemo testni sistem tako, da dodamo digitalno-analogni
pretvornik { DAC ) v povratni vezavi, je ta sposoben meriti razlike, ki so v skrajnem primeru v obmodju zadnjega pomembnega bita ( LSB - Least Significant
Bit ) testiranega (dodatnega) pretvornika. Predlagamo poseben algoritem, Kjer izhodne kode testiranega in dodatnega pretvornika peliemo v DAC, katere-
ga izhod preko uporovnega delilnika vimemo nazaj v dodatni ADC. Pri takem pristopu toénost generatorja vhodnih impulzov ni pomembna in sta integralna
in diferencialna nelinearnost odvisni predvsem od uporabljenega DAC pretvornika. Pokazemo, da je, ¢e uporabimo 8 bitni DAC, tocnost v obmodcju nekaj
stotink LSB. Teoreticna predvidevanja smo potrdili s simulacijo z MATLABom.

Introduction and motivation ing tested /3/, in this case the generator absolute error

should be in the range of a few hundredths of mV. A seri-
The price of mixed-signal integrated circuits is dominated ous problem appears here because if it will be 16 bit ADC,
by the ever-increasing testing cost of the analog blocks the generator absolute error should be in the range of a
and converters. In particular, the full test of an ADC im- few thousandths of mV.

plies the determination of two kinds of parameters, the static
errors linked to some deviations of the converter transfer
function, and the dynamic features expressing the distor-
tion and noise of the converted signal introduced by the
converter. Static errors are generally deduced from a his-
togram-based test /1/ lying on a statistical analysis of the
occurrence frequency for each output code, while dynamic
parameters are usually evaluated from the spectral distri-
bution of the converted signal, computed using a Fast Fou-
rier Transformation (FFT) /2/.

To avoid such requirements on high precision of input gen-
erator a new approach will be presented in the following
part of this letter. Originality consists in that all measure-
ments of decision levels of tested ADC are not related to
zero potential but to decision levels of an additional ADC.
Thus, if this additional ADC is of same type as that to be
tested, the maximal measured values will be in the range
of a few LSB of tested ADC.

To be more detailed, let us assume a tested and additional
ADC with an element of transfer characteristic according
to Fig.1. By using an ordinary approach the voltages Vy, V2
are measured in relation to zero potential, while using a
new approach the voltages V¢,V2" are measured in rela-
tion to a decision level output code 7 of an additional ADC.
The voltages in both approaches have to be generated with

Although the principles of both the static and dynamic tests
have been well elaborated /1-3/ more work remains o be
done on its feasibility issues. The test methods have been
originally proposed under the assumption that the input
source of reference signal is without uncertainties.

Let us assume that the full scale (FS) of a tested 12 bit the same absolute error. However, using new approach
ADC is in the range of a few V. Then the LSB will be in the the acceptable relative error can be much greater than that
range of a few mV. Since, the precision of signal generator in the ordinary approach.

should be at least two orders higher than LSB of ADC be-

1356
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The principle of this new method including also a possible
hardware realization is depicted in the following sections.

output
codes Transfer characteristic  Trangfer characteristic
ol of an additional ADC of a tested ADC
e N
i
i-1
decision levels
0 %
input voltage
Figure 1. Principle of a new approach in testing

ADCs

Principle of the new method

Fig. 2 shows a complete scheme of test system. As it can
be seen the output codes of additional and tested ADC
are processed in a microprocessor (lP). Also DAC, which
output voltage through a precise resistive divider R2/R1 is
added to input of tested ADC, is controlled by uP. Accord-
ing to Fig.1, by increasing input voltage from saw-tooth
impulse generator, because of given transfer characteris-
tics, the output code / at first will be generated by addition-
al ADC and then with a time delay by tested ADC. Howev-
er, by adding a voltage from resistive divider Ro/R; which
is smoothly greater than V2 the output code / at first will be
generated by tested ADC and then with a time delay by
additional ADC.

Additional [N
ADC —V]

A/‘/ r Micro-
processor

Tested

ac [

Saw-tooth
impulse
= generator

R,

DAC

Vi (V) R,

-

Block diagram of new test method

Figure 2.

To achieve very short time of measurement of voltage dif-
ference Vs’ approximating principle based conversion can
be used. For example, by using 8 bits DAC the saw-tooth
impulse must be generated 8 times by input generator.

136

During the first impulse is only done a decision whether
difference voltage is positive or negative. In case that it is
positive value which means that output code 7 at first will
be generated by additional ADC and then with a time delay
by tested ADC, the voltage at resistive divider output will
be setto FS/2, where FS is a full scale of DAC relating to
resistive divider output. During the second impuise is test-
ed by UP whether additional or tested ADC at first gener-
ates output code /. In case that again at first additional ADC
generates output code /, the output voltage of resistive di-
vider will be setto FS/2+FS/4. In opposite case this voit-
age will be set to FS/2-FS/4. Thus the output voltage of
resistive divider is approximately set during the following
six cycles. The approximating principle of conversion is
well known /4/ therefore here only its summary is made.

In the same manner difference voltage V; is measured.
Since, in this case the measurement is related to decision
level of output code i from additional ADC and to decision
level of output code i+1 from tested ADC, UP tests during
each cycle, which one from these output codes is gener-
ated as first. From measured V;, V2 DNL of output code i
is calculated using formula /4/

) (v, -v, - LSB)
LSB

DNL(i (1)

where LSB is value of ideal least significant bit of tested
(additional) ADC.

output
codes Transfer characteristic
of a tested ADC

f T output voltage of
Transfer characteristic . resistive divider
of an additional ADC

voltage

LSBucRY (R Ry
., decision levels

real Vy e —
k7, ‘measured V)

0 - A -

voltage !

b)

-saw-tooth impulse

I\J/ a)

Figure 3. Precision of measured Vs,

From (1) it is clear that the precision of calculated DNL is
determined by precision of measured V', V2. Fig.3a shows
an example when the difference between actual decision
fevels of output code / of tested and additional ADC is
smoothly lower than kTs, where K is slope of saw-tooth
impulse and Ts sampling period. In the moment t; output
code /-1 is at output of additional and tested ADC, while in
the moment t2 it will be output code /. In this case, it is not
possible to decide whether by tested or additional ADC at
first was generated output code i. Thus, instead to be de-
creased, the output voltage of DAC will be increased about
value FS/2", where n is actual step of approximating con-
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version. In the remaining conversion steps this voltage will
be increased but with the resolution LSBpac.R2/(R1+R2),
where LSBpac is least significant bit of DAC, shown in Fig3b.
Therefore the maximal error of measured V2 is given by for-
mula

R
A =kl |+|-—>—LSB
A N ey 2

DAC

Since the same error is for measured V7, the maximal er-
R
:__ ISP

ror of measured DNL is given by formula
®R+R) } @

If nominal parameters are such that kT is about hundredths
of LSB, then an extreme change of slope about 100 %
reflects to error 2kTs and thus does not influence marked-
ly the resultant precision.

A:?_[[k]; +

Measurement of INL and DNL
characteristic

It is described in previous section, the difference voliages
V1, Vs have to be measured to obtain DNL in given output
code /. In this section, an algorithm is described by using
of which the complete INL and DNL characteristic is ob-
tained passing the full scale of tested and additional ADC s
times, where s is the number of bits of DAC used. By as-

suming that
DNL ~—E INL EE-H
2 2
DNL = INL =
. and . ;o (4)
DNL E—] INL E
2 2

where N is the number of output codes of tested (addition-
al) ADC we can write that

DNL =(?} —72) /LSB—E, 5

Rty

where

and

INL = . DNL

i1
Then, for example, because INL(i)= Y, DNL(r) it could

r=N/2
seem that maximal error of INL(i) is A|-N/2-i +1}. Howev-
er, it should be noted that maximal error of DNL in (3) does
not represent the systematic error, but the maximal value
of random signal with rectangular probability of distribu-
tion and zero mean /4/. Therefore, the maximal error of
measured DNL remains in the range of a few hundredths
of LSB. This fact will be verified by simulation with MATLAB
in the following section.

To measure vector 7, the following algorithm is to be im-
plemented to uP.

£i=NI2ZH
‘ -Ni2;
deciaration of uf ’);:1? z
it veiables \ ASFS:
V2=zeros (N-1,1): | zero mutriy
{_yp=zeros (N-1,1); [ Y]
~while p<g
f ¢ while i<N/2-1
output DAC=V2(i):
 while (y1<i & y2<i)
rest cvele y1=output {additional ADC});
y2=output {tested ADC):
| {end
ove sear-tooth < if y1=i
mapilse cvele ypliy=Va(iyrarz;
Tisbal e o else
global cyels < YR)EV2()-AT2:
end
v2(i=yp(i):

A =i+1,
end
A=A/2:
i=-Nf2+1:
p=pH:
y1=-N/2:
y2=-Ni2:

end

At the beginning the variables are declared. Into variable A
the full scale FS of DAC is saved and zero column matrix
V2, yp are defined. The algorithm contains a global cycle
with two embeded cycles. During the test cycle, whether
output code i is at first generated by tested or additional
ADC is tested. If, for example, the output code i is at first
generated by additional ADC the output of DAC will be
enlarged about A/2 (at the beginning A=FS) and this value
is saved into element V2(i). Then, i is incremented about
1 and this procedure will repeat. Thus, from one saw-tooth

impulse cycle vector v, after 1% step of conversion will be
obtained. Then, the variable A will be decreased in half
and i will be set to -N/2+1. The whole procedure will re-

peat. The result will be vector v, after 2" step of conver-

137



Informacije MIDEM 34(2004)3, str. 135-140

M. Kollar:
A New Approach in Testing Analog-to-digital Converters

a)

0.5
0.4
0.3}
0.2+ |

0.1
INL
[LSB]
-0.1

oL

-0.2

-0.3

-0.4

0.5 S
) -2500 -2000 -1500 -1000 -500 0O
output codes

c)

500 1000 1500 2000 2500

INL
[LSB]

0.35. ; - [ Q. ;
-2500 -2000 -1500 -1000 -500 0 500 1000 1500 2000 2500 d)

d)
output codes
9]
02
INL
(LSB]
d) -2000 1506 1600 -500 P R T T
output codes
g)
02
[LSB] o0si|l |
Q) 2000 1500 1000 500 0 5601060500 3600
output codes
Figure 4.

138

d)

0.25,

0.2:

015,

01!

0.05;

INL
[LSB]
-0.05;

-0.1:

-0.15%

-0.2%

-0.25. B L
-2500 -2000 -1500 -1000 -500 0 500

1000 1500 2000 2500
d)
output codes

4

INL

[Lsej %

0.3! ; : t ;
-2500 -2000 -1500 -1000 -500 0 500 1000 1500 2000 2500

output codes

D

_0_23;. I
|

-0.25}

-2000 1000 000 5007 10007 1500 2000

output codes
h)

1500

INL
[LSB]

20,25 e et S B 5 . i
4 -2500 -2000 -1500 -1000 -500 O 500 1000 1500 2000 2500
output codes

INL characteristic after: a)1st, b)2nd, ¢)3rd, d)4th, e)5th, f)6th, g)7th, h)8th step of conversion



M. Kollar:
A New Approach in Testing Analog-to-digital Converters

Informacije MIDEM 34(2004)3, str. 135-140

sion. The number of steps of conversion depends on
number of bits of DAC. In above algorithm the number of
steps is 8 because 8 bit DAC is being used.

To measure vector 71 the following algorithm is to be im-
plemented to UP.

7 i=-NI2+1
A=FS:
Yeclore p=1;
[( /m. 11'10)1 [?/ 4 =
input variables y2=-Ni2:
Vizzeros (N-1,1); 7} 00w sy
i_yp=zeres (N-1,1); [ (A=l
i while p<9
§ / while i<N/2-1
: output DAC=Y1(i);
¢ while (y1<i & y2<(i+1))
rost cvele J; y1=output {additional ADC}:
y2=output (tested ADC):
Lend
ane sinv-ioth 5 if y1=i
impulse cyele ypi)=VLiy+A/2:
Lot cvele / else
globat ovele YREEVI)-AZ:
end
Vij=yp(i):
N isi+1:
end
A=Al2;
i=-N/2+1:
pEp:
y1=-Ni2:
\ y2=-Niz:
\\.
end

As it can be seen, the only difference is in test cycle, where
it is tested whether at first will be generated output code i
by additional ADC or output code (i+1) by tested ADC.

The complete INL and DNL characteristic can be obtained
by means of equations (5),(7).

Results of simulation

The test system according to Fig.2 was simulated in MAT-
LAB. 12 bit ADC in PC-LAB-1200 was used as tested. Its
transfer characteristic was obtained by using histogram-
basedtest method /4/. For simplicity, 12 bit ADC with ide-
al transfer characteristic was used as additional. The pa-
rameters of saw-tooth impulse were as follows: k= 4.10°
V.8, Vmax= 9V and Vmin= -9 V. The output voltage from
DAC ranged from -8 to 8 V, the resistive divider ratio was
1/1000 and sampling period Ts of the system was 107 s.

INL characteristics calculated by means of (8) and (7) from

vectors V1, V1 after given steps of conversion are shown in
Fig.4. The resultant INL characteristic is shown in Fig.4h.
The difference between this characteristic and that ideal
(obtained by using histogram-based test) is shown in Fig.5.
As it can be seen the maximal error is equal to -0.014
LSB.

Very interesting was to study the dependence of this error
on precision of input saw-tooth impulse generator. The
slope of the saw-tooth impulse was changed from 4 .1 0%to
8.10° V.s™' and results of simulation showed maximal error
equal to -0.033 LSB. In spite of such extreme error of

input saw-tooth impulse generator the error of measured
INL remains in the range of a few hundredths of LSB.

-2500 -2000 -1500 -1000 -500 ] 500 1000 1500 2000 2500

Figure 5. Absolute error of measured INL

0.3.
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-0.4¢

2000 1500 1000 500 O 500 1000 1500 2000

Figure 6. Resultant DNL characteristic of tested ADC

Other source of uncertainty that could be taken into ac-
count is the resistive divider. However, because, on the
present the resistive dividers with relative error 0.01 % are
standardly produced, this source of uncertainty can be
omitted. Also as to DAC, if its maximal INL and DNL is a
few LSBpac at the output of resistive divider it is error only
a few hundredths of LSB using 8 bit DAC. By using DAC
with higher number of bits the situation can be only better.

The resultant DNL characteristic calculated by means of
(5) is shown in Fig.6 and corresponding absolute error is
in Fig.7.

As to test time, because k= 4.10° V.5, Vipax= 9V, Vmin=
-9V, the sampling period is 107 s and measurement range
of tested ADC is to be passed 8 times to measure voltage

vector 71, and 8 times to measure vector ¥» using 8 bit
DAC, itsvalue is 0.72 s.
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Figure 7. Absolute error of DNL

Conclusions

A new approach in testing ADCs has been presented. In
comparison to ordinary approaches, decision levels of test-
ed ADC are not measured to zero potential but to the deci-
sion levels of an additional ADC. Thus, there are not spe-
cial requirements on precision of input signal generator. It
has been shown that the precision of measured INL and
DNL characteristic is in the range of a few hundredths of
LSB. Very interesting is knowledge that the test system is
immunized in face of input generator extreme errors.
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Abstract: Testing integrated circuits is of crucial importance to ensure a high level of quality of product functionality. Testing a digital circuit involves
applying an appropriate set of input patterns to the circuit and checking for the correct outputs. The conventional approach is to use an external tester
(automatic test equipment - ATE) to perform the test. Built-in self test (BIST) techniques have been developed in which some or all test functions are
incorporated on the chip. in today's integrated circuits, BIST is becoming increasingly important as designs become more complicated and the density
of VLS| circuits increases. The BIST approach offers economic benefits, reuse of logic circuits as well as some significant opportunities in hierarchical
testing. On the other hand, the classical testing approach and the use of automatic test equipment is becoming a less important part in the testing
process. In this paper, we give an overview of BIST methods and present some advanced new BIST solutions for testing combinational circuits. We
propose an algorithm for seeding the LFSR-based test pattern generators. We achieved nearly 100% test fault coverage for a given test lengths, Our
method can be used for both test-per-scan and test-per-clock BISTs. The goal of the proposed method is to minimize the test lengths through suitable
selection of initial seeds, to minimize hardware overhead and achieve sufficiently high fault coverage. While semi-random generated test cubes are
additionally completed by deterministically calculated test vectors, the achieved fault coverage is very high. The experiments were made on ISCAS85
(ISCAS89) benchmark circuits /7/.

Algoritem za izbiro semena in polinoma generatorja testnih
vzorcev LFSR za vgrajeno samotestiranje

Izvledek: Testiranje digitalnih vezij je bistvenega pomena, da bi zagotovili visoko stopnjo funkcijske zanesljivosti ter kakovosti proizvedenega vezja. Pri
postopku testiranja na vhodne priklju¢ke vezja privedemo dolo¢en nabor testnih vektorjev in preverjamo pravilnost odzivov na izhodnih prikljuckih. Pri
klasi¢nem nacinu testiranja v ta namen uporabljamo testne naprave (ATE). Metode, pri katerih se del testiranja izvede znotraj samega vezja, se vedno bolj
uporabljajo in prevzemajo pomembno vlogo pri testiranju sodobnih vezij. Danasnje tehnologije omogocajo visoko gostoto vezij in dostopnost do testnih
prikljuckov je vedno bolj oteZzena. Problem dostopa in zmanj$anja odvisnosti od uporabe dragih naprav ATE je mogoce resiti z uporabo vgrajenih testnih
metod BIST. Razen ekonomskih ima BIST $e vrsto drugih prednosti, kot je pouporaba testnih modulov in moznost za izvedbo hierarhi¢nega testiranja. V
¢lanku predstavimo osnove vgrajenega testa BIST in nov pristop Kk testiranju kombinacijskih logi¢nih vezij. Podan je algoritem za ugotavijanje najprimernejsega
semena in polinoma iz dolo¢ene konéne mnozice psevdonakljuénih generatorjev za generiranje nakijucnih testnih vekiorjev. Z izbranim naborom testnih
vektorjev zagotovimo visoko stopnjo pokritia napak z minimaino potrebno testno dolzino. Metodo lahko uporabimo za dva nacina izvedbe testa (TPC in
TPS). Cilj prediagane metode je sistematicno dolocanje primerne zacetne vrednosti (semena), kot tudi vrste polinoma za psevdonaklju¢ni generator.
Nakljuéne generatorje izberemo tako, da bi jih lahko realizirali z najmanj dodatnimi elementi. Skrajsati Zelimo potrebni ¢as za samo izvedbo testa s
predpostavko, da bi dosegli ¢im visje pokritie napak. Nakljuéno dobljen nabor testnih vektorjev primerjamo z deterministi¢no izracunanimi testnimi vektoriji.
Eksperimenti so prikazani na standardnem naboru primerljivih vezjih iz druzine ISCAS85 (iISCAS89) /7/.

economic benefit compared to the traditional testing. When
testing is built into the hardware, it has ability of being not

1. Introduction

Testing of integrated circuits is of crucial importance in
ensuring a high level of quality in product functionality. The
increasing complexity of VLSI systems makes testing a
challenging task. Considering that testing represents a key
cost factor in the production process (a proportion of up to
70% of total product cost), an optimal test strategy can
offer a substantial competitive advantage in the market of
the semiconductor and electronics industry /27/. Testing
effects areas of manufacturing as well as engineering and
design. The time and cost are the two main considerations
in 1C design and production process /17/.

As the density of VLS| circuits increased, it became attrac-
tive to integrate dedicated test logic on a chip /2/. Built-in
self-test (BIST) technigues enable an integrated circuit
(board, system) to test itself. BIST techniques offer a great

only fast and efficient but also reusable /18/. Furthermore,
BIST offers the capability for hierarchical testing where BIST
circuit perform test on chips, boards, and the entire sys-
tem without external, expensive automatic test equipment
/20/. Another important consideration is that BIST al-
lows an IC to be tested at its normal operating speed /2/.
Figure 1 illustrates the testing process with classical and
basic BIST approach. The basic BIST architecture requires
the addition of three hardware blocks to the circuit under
test (CUT): a pattern generator, a response analyzer, and a
test controller /1/.

For simpler applications the deterministic test patterns are
stored in an on-chip ROM instead of using a pattern gen-
erator. Since this method requires high storage overhead
it leads into a non-practical solution /4/. Instead of pre-
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Clasical test aproach

Figure 1:  Classical and BIST testing scheme.
calculated test vectors a linear feedback shift registers
(LFSR) is generally preferred for pattern generation /1/,
/2/,/13/.ltis able to generate a pseudo-random test pat-
terns with low hardware overhead (easy and cheap to gen-
erate).

However, several circuits contain random pattern resistant
(r.p.r.) faults which limit the performance of BIST /19/. For
background, the r.p.r. faults are faults with low detectabili-
ty, and therefore require a very long testing time to achieve
the appropriate test coverage. While r.p.r. faults are known
to be implicated in insufficient fault coverage levels, the
selection of the appropriate pseudo-random test pattern
generator has been extensively investigated for enhancing
fault coverage levels /31/,/22/. A pure pseudo-random
test could be very long, hence too expensive in terms of
time, to obtain the highest possible fault coverage. Moreo-
ver, it is not always guaranteed that the highest possible
fault coverage will be achieved even with extremely long
pseudo-random test pattern sequence.

A variety of solutions have been suggested to solve this
problem /2/. A common method is to modify the circuit by
test point insertion (control, observation point), or to rede-
sign it to make it testable via random patterns /25/. Mod-
ifying the CUT is rarely a desirable option because of per-
formance degradation and for intellectual property reasons
/18/. Another technique is to test with weighted pseudo-
random sequences, where the random patterns are biased
using additional logic to increase the probability of detect-
ing the r.p.r. faults /13/.

Another widely investigated approach in BIST is the so
called mixed-mode testing method /11/. In this BIST tech-
nigue the circuit is tested in two phases. In the first phase,
pseudo-random patterns are applied to cover easy to de-
tect faults /11/. In the second phase, deterministic test
patterns are applied to cover the remaining faults. The
mixed-mode BIST can be performed in several variations.
Oneisto apply the deterministic patterns from a tester while
another way is to store the deterministic patterns in an on-
chip ROM. Storing, however, requires a large amount of
hardware overhead. As an alternative with lower memory
requirements seeds can be stored on the external tester.

Next significant innovation in mixed-mode testing came with
the introduction of mapping logic /22/. The idea is fo iden-
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tify patterns in the original generated set that don't detect
any new faults and map them by hardware into determinis-
tic patterns.

The other mixed-mode approach is presented as "bit-fix-
ing" method /24/. The deterministic test cubes are em-
bedded in the pseudo-random sequence of bits /8/. Log-
ic is added at the serial output of the LFSR to alter the
pseudo-random bit sequence, so that it contains deter-
ministic patterns that detect the r.p.r. faults. This is accom-
plished by "fixing” certain bits in the pseudo-random test
sequence. The method provides 100% fault coverage, but
with high hardware overhead.

Wunderlich et.al proposed another mixed-mode technique
called the "bit-flipping method " /29/. To avoid storing the
deterministic patterns on the chip, the authors show that it
is sufficient to alter just a few bits of the general pseudo-
random sequence. The efficiency of this scheme relies on
the fact that relatively small amounts of the generated pseu-
do-random patterns are useful for fault detection while oth-
ers are candidates for altering. Moreover, as a determinis-
tic test pattern usually contains many unspecified bits, there
is a very high possibility that one of the ineffective patterns
can be modified at just a few bit positions so that it be-
comes compatible with a previously computed determinis-
tic pattern. Results are provided to show that this scheme
represents the most area-efficient solution to-date /29/.

Another possible way to enhance low detectability of the
r.p.r. faults is to select the seed very carefully. Several pro-
cedures to select seeds have already been studied /5/,/
6/,/10/,/14/,/16/. Bayraktaroglu et al. examined the
pseudo-random pattern generator structure and selection
approaches /5/,/6/. Lempel et al. proposed an LFSR
seed-selecting algorithm that used the theory of discrete
logarithms /16/. In Fagot et al.’s study /10/, fault simula-
tion computes an efficient LFSR seed which outputs the
test sequence including a test cube. To reduce test appli-
cation time, Ichino et al. used a reseeding method and
reverse order simulation /16/.

In this paper we propose a BIST technique that selects the
type of LFSR test pattern generator (TPG) and appropriate
seed (initial state) to improve random-pattern test quality.
The idea is to find a minimal possible set(s) of pseudo-
random generated tests to achieve the highest possible
test coverage within specified time constraints. An addi-
tional effort was invested to embed the test and keep the
hardware overhead as low as possible. We consider that
the size of the LFSR, its primitive feedback polynomial,
and the fength of generated test are a priori known. The
proposed method is intended to produce a one-seed test
sequence of a given length that achieves the highest pos-
sible stuck-at fault coverage. The main feature of this tech-
nique is a minimal requirement for the additional hardware
to cover as many r.p.r. faults as possible. The goal of the
presented method is an efficient test pattern generator
which guarantees nearly 100% test fault coverage. Fur-
thermore, the proposed technique minimizes the test ap-
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plication time, test generation time, and hardware require-
ments. For most tested circuits we reached a reasonable
fault coverage. When these techniques are applied to a
mixed-mode BIST such as reseeding, bit-flipping or bit-fix-
ing, the number of additional circuits is generally reduced.
With a minor modification of the proposed software the
seed-selection methods can be applied not only to typical
LFSRs but also to other types of test pattern generators
such as Cellular Automata. /29/.

The paper is organized as follows. In next section, we de-
scribe the construction methods of LFSR test pattern gen-
erator. Two basic BIST techniques are then described. In
section 3, we briefly present some necessary definitions.
In section 4, we introduce the proposed method for gen-
erating an efficient one-seed LFSR test sequences. Ex-
periments performed on ISCAS 85 benchmark circuits are
presented and discussed in section 5. Concluding remarks
are given in section 6.

2. Test pattern generator
implementations

The main disadvantage of the classical testing approach is
that the purchase price of test equipment (ATE) is very high
/31/. For built-in self testing one must be able to generate
and apply test patterns internally. By applying BIST, we can
eliminate the need for ATE /1/,/2/,/13/. Figure 2 illus-
trates a basic BIST implementation. The method relies on
embedding some extra elements to the circuits like test
pattern generator and test response analyzer. In this pa-
perwe will primarily focus on the problem of built-in gener-
ation of test patterns.

LFSR - test pattern generator

LFSR ~testresponse analyse

Figure 2:  Basic BIST implementation to CUT.

The test sets can be stored in chip ROM but in the case of
larger circuits this is an impractical and costly solution.
LFSRs are commonly used as test pattern generators that
generate pseudo-random patterns. These circuits are au-
tonomous in the sense that they have no inputs except for

clocks. Each cell is assumed to be a clocked D flip-flop.
The LSFRs are cyclic as they go through a fixed sequence
of states. The output sequences (patterns) generated by
such circuits are also cyclic. The patterns could be also
encoded into seeds by solving a linear system of equa-
tions, which is an algebraic representation of the linear
expansion of the LFSR /15/.

The behaviour of a linear feedback register is completely
determined by the feedback coefficients go, g1, .., Om
where gi is a binary constant, and g = 1 implies that a
connection exists, while gi = O implies that there is no con-
nection. A sequence of numbers go, g1, .., gm can be as-
sociated with a pelynomial called the generator function
G(x), defined in equation (1).

GlX) =go+gix' +gaxP+ .. +x" (1)

Since the feedback coefficients determine the polynomial
of this LFSR, they need to be set to certain combinations
to realize a specific desired polynomial. The LFSR goes
through a cyclic i.e. periodic sequence of states and the
output sequence is also periodic. Thé maximum length of
this period is 2™-1, where m is the number of stages. The
characteristic polynomial associated with a maximum length
sequence is called a primitive polynomial. If the feedback
polynomial is primitive then the output sequence has the
same random properties and is called pseudo-random. In
many cases pseudo-random patterns perform well for test-
ing but may also lead to reduced fault coverage due to
linear dependencies /1/.

There are two established realizations of characteristic
polynomials in Figure 3. The Fibonacci implementation
consists of a simple shift register in which a binary-weight-
ed modulo-2 sum of the taps is fed back to the input. On
the other hand, the Galois implementation consists of a
shift register the contents of which are modified at every
stage by a binary-weighted value of the output stage. The
choice of LFSR generators, configuration of feedback taps
and applied seeds (initial values) can make an enormous
difference in the efficiency of testing and in achieving the
required test coverage for a particular CUT. When imple-
mented in hardware, modulo-2 additions are performed
with XOR gates. The Galois form is generally faster than
the Fibonacci one due to the reduced number of gates in
the feedback loop, thus making it the favoured form /13/.

P

TRRe 4

Fibonacci and Galois implementation of
LSFR.

S

Figure 3:
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Figure 4 illustrates pseudo-random patterns generated with
Fibonacci and Galois type of polynomial. For experimental
purposes we implemented both types of generators in the
software. The example shows an LFSR of size m = 4 with
feedback connections at g4 and gz. The feedback taps
are specified as lfsr "/4,3/g” for the Galois form, and Ifsr
"/4,3/f" for the Fibonacci form. The left side of Figure 4
shows the output sequence behavior of the Fibonacci im-
plementation with a primitive Fibonacci field. The non prim-
itive cyclic form in our example are obtained when the
feedback taps of the polynomial are specified as Ifsr
“/4,21/1" forthe Fibonacciorlfsr "/4,2,1/g” Galois form.

Lsfr 2
Fiponaco LFSR
LFSR size 4
00061 E
1000
0100
1010
0101
LR ]
o0

Ligr 2
Galais LFSR
LFSR size: 4
aoo1
1010
0101
1000
0100
LR
0001

Lstr 1
Fibonacci LFSR
FS e d

1000 :
1100 % reset
1140 ‘, - seed
11t 3
Q111
1a11

0141 Looped after 6 Looped after &
1010

1101 ]

0110 Program GEN_TV EXE
g0 far "[4,2 1" 0001 Fibonasei
toot ifsr '[4,2 110" 0001 Galois
o100

0019 § “tsr "f4.3]" 0001 Fibonacei
voo1 §

Louped after 15

Examples of primitive and non primitive
sequence generation.

Figure 4:

BIST techniques, as shown in Figure 5, are classified into
two categories: test-per-clock and test-per-scan /2/. In
the test-per-clock BIST (Figure 5(a)), a test vector is ap-
plied and its response is captured every clock cycle. In
the test-per-scan BIST (Figure 5(b)) a test vector is applied
and its response is captured into the scan chains only af-
ter the test is scanned into the scan chains. A scan cycle
is defined as the number of clock cycles required to shift
the vector into a serial register of the serial scan paths
{(whichever is larger) plus one or more normal mode clocks.
The test-per-scan approach is generally much slower than
the test-per-clock approach. The two approaches involve
distinct hardware structures and trade-offs,

We propose an algorithm for selecting a seed that can
achieve target fault coverage with minimum test length for
a given set of polynomials. Additionally, we propose an al-
gorithm for seed selection that can achieve maximum fault
coverage for a given test length and for a given set of pol-
ynomials. In other words, the number of undetected faults
is reduced to a minimum, The proposed algorithm consid-
erably improves pseudo-random testing without the need
to change circuits in the CUT.
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Test Pattern Generator

Response Analysis

(a) Test-per-clock

Test Pattern Generator :-——s Input Scan-Path Registe

Response Analysis

Output Scan-Path Registe

(b)Test-per-scan

Figure 5:  Basic BIST techniques

3. Preliminary details and definitions

We define the notation where F is the set of modeled faults
inthe CUT. Inthis paper we consider single stuck-at faults.
Let |F| represent the number of elements in a set. Then a
fault coverage of C % by a test pattern sequence means
that |F|x C /100 faults are detected by this sequence. Fr
denotes the set of faults that are detected by test pattern
T

Let T be an input test pattern generated from an m-stage
LFSR, where mis the number of primary inputs to the CUT.
When the LFSR outputs Tp as the first test vector, then the
sequence of outputs proceeds as follows: Ty, Ty, To, ...,
Tm-1, To... Similarly, for seed Ty the LFSR output sequence
i8: T2, T3, ..., Tm1, To, T1, To... Ingeneral, when the seed is
T;, the j-th test pattern is  Tiyj (mod m).

To model the required test length we define a function
L(Ti, Ng) where Ngis a total number of faults detected for a
selected seed Ti. Ny denotes the target number of detect-
ed faults, and Ng<|F| . Function L(T;, Ng) can be estimated
or computed by fault simulations. For a given CUT there is at
least one seed that detects Ny faults with a minimum test
length. We search for this as the minimum test length seed
Timin. It is always possible to find at least one such seed.
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4. The proposed approach

When performing pseudo-random testing using an LFSRs
as test pattern generators, the fault coverage that can be
obtained is limited by the presence of random resistant
faults in the CUT. To evaluate the detection hardness of
these faults, we need to use a measure that represents
the difficulty level for a random pattern to detect a given
fault. Computing the fault detection probability is a hard
problem. Generally, the higher the number of patterns de-
tecting a given fault, the easier this fault is detected. In our
method, we measure the quality of the generated test af-
ter each test vector is applied to the CUT.

A pattern generator based on an LFSR generates a test
pattern sequence after a seed has been set. We first ap-
plied the method to the test-per-clock BIST structure, where
the CUT is a combinational circuit. Once an LFSR seed is
selected, the succeeding output test sequence is unique-
ly determined. A binary vector from the m-stage LFSR is
regarded as an element 7; (0<i<2™-1) from Galois Field
(GFJ (2™, where T is a primitive element from GF (2™) and
i denotes the index.

Figure 6 shows a three pillar example of the seed selec-
tion procedure. First we select one of LFSR generators
with a starting seed T;. We first consider that the length L
of the generated test sequences is set. Then we start to
generate a fixed number of pseudo-random test vectors.
With a fault simulator /21/ we measure the success of
generated test vectors after each new generated and ap-
plied test vector. The first pillar represents the result for
test set with seed T;. The bright frames in the pillar contain
the useful test vectors. Those cover one or more faults in
the CUT. The dark frames contain unuseful ones (no new
faults were found by a specific test vector). By comparing
those three pillars, we suppose a seed that generates a
test cube that covers more faults then any other. Unfortu-
nately, it is not only the number of successful test vectors

in a cube that is important, but also how many faults are
covered by them. Figure 7 describes this situation, where
the cubes were rearranged by a fault coverage C (%). The
seed Ti+n is the most successful selection with the highest
achieved fault coverage. However, the generated test vec-
tors for seed Ti+m contains more useful test vectors, but
test vectors for seed T+ in a set are more effective.

fixed number of

pseuida-random

generatzd test
vectors

useful test vactors

unuseful test vectors

o

>
Seed T Seed Tim Seed Tom seed

Fixed generated number of test sets with
different seeds.

Figure 6:

useful to useful test vectors
urkiseful ratio of
pseudo-random
generated test
vectors

seed

T best sead

Figure 7: Ordered pillars by effectiveness.

Next, we assume that the test-per-clock BIST has been
used in the C17 circuit, which is one of the [CSAS 85
benchmark circuits. This circuit has five primary inputs and
two outputs. An example of the best seed calculation pro-
cedure is given in figure 8. For a given polynomial

Name of the circuit cl? }

Murnber of primary inputs 5 '

Murnber of primar; y outpute 2

Mumber of gates B

Level of the circuit 3

Folinomial  Eeed Tes t;atterFﬂult covel Collapsed Detected f:UndetectedMemory  CPU

L oo L 17] 100000 22 22 0 1es1120.000
5.1] 01000 16, 100.000° 22 22 -0 iBB1120010
5.1] ooon 15 100000 72 22 0. 168116.0.010
=51 oooto 14 100.000. 22 2 0 168116:0.016
(5.1] oo 13 10000 22 420 163116 0.000
5.1] 100 12100000 22 2 0 1681160000
5.1] 01100 11° 100.000° 22 22 0 168120 0.001
15.1] 00110 100 100,000 22 22 0. 168120 0.010
Figure 8: The best seed calculation procedure for minimal required number of test patterns according to complete

fault coverage of C17 with polynomial /5,1/.
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PX)=x>+x+1 and the starting seed To (10000) the fault
simulation returns 100% fault coverage of C17 after 17
generated test vectors. If we calculate the required test
length to achieve the target coverage (in our case 100%),
we next increment the starting seed by one and a function
L(Ti, Ng) returns 16 test vectors for all 22 faults. Starting
with a seed 00110, we achieve the same (100%) fault cov-
erage with shorter test length of only L=10 pseudo-ran-
dom generated test vectors, which is the minimum func-
tion for the proposed polynomial and the seed T min is
00100.

Figure 9 shows the differences in fault coverage when we
implement different polynomials. We found that the imple-
mentation of specific polynomial as pseudo-random pat-
tern generator can be very successful for some circuits
while another type of polynomial returns weak results.
Therefore, it is important to try more than one polynomial.

For a large circuit a seed calculation through a complete
space of all possible test vectors is an NP-hard problem,
therefore we have to be satisfied with approximations. It is
important for the first step to make a realistic estimation of
realistic test length. In the second step we can then begin
with the estimation of the shortest test length Lpin(Ti, Ng).
Figure 10 shows an example where the fault coverage of
L=100 pseudo-random generated tests were simulated.
For a given seed T, the possible fault coverage (FC) of 88%
after applied 58 pseudo-random generated test vectors
was achieved. The rest (number) of test vectors are only
unusable ones in window of 100 pseudo-random test vec-

%

tors (PRTV). The great benefit of our technique is the pos-
sibility for exact calculation of the lower bound of those
testing windows which are able to reach the target fault
coverage for a specific circuit.

<880.benc circuit

test veciors

Figure 10: Coverage/number of generated test vector
ratio for c880.bench

5. Experimental results

The method to reduce the pseudo-random test length de-
scribed in this paper was applied to ISCAS 85 benchmark
circuits. We considered the test-per-clock BIST structure.
The size of each LFSR is equal to the number of primary
inputs in each circuit. The characteristic polynomial of each
LFSR is a primitive feedback polynomial. Fault simulation
in each circuit was performed using FSIM simulation tool
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/21/. The computer we used is PC based platform with 1
GHz Pentium Processor.

First, we select a seed that could achieve the minimum
test length to cover the highest possible number of detect-
able faults in a particular benchmark circuit. Next, we
search for suitable polynomial for a circuit. First polynomi-
alin the database is a polynomial with the lowest possible
number of feedbacks. Then we progressively increase the
number of feedbacks for each additional polynomial in the
base. The number of selected polynomials differs and de-
pends on the size and complexity of a circuit. For exam-
ple, we used 20 different polynomials for C880 circuit and
only three polynomials for C7552 circuit. In the next step
we randomly select the first seed and determine the fixed
test length TSL for each test sequence. Further on, we
determine the distance to the next seed and the total
number of generated test sequences for each individual
polynomial in database. The number of selected seeds,
i.e. the number of test sequences, depends on the number
of inputs in the tested circuit and ranges between a few
hundred and few thousand for each polynomial. With the
simulator, we calculate the achieved fault coverage for each
generated test sequence, for each polynomial and seed.
Next step is a determination of the average (AVR_FC %)
and maximum fault coverage (M_FC %) for the specific test
set. The results give us the information, which polynomial,
seed and test length are the most suitable for a tested cir-
cuit.

The results are given in Table 1. The first column indicates
the circuit name. The second and the third column give
the number of primary inputs (# Pl) and primary outputs
(# PO), respectively. The fourth column gives the number
of detectable faults (# F) in a circuit. The fifth column re-
ports the chosen length of the generated test sequences
(TSL). Columns six and seven give the average fault cover-
age (AVR_FC in %) and maximum achieved fault coverage
(M_FC in %) according to the selected test length. The
CPU time (in seconds) needed for the complete process
of generating a one-seed LFSR test sequence is in the
last column. For each circuit, an average of 15 different
primitive feedback polynomials were evaluated. The results
in table 1 show the performances obtained with the pro-
posed method to compute the most successful LFSR seed
and the best polynomial. By comparing our results to pre-
viously published results /23/,/10/, we conclude that for
most tested circuits our results were comparable or even
better. Computational effort is much more difficult to com-
pare because of different equipment used in former re-
ports.

In the second step of the algorithm, the goal was to find
the shortest test sequence according to selected polyno-
mial and starting seed. We used the outcome of first step
of the algorithm, i.e. the best suited polynomial and the
best seed. The seed is then used as initial seed in the
second step of procedure. For each new generated test
vector a fault coverage is computed by the fault simulator,

Table 1: Test results according to selected test lengths for ISCAS 85 circuits

Circuit | #PI | #PO |#F | TSL(10% | AVR FC (%) | M FC (%) | CPU (s)
c432 36 7 524 |5 98,696 99,237 322,69
10 98,993 99,237 5398,50
50 99,135 99,237 29073,51
c499 41 32 758 |1 98,697 98,945 519,56
5 98,725 98,945 12702,11
100 98,945 98,945 19800,47
C880 | 60 26 942 |1 94,286 99,804 529,02
5 99,5 100 1022,55
10 99,753 100 149523
C1355 | 41 32 1574 | 1 96,215 99,238 1180,11
5 97,343 99,942 3100,21
C1908 | 33 25 1879 |1 95,268 97,765 141624,00
10 99,487 99,521 384374,12
50 99,519 99,521 15500,98
C2670 | 233 140 2747 |5 84,526 88,278 191052,19
10 84,748 90,462 358931,22
C3540 | 50 22 3428 | 1 94,278 95,362 7906,16
5 95,829 96,004 13000,01
C5315 | 178 123 5350 | 5 69,907 98,897 6 h
10 98,897 98,897 4008
C6288 | 32 32 7744 | 500 99,561 99,561 1008,09
1 99,561 99,561 1579,15
C7552 | 207 © | 108 7550 | 10 94,188 96,768 7 h
50 96,467 96,927 13 h
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Table 2: Average test results according to selected test lengths for [SCAS 85

Circuit | #PI | #PO | #F #AVR_TL | AVR FC (%) MIN_TS | M_FC (%)
C17 5 2 22 11 100,00 5 100
C432 36 7 524 611 98,413 353 99,24
C499 41 32 758 793 98,820 512 98,95
C880 60 26 942 14353 98,272 1024 100,00
C1355 41 32 1574 2060 97,059 1760 96,49
C1908 33 25 1879 3502 99,071 3296 99,31
C2670 233 140 2747 > 100000 92,111 99999 95,413
C3540 50 22 3428 9949 95,920 4160 96,004
C5315 178 123 5350 512 98,061 483 98,897
C6288 32 32 7744 62 99,330 64 99,561
C7552 207 108 7550 > 100000 96,026 14432 97,007

When the desired fault coverage is achieved, the proce-
dure ends and the last generated test vector determines
the intermediate achieved test length. For each polynomi-
al, we randomly select 1.000, 5.000, 10.000 and 100.000
testsets onaverage. Then, we calculate minimal test length
(MIN_TS) for the highest fault coverage (FC %), average
test length (# AVR_TL) and average fault coverage
(AVR_FC). We found out that the majority of tested circuits
the average and minimal number of test vectors are very
close. For some circuit, i.e. C880, we calculate the min-
imal test length of 1024 generated test vectors to achieve
100% of fault coverage. To achieve the average of 98,272
% fault coverage we need 14.353 test vectors in average.

In Table 2, we compare the fault coverage provided by our
method and the best fault coverage of random selected
seed test sequence. The first column has the circuit name,
The second and the third columns give the number of pri-
mary inputs (# Pl) and the number of primary outputs
(# PO). The fourth column gives the number of detectable
faults (# F) in each circuit. Columns five and six give the
average test length (# AVR_TL) and the average achieved
fault coverage (AVR_FC in %) according to the selected
set of seeds. In column seven we report the shortest
achieved test length. The highest possible fault coverage
achieved according to minimal test length is in the last col-
umn.

6. Conclusion

In this paper, we proposed a technique for selecting the
LFSR TPG seed in order to achieve the highest fault cov-
erage with a given set of characteristic polynomials. In our
research we can conclude that different characteristic
polynomials can return a different best possible seed to
reach the expected fault coverage. The test length (total
number of generated pseudo-random test patterns) differs
more than 1 against 10 for some circuits being tested. To
compute the best seed for the largest circuits in the test
{C7552) we need 13 h of computational time. Note that
for large circuits the applicability of the method depends
on two user constraints. The first one is the computational
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effort one is willing to spend. The second one is the test
length of the test sequence one is willing to allow. Com-
paring to the results of other authors we can conclude that
our technique is fast enough to deal with combinational
circuits of great size and with a large number of primary
inputs. Furthermore, the proposed seed/polynomial se-
lection can be applied not only as conventional BIST but
also in mixed mode BIST such as those with reseeding,
mapping, and bit-fixing.
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Abstract: Application specific integrated circuit design usually requires several input bits for trimming, for changing operating parameters or simply for
storing information - such as a product version or a serial number. While reducing the size of the chip, we can not afford to waste silicon for several input
pads. Therefore, to satisfy the compatibility issues, we normally have to use, or suitably adopt one of the available serial busses. They vary in protocol
types, speed, reliability, complexity and number of wires required. In this article we will briefly introduce some of the most popular serial interfaces.
Afterward we will focus on the SPI (Serial Peripheral Interface) and 12C (Inter Integrated Circuit bus) serial protocols. For that purpose we will give some
details about two different application specific integrated circuits that we recently designed for serial production. These two circuits have very similar input
and output requirements, but they use different interface protocols. Complexity details and space requirements for the mentioned interfaces will be

analyzed.

Nacrtovanje in analiza podatkovnega vmesnika na
integriranih vezjih po narogilu z uporabo 1°C in SPI
standardov

Kjuéne besede: I°C, SPI, Integrirana vezja po narodilu, zaporedna sinhrona komunikacija, eeprom AT24CXX.

Izviedek: Naértovanje integriranih vezij po narogilu je vse pogosteje povezano z zagotavijanjem moznosti sprotnega vplivanja na delovanje integriranega
vezja in tudi moznostjo shranjevanja informacij v integriranem vezju - na primer verzija izdelka alf serijska Stevitka. V ta namen je najbolj ekonomicna
uporaba zaporednega komunikacijskega vodila, saj zahteva malo vhodnih prikljuckov na integriranem vezju. Zaradi zdruzljivosti z drugimi napravami, je
priporocljivo uporabiti ali prilagoditi katerega izmed znanih serijskih vodil. Seveda pa se slednji med sabo zelo razlikujejo glede nadina komunikacije,
hitrosti, zanesljivosti, zapletenosti in stevilu povezav, ki jih potrebujemo za njinovo uporabo. V tem ¢lanku bomo na kratko predstavili nekaj najbolj popu-
farnih serijskih protokolov. Bolj natanéno pa si bomo ogledali SPI (Serial Peripheral Interface) in 12C (Inter Integrated Circuit bus) nacina povezav in to na
primeru dveh integriranih vezij po naroéilu. Vezji smo nedavno razvili za serijsko proizvodnjo in imata zelo podobne vhodno izhodne komunikacijske
zahteve. Za izvedbo smo uporabili dva razlicna komunikacijske protokola. Primerjali bomo prostorsko zahtevnost in zapletenost izdelave komunikacijskih

vmesnikov,

1. Introduction

Modern ASIC (Application Specific Integrated Circuit) de-
sign usually requires input capability of several information
bits. This is necessary to achieve optimal operation or for
storing desired information. Since the silicon chip should
be as small as possible, we can not afford to use several
pads for parallel communication. As the efficiency of the
serial busses increases, the speed advantage of the paral-
lel data transmission gets less important. Consequently, a
serial transmission is perfectly suited to decrease the
number of space consuming pads on the integrated cir-
cuit. The basic principle is that command codes and as
well as data values are serially transferred to the integrated
circuit. After that they are pumped into a shift register, where

they can be available for internal parallel processing. Figure 1: Overview of the most popular serial data
busses.

At the present time we have several serial communication

standards available /1/. The most popular are USB (Uni- Area Network). Figure one presents an application over-

versal Serial Bus), [IEEE1394, SPI (Serial Peripheral Inter- view of the mentioned serial protocols. Let us shortly

face), 1°C (Inter Integrated Circuit bus), UART (Universal present the most important features: '

Asynchronous Receiver Transmitter) and CAN (Controller
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- USB is still emerging standard, developed by Intel and
Microsoft for connecting personal computers to pe-
ripherals. It uses four wires; two of them are power
supply.

- UART is mainly used for asynchronous communica-
tions in computer world for speeds up to 1Mbits/s.
Parity bit can be added for increased reliability. One
wire for each direction of flow.

- CAN is one wire (differential) bus, developed by
BOSCH and CIA for industry demanding environ-
ments, where high reliability is requested.

- IEEE 1394 is also still emerging standard - trademark
of Apple. It uses four or six wires. Mostly used in com-
puter or video applications where constant transfer
rates with guaranteed bandwidth is required.

- SPlwas developed for connecting peripherals to each
other and to microprocessor. It is a four wire full du-
plex synchronous serial data link. Has no official spec-
ification.

- 1°C developed by Philips for communication between
integrated circuits on printed circuits boards. Two bus
lines are required.

In this article we will take a closer look to the SPI and I°C
serial bus. We recently designed and transferred into the
production two different ASICs, with similar input and out-
put requirements, but different interfacing protocols. One
was SPI and the other was 1°C.

The SPl-bus is a four-wire (actually three-wire plus slave
selects wires plus ground) synchronous serial communi-
cations interface, used by many microprocessor peripher-
al chips. ltis standard across many Motorola microproces-
sors and other peripheral chips. It provides support for a
low/medium bandwidth network connection amongst
CPUs and other devices supporting the SPI. A synchro-
nous clock shifts serial data in and out of the bus control-
ler in blocks of 8 bits. SPI bus is a master-slave interface.
Whenever two devices communicate, one is referred to as
the “master” and the other as the “slave” device. The mas-
ter drives the serial clock. When using SPI, data is simulta-
neously transmitted and received, making it a full-duplexed
protocol. Motorola’s names for the four signals are as fol-
lows: SCLK for serial clock, which is always driven by the
master, MISO is master-in slave-out data, MOS! is master-
out slave-in data and CS (chip-select) input is required to
enable the slave. Every slave connected to bus needs sep-
arate chip-select signal line. There are also the extensions
to SPI protocol such as for example QSPI (Queued Serial
Peripheral interface) and MicrowirePLUS.

12C is a two-wire (plus ground) synchronous full duplexed
serial interface standard defined by Philips Semiconduc-
torinthe early 1980’s. The two active wires, SDA and SCL,
are both bidirectional. Where SDA is the Serial Data line
and SCL is the Serial Clock line. The interface typically
runs at a fairly low speed (100 kHz to 400 kHz) form 1998
specifications also up to 3.2 mega baud. Each device on

the bus has a unique address. A device that controls sig-
nal transfers on the line and also controls the clock fre-
quency is the master. Device that is controlled by the mas-
ter is slave. The master can transmit or receive signals to
or from the slave, or control signal transfers between the
two slaves. Bus supports more than one master on a sin-
gle bus. To begin the communication, the master places
the address of the slave, with which it intends to communi-
cate, on the bus. All devices monitor the bus, o determine
if the master device is sending their address. Only the de-
vice with the proper address communicates with the mas-
ter. 1°C has also the acknowledgement mechanism to con-
firm data reception.

In next paragraph we will shortly describe our approach to
the implementation of the SPI and 12C bus, including some
technical background for better understanding the com-
plexity and the differences between the mentioned com-
munication protocols. Later we will show our interface de-
sign approach and some area analyses of the implement-
ed methods.

2. Implementation of the SPI
interface on the ASICA1

Requests for the ASIC1 interface was to adopt SPI inter-
face for writing, storing and reading eighty bits of informa-
tion. This information is necessary for trimming DAC (Digit-
al to Analog Converters) and for integrated circuit setup.
Interface clock frequency should be up to 1MHz. Eighty
bits are organized within ten differently addressed bytes.
Since the purpose of previously mentioned bits is to fine
trim the operation of the ASIC, these ten bytes of informa-
tion should be available in parallel. The reason for thisis to
avoid erratic operation of the chip while trimming. In other
words, by using a simple shift register particular fine trim-
ming function would be set up to several undesired posi-
tions before the final shift. Therefore we actually need more
registers and appropriate logic to perform the desired se-
rial to parallel operations. Figure 2 presents block diagram
of the ASIC 1 interface.
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Figure 2: SPl interface block diagram for ASIC 1.
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There is no official specification what exactly is SPI inter-
face and what not, so there are no general rules for transi-
tions where data should be latched. In practice there are
used four different modes. Figure 3 presents an example
of the SPI-mode O communication protocol where CPOL
(Clock polarity) and CPHA (Clock phase) are both zero.
Data on the MOSI and MISO lines are therefore valid on
the rising edge of the clock. When chip select for slave
device is low, writing instruction is followed by address and
data bits.

&3 Eﬁ
m )
see [TLTULTLIMLL| &  fBekk |
v
MOSI 0 [1 10 o 7 ? e
MISO O o0 ©0 0 0 MISO |

Example of the SPI communication
protocol.

Figure 3:

From the block diagram on figure 2 we can see, that such
SPI interface design can be quite straight forward. There
are very few extra blocks necessary. We require one ad-
dress decoder, one clock multiplier and divider, some elec-
tronics for enabling and disabling register operations, elev-
en eight bit registers and two serial to parallel registers -
one for address and one for data.

3. Implementation of the 1°C interface
on the ASIC 2

Serial communication protocol for the ASIC 2 uses 1°C in-
terface for reading fifty-six information bits that are also
used for trimming DAC structures and setup the operation
of the integrated circuit. This demand is quite close to that
forthe ASIC 1.

Communication must run between the ASIC 2 and the At-
mel eeprom integrated circuit AT24CXX /3, 4/. When one
IC that wants to talk to another, the communication proce-
dure goes as follows:

- Wait until there is no activity on the 1°C bus. This is
when SDA (data) and SCL (clock) wires are both high.

- Reserves the communication bus. All other ICs then
wait for the clock and address to appear on the bus.

- Provides a clock signal. It will be used by all the ICs
for the synchronization of the transfer. The data on
the data wire is valid when clock wire switches from
low to high.

- Places on the bus the unique binary address of the IC
that it wants to communicate with.

- Puts appropriate bit on the bus, whether it wants to
send or receive the information.

- Waits for the other IC to acknowledge the communi-
cation.

- Afterreceiving acknowledge, it starts transférring data.
After every eight bits of data, it waits for a new ac-
knowledge.

- After all data is transferred, it sends stop bit to the
bus.

Figure 4 presents the implemented sequence of protocol
requirements for our purpose. Default eeprom address for
AT24CXXis “1010” and additional three bits “000” are used
for addressing different memory pages or different devic-
es on the bus. If we use for example AT24C01 with 1K of
memory, it has address “1010000". Reading starts at byte
with address 0x01.

From figure 4 we can see, that we need besides fifty-six
information bits also additional thirty-seven bits thanks to
the communication protocol. Therefore we actually have
to monitor bus clock for ninety-three bits. For that purpose
we decided to use two decimal counters, one clock divid-
er and muttiplier, input data monitor, action select circuit
and seven eight bit shift-parallel registers. Since the data,
that is stored in seven eight bit registers also fine adjusts
DAC structures, it is necessary to read them in paralle! to
avoid erratic operation. The same case was in section two
while we discussed ASIC 1. Such ASIC 2 structure is gen-
erally presented on figure 5. We can easily see that there
is extra complexity according to the ASIC 1 structure on
figure 3.

At this time we must also mention the Philips’s position,
that all chips (IC, ASIC, FPGA, etc) that can talk to the 12C
bus must be licensed. It does not matter how this interface
is implemented /1, 11/. Since we only perform reading

S S
T w T R S
A 7 A E T
R SLAVE T VIORD R SLAVE A O
T ADDRESS g ADDRESS{n) T ADDRESS D DATA O DATA 6 P
TT T T T T 1T T 1 T T T T 71T 11 T T T T 1
SDA
LINE 1[o§1jof0o 0 0 00000001 110]1]0j0o 0 0 D7 DO cee ID7 Do
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Figure 4: Communication procedure form AT24CXX to ASIC 2.
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Action select

Double
decimal
counter

CITK

and
serial store
register

Input data monitor

Paraliel store register

DAC

Figure 5: °C interface block diagram for ASIC 2,
from the eeprom, such license is already covered by eep-
rom manufacturer and is not additionally required for our
ASIC 2.

4, Comparison of the implemented
serial interfaces

Previously described interface approach on the ASIC 1
required for realization 3784 transistors occupying 0.1
mm?, what represents 1.2 percent of the chip area. ASIC
2 required for the interface realization approximately 4696
transistors occupying 0.18 mm?, what represents approx-
imately three percents of the chip area.

i |EBASICH
< [JASIC2

STORAGE ALL

CLK LOGIC

Number of transistors that were necessary
for practical ASIC 1 and ASIC 2 interface
realization.

Figure 6:

Diagram on figure 6 presents the number of transistors
that was used for realizing different interface tasks on ASIC
1 and ASIC 2. Realization of the auxiliary clock signals re-
quired almost identical number of transistors. Itis also clear,

that less communication wires required more digital logic
gates for input stream processing. The reason for different
number of necessary transistors for storage is due to the
higher complexity of the 12C. It requires some additional
functions to be included in storage registers. The differ-
ence to consider is also the fact that ASIC 1 needs to store
eighty bits in ten registers, while ASIC 2 needs to store
fifty-six bits into seven registers.

On the other hand, the design of storage registers does
not require a lot of designing time, since the same cells
are frequently repeated. More demanding is the design
and simulation of the interface logic. From figure 6 we can
clearly see that choosing SP! interface requires less de-
sign effort. Our rough estimation is that necessary time to

ASIC1 communication interface

ASIC 2 communication interface

In scale comparison of the ASIC 1 and
ASIC 2 with marked areas that are in use
by serial interfaces.

Figure 7:
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incorporate and simulate SPI interface on the ASIC inter-
face takes about half the time necessary for the 1°C inter-
face simulation.

ASIC 1 is realized in 0.6um CMOS technology. It is de-
signed to control 3D strain gauge probe and to process
the strain gauge generated signals for 3D computer mod-
eling purposes. ASIC 2 is realized in 0.8um CMOS tech-
nology and controls the closed loop current measurement
sensor that consists from a full bridge built with MR sen-
sors /12/. Figure 7 presents in scale comparison of the
ASIC 1 and ASIC 2 with marked SP! and I°C data interface
areas.

Atthough both SPI and 1°C provide good support for com-
munication with slow peripheral devices that are accessed
intermittently, each of the mentioned communication ways
has its own advantages towards each other. 1°C is best if
we have just two signal lines to spare or if we need strong
line drivers. If the clock speed should be faster than 400
kHz SPI is most likely better and simpler choice. SPI is
also better suited for applications that are naturally suited
as data streams while I°C is better for communication with
on-board devices that are accessed on an occasional ba-
sis.
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Abstract: The design of high voltage feedthrough components needs to satisfy mutually contradictory requirements. Selected geometries, dimensions,
and materials of a high voitage feedthrough need to prevent voltage breakdown under worst case conditions, while size and weight are often constrained.
The compact size requirement is less important in massive systems (distribution of electric energy), but it becomes critical with requirements of limited
space and/or low mass. Both constraints, on size and weight, are crucial in RF power delivery systems for plasma processing in the semiconductor
industry and in satellite-mounted instruments for space exploration, such as instruments for solar wind measurements. Expressions for optimal dimension-
ing of a high voltage feedthrough are derived in this paper for the case of delivering RF energy to a plasma chamber via an impedance matching network.
Derived geometries and expressions are useful in design of high voltage feedthrougs in RF and other engineering areas (instruments for space explora-
tion, instruments for high-energy physics experiments, X ray systems, systems for distribution of electric energy).

Dolocitev optimalne geometrije in izpeljava izrazov za
dimenzioniranje komponent visokonapetostnega prehoda

Kjuéne besede: dielektricni materiali, dimenzijska optimizacija, mo¢nostne komponente, RF energija, RF moénostna oprema, neuglasena impedanca
bremena, visokonapetostne komponente, visokonapetostni preboj

izvleCek: Konstruiranje komponent visokonapetostnih prehodov mora zadovoljiti izkljuSujoCe se zahteve. Velikosti in materiali komponent visokonapetost-
nega prehoda morajo preprediti napetostni preboj pri najneugodnejsih pogojih delovanja, in sistemske zahteve pogosto omejujejo velikost in maso vi-
sokonapetostnih komponent. Zahteva po majhnih dimenzijah in masah visokonapetostnih prehodov je manj pomembna v velikih sistemih, kot na primer pri
distribuciji elektricne energije. Zahteva po majhnosti pa je kritiéna, kadar so dimenzije in masa celotne naprave vnaprej omejene. Kompaktne izmere in
majhna masa visckonapetostnih sistemov sta elementarni zahtevi v a) konstrukciji sistemov za generiranje in dovajanje elektromagnetne energije v radi-
jskem frekvencnem (RF) obmocju za vzbujanje RF plazme za prizvodne procese v izdelavi mikroelektronskih vezij, in b) v konstrukeiji satelitskih sistemov
in instrumentov.

V tem prispevku so dolo¢ene optimalne geometrije in so izvedeni izrazi, potrebni za optimalno konstruiranje visokonapetostnega prehoda pri dovajanju RF
energije v plazemsko komoro preko sistema za impedanéno prilagajanje. Izvedene geometrije in izrazi so uporabni za naértovanje visokonapetostnih
prehodov v RF tehniki in na drugih podrogijih (instrumenti za raziskovanje vesolja, instrumenti za eksperimentalno delo v visoko-energetski fiziki, roentgen-
ski sistemi, distribucija elektri¢ne energije).

ble), tested commercial solutions exist for different power
ranges. It is at the interface of the loads (e.g., the RF plas-

1. Introduction

A universal problem in the design of RF power equipment
is the transfer of RF power across equipment walls. Typi-
cal examples are energy transfer out of RF generators,
into and out of matching networks, and into loads. At high
powers, the physical design of such feedthroughs runs into
the difficulty of satisfying mutually contradictory require-
ments. One requirement, related to voltage, is that there
be sufficient separation between the center conductor and
the wall. The other requirement, not fundamental but quite
common, is that of over-all size reduction - which may limit
the space available for the feedthrough. When the imped-
ance is controlled, as out of a generator and into a match-
ing network (the two being connected by a 50 Ohm ca-

ma chamber) and matching networks /1,4/, that the RF
and mechanical designers face the challenge of geomet-
ric optimization /3/. What makes this interface critical is
the uncontrolled impedance of the load /2, 5/. For a giv-
en power, whose maximal value is known as the power
rating of the generator P,,, ., and for variable load im-
pedance, the voltages that may appear at the feedthrough
can reach extremely high values. Hence, the feedthrough
design voltages are not those expected in steady state op-
eration, but those that may be generated by the worst tran-
sients, however short.
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Thus, for a generator power rating £, ., and maximal
transient load impedance Z__ is

max
2
I/e/j _load

fagen _rated 7

s
1“7 max ’

and the feedthrough design voltage (peak value) is

VA

max

I/max = K\/Q’}Dgen_ rated 4 )

where K is the designer's safety factor.

Fortunately, the feedthrough design problem naturally splits
into two parts. One is the optimization of conductor shapes,
regardless of the required maximal voltage rating; the oth-
er is the selection of its overall dimension. The first part,
which is pure physics, can be solved once for all for any
type of feedthrough geometry - which is done in the
present paper for an easily manufactured feedthrough. The
second part depends on the application. Here, we only
suggest guidelines.

2. Derivation of expressions for
optimization of shapes and
dimensions of conductors

We state the problem as follows:

For a given round hole opening of diameter D in a cabi-
net wall determine the feedthrough shape that with-
stands the highest RF voltage if the dielectric is air,

Here, D is the variable that characterizes the physical size
of the solution (second part of the problem). As we shall
see, it is proportional to Vmax.

The mechanical feedthrough model is that of a cylindrical
conductor (usually made of copper tubing) of diameter d
passing at a right angle through the center of the hole. The
support issue is irrelevant in principle, provided the coro-
na paths along insulator surfaces are sufficiently long.

The voltage {imit for this model is defined by the onset of
arcing, which would take place between the center con-
ductor and the wall over a distance (D - d)/2. As arcing
begins at local ionization spots’ when the dielectric field
exceeds the medium’s characteristic breakdown value,
(about 1000 V/mm for dry air), the often quoted computa-
tion of electric fields as voltage divided by distance regu-
larly leads to grossly under-designed feedthroughs. This is
because the voltage over distance expression is valid only
between parallel capacitor plates. in all other cases, we
must use the exact definition of the electric field, which is
the gradient of the potential function. This is particularly

true near all edges. The edge of the window in a cabinet
wall is the critical one for feedthroughs. It thus follows that
alt radii of curvature must be maximized, not only the dis-
tances between conductors. This is why we install into the
window a tube of outer diameter D and wall thickness w,
as shown in Figure 1. The length of this tube is not impor-
tant. It can be optimized with respect to other considera-
tions (e.g., mechanical structure). The optimal wall thick-
ness w of the tube will be determined below.

Tube-type high voltage feedthrough.

Figure 1

Disregarding for the time being the edge effects at the end
of this tube, our first task is to determine the optimal diam-
eter of the inner conductor in terms of hole opening of
diameter D in a cabinet wall. To this end, we view the ge-
ometry as a cylindrical capacitor, whose inner electrode is
of outer radius a = d/2 and outer electrode of inner radius
b =(D-2w)/2. Solving the Laplace equation for the space
within the capacitor, i.e., V3¢ =0, the potential function
®=® (r) between the two conductors is

V b

cp(r):;mm .

a

The magnitude of the electric field is then E =]V<Dj, ie.,

90
dr

~V

rln(g]
b

Clearly, its maximal value is at the minimum value of r, which
isr=a:

E=

E:*V

max “—*C;_ .
aln| — {2)

This value is to be minimized by properly selecting the ra-
tio a/b. For a given b, we thus require JE, /da = 0.

1 If the medium is not air, but a dielectric, the language may change from "arcing” to “punch through®”, but the arguments and

the calculations are identical,
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which implies

ln[g—j—klz 0.
b

Hence, the solution is
a= ble.
This establishes one relationship between D, d, and w:
D—-2w
- .
The next task is to determine the optimal value of w.

d=

The following intuitive arguments give us a starting point:
To minimize the field inside the capacitor, it is better to
have a small value of w, as this leaves a greater spacing
between the conductors. A thin wall, however, implies a
small radius of curvature at the edge, namely w/2, as it is
shown in case Cin Figure 2. Hence, from the point of view
of edge effects, it is better to have a thicker wall.

D HVconductor | d D HV conductor d D HV conductor i d

T
b

HERE
kS
1A

l'ccdlhrough end,

w is about zero feedthrough end, cut feedthrough end, rounded

cylinder approximation of
force lines
case A case B case C

Ends of tube-type high voltage
feedthroughs.

Figure 2

An exact solution to the problem of optimal wall thickness
would also give us the optimal shape according to which
the edge should be formed. Such a shape is not present
in cases A and B in Figure 2 that are simple to manufac-
ture. From the standpoint of machining, one would easily
decide for either case A or case B in Figure 2.

Figure 2, case C is quite close to an exact solution. Addi-
tional computational and machining efforts of an exact so-
lution of the optimal edge shape would hardly be justified
by the marginal improvement. We thus assume that the
edges terminate in a semicircular profile of radius w/2.
For a heuristic estimation of the minimal value of w/2, we
note that the density of force lines near the edge (but in-
side the cylinder) is equal to the density at the inner con-
ductor divided by e. Hence, in a good approximation, we

may increase the density of lines at the edge of the cylin-
der by a factor of e without degrading the voltage rating of
the device, as suggest the geometries and force lines
shown in dashed lines in Figure 2, case C. This occurs if
we take the radius of curvature at the edge to be the radi-
us of the inner conductor divided by e, i.e.,

w=d/e.

With the previous equation, this gives us the complete so-
lution:

Numerically,

\O
S5 %‘b

d=——. 4
345 “

The next task is to relate the window's diameter D to the
absolute maximum of peak RF voltage, Vimax, (1) that could
possibly appear on the conductor. The governing equa-
tion is (2). Combining it with relation (1), we get

v _ —_K\/ngg)z__}‘afed )Zmax

Emax = v
aln (% j aln (% j
~d_D-2w _ e?

Substitution of a/b = 1/e and
T2 2e 2e (e + 2)

yields

— 28 (62 + 2)\/2Pgen“rated ‘Zmax
max ezD

Expressing power in kW, all dimensions in meters, and tak-
ing Emax = 10°V/m, we finally get

2(@ +2)
10008 \/2 gen_rated

= 691107 K 2P, | Z | -

[,

max -

Numerically,
D [Cm:l - O'7K\/2})gen_mted max
or

D[cm} =0.7KV ., [kVJ
The safety factor K remains to be selected. For a 50 per-

cent safety margin, for example, we would have K = 1.5,
and hence, the simple rule of thumb
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D[cm] =V [kV] : ()

If Vimax has already been estimated with a reasonable safe-
ty margin, one can take K = 1, which vields

D [cm} =07V .. [kV] (6)

Thus, at least one centimeter of window diameter opening
is required for every seven hundred volts of peak RF volt-
age. This assumes that the edge of the window is mechan-
ically terminated with a tube that leads through the window
in the equipment wall, Figure 1. The tube is to be made
according to the optimal dimensions derived above. Any
other dimensioning makes matters worse.

approximation
of force lines  f—

w

equipment wall, cquipment wall, cut equipment wall, rounded

w is about zero

case A case B case ¢

High voltage feedthrough without a built-
in tube.

Figure 3

These results are for framed feedthroughs, which are of-
ten a natural mechanical solution regardless of voltage rat-
ing considerations. If the frame is not needed, however,
its length may be reduced to the minimum, which is its wall
thickness, w. It may then be implemented as an integral
part of the housing wall, provided its edges are machined
to a semi~circular profile, as illustrated in Figure 3, case C.
The required opening D is then smaller, since it does not
have to accommodate the frame. Geometries and force
lines shown dashed in Figure 3 are identical to those in
Figure 2, and so is the analysis. Results, i.e., modified
design equations are:

d =Q, (7)
e
d D
W:“e‘ :;7, (8)
D[cm] =0.6KV [kV] . (9)

Cases A and B in Figure 3 would be simple to manufac-
ture, but such geometries are inadequate for optimization
of feedthrough dimensioning, since sharp edges imply in-
tense local peaks in force line densities.
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3. Worked out examples

Let us assume that the RMS voltage at full generator pow-
erin a matched condition is 2 kV. The peak voltage is then

2 x\/i, which can be conservatively rounded to 3 kV. Let
us further assume that experience and computations indi-
cate that in the case of worst transient mismatch the steady
state voltage gets doubled, at most. Then, we may take
Vmax = 6 kV. Equations (6}, (4), and (3) then yield

D=07%6=42cm,

d= 4—2« =1.24 cm,
3.4

w= ﬂ =0.45 cm.
9.4

Hence, the smallest possible robust feedthrough requires
awindow opening of 4.2 centimeters, a center conductor
1.24 cmin diameter and a window frame of wall thickness
0.45 cm. Figure 1 shows the general appearance. Both
ends of the tube are rounded as shown in Figure 2, case
C. The length of the tube is arbitrary, and may be very short.

For a straight feedthrough, case C in Figure 3 (no sepa-
rate tube), equations (9), (7) and (8) vield the solution

D=0.6%6=3.6cm,

d :2:1.32 cm,
e
:Li% =0.49 cm.
e

We see that the diameter of the center conductor and the
thickness of the wall are essentially the same, but a much
smaller opening is required. The trade-off is in the thick-
ness of the housing wall, which must be 0.5 cm. It is also
essential that the hole be smoothly milled to a semi-circu-
lar profile.

Finally, we must emphasize that this entire analysis refers
to air as a dielectric. The supporting insulators are also
assumed to be designed for a sufficiently long surface
corona path. Clearly, a substantially more compact
feedthrough is possible if the window and central conduc-
tor can be completely and tightly potted (no air gaps) in
some appropriate structural dielectric. The relative geom-
etry of the optimal solution remains the same, i.e., rela-
tions (7) and (8) are still valid, but equation (9) becomes

D[cm]:0.6~8—lKVmax [kV], (10)
v

where €' is the dielectric’s relative dielectric constant, and
r its dielectric strength relative to air. We see that the die-
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lectric constant €' works against us, while the dielectric
strength ris in our favor.

Example:

We consider the same problem as above, but with Teflon
encapsulation. We have € =2.5, and let us take r = 50
(which corresponds to a dielectric strength of 50 kV per
millimeter). Then,

D= O.6%§Vmax =0.03V,, =0.03%6=0.18cm,
d= QE =0.066cm.
e

The minimal wall thickness (w = 0.024 cm) is irrelevant in
this case, as any realistic housing wall would substantially
exceed it in any event,

This example points to two issues not considered above:

1. The current carrying capability of the conductor. Clear-
ly, the wire with a diameter of 0.6 mm in this example
is probably unrealistic (unless the minimal impedance
of the load is so high that the RF currentis very small).
However, it is the lesson that counts: Once a
feedthrough design is completed, the conductor di-
ameter, d, must be reviewed for its current carrying
capability. At RF frequencies, the resistance must be
computed accurately by taking the skin effect into
account. If a larger diameter is called for, the window
diameter D must be increased accordingly - either
by redoing the mathematical analysis under the as-
sumption of a given d, or, overconservatively, by pre-
serving the geometric relations derived above (i.e.,
by taking D = ed).

2. The dissipation in the dielectric. If the dielectric were
ideal, i.e., if its dissipation constant € " were zero, (as
it is in air), the design equation (10) would suffice.
With realistic dissipation constants, it is not. The rea-
son is that at sufficiently high field strengths and fre-
qguencies, even for the smallest available €" (as in
Teflon and Ultem), enough power is dissipated in the
dielectric to heat it faster than it can cool. As the die-
lectric strength decreases with temperature /6/, ther-
mal runaway and catastrophic failure immediately fol-
low.

We extract the following lesson from these considerations:

In selecting a potting dielectric, aim at a minimal dielectric
constant €' and minimal dissipation constante"” It is a mis-
take to search for maximal dielectric strength r, as it is most
unlikely that the dielectric strength of the cold dielectric
will ever be a limiting design parameter.

4. Conclusion

At high voltages, the physical design of feedthroughs runs
into the difficulty of satisfying mutually contradictory require-
ments. One requirement, related to voltage, is that there
be sufficient separation between the center conductor and
the wall. The other requirement is saving the equipment
volume. The feedthrough design problem splits into opti-
mization of shapes, in selection of materials and into cal-
culation of dimensions.

Optimal feedthrough shapes and expressions for optimal
dimensioning are derived in this paper. Our optimization
suggests selection of materials with a low dielectric con-
stant and with a low dissipation constant for potting dielec-
trics. It is most unlikely that the dielectric strength of the
cold dielectric would be a limiting design parameter.
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ELEKTROKEMIJSKO IMPULZNO NANASANJE BAKRA V
PROCESU IZDELAVE TISKANIH VEZIJ

Ales Leban’, Danijel Voncina', Ciril Zevnik?, Janez Fister®

"Univerza v Ljubljani, Fakulteta za elektrotehniko, Ljubljana, Slovenija
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Kjuéne besede: tiskano vezje, skoznja luknja, impulzno nanasanje, fransport snovi, gostota toka, tokovni vir

lzvle¢ek: Miniaturizacija elektriénih naprav narekuje razvoj veéplastnih elektronskih tiskanih vezij z visoko integracijo komponent, zaradi cesar se zmanjsu-
jeta Sirina povezav in premer skoznijin lukenj na tiskanini. Nanasanje bakra na ta mesta postaja v procesu izdelave tiskanega vezja vedno bolj zahteven
postopek, od katerega je odvisna kakovost in cena izdelka. Zlasti v primeru dimenzijsko zahtevnih oblik, kjer s klasi¢nim postopkom nanasanja ne moremo
izpolniti zahtev kupca, se zato posluzujemo nove tehnologije elektrokemijskega impulznega nanasanja. Njene prednosti se kaZejo v enakomerngjéem
nanosu in v njegovih izboljsanih mehanskih lastnostih. To dosezemo z izbiro ustreznih parametrov toka, preke katerih lahko vplivamo na kinetiko elektrod-
nih reakeij na nacin, ki je v ¢lanku principielno opisan. NezaZelen produkt napajanja elektrokemijskega procesa z impulznim tokom je kapacitivni vpliv
dvojnega sloja, ki je odvisen od dinamike tokovnih impulzov. Zgolj z modifikacijo klasicnega enosmernega vira ne moremo zagotoviti ustrezne dinamike
toka, zato smo predlagali novo topologijo impulznega tokovnega vira, na podlagi katere smo izdelali eksperimentalni model. Ob koncu so zbrani dosezeni
rezultati, ki omogoéajo primerjavo enosmernega in impulznega postopka nanaganja bakra na zahtevnejsa tiskana vezja.

Pulse plating in PCB manufacturing

Key words: PCB, via, pulse plating, mass transport, current distribution, pulse current source

Abstract: The continuing trend of miniaturization is driving PCB design more and more towards HDI and multi-layer boards. This means finer tracks,
smaller holes and higher aspect ratios. As a consequence, the conventional acid-copper electroplating becomes very demanding and affects the per-
formance and the price of the finished board. The ability to plate sophisticated boards is given by the use of pulse current instead of a DC. Since the pulse
plating process takes place at higher current densities, a fine grain structure of the deposit can be obtained and hence the deposit porosity is reduced.
Uniform deposit distribution is another advantage offered by the puise technology. It should be noted, that current "shaping” represents only one way of
influencing the complicated system which contains many other process parameters. To understand the interdependence of these parameters with pulse
parameters qualitatively, a basic mass transport and its influence to the current distribution are described. Charging and discharging of the double layer,
which is a side effect of the pulse plating, represents the main limitation of arbitrary pulse parameters setting. It can be reduced providing sufficient slopes
of current pulses. Considering this, we also proposed a new topology of pulse current source and built an experimental model. At the end, the results of
copper deposition obtained under bipolar pulse current conditions are collected and compared to the results obtained using conventional technology.

1. Uvod jem med debelino plosc¢e in premerom skoznje luknje (AR -
Aspect Ratio) vse tja do 20.
Elektrokemijsko nanadanje kovin je proces, ki zahteva
temeljito interdisciplinarmo poznavanje metalurgije, kemije
in mocnostne elektronike. Prav slednja je v preteklem de-
settetju bistveno pripomogla k novim spoznanjem na po-
droCju nanasanja kovin na osnovne materiale s pomodjo
moduliranega (impulznega) toka. Prednosti impulzne teh-
nologije nanasanja pred nanaganjem z enosmernim tokom
se kazejo v izbolj$anih mehanskih lastnostih in v enakomer-
nejsi porazdelitvi kovinskega nanosa po povrsini /1-4/. Teh-
nologija je v zadnjih letih delezna intenzivnega razvoja, kar
je posledica stopnjevanja zahtevnosti industrijskih izdelk-
ov. Posledicno s klasi¢nim enosmernim postopkom nana-
$anja kovin ni mogoce zadostiti vsem postavijenim zahte-
vam. S tovrstnimi problemi se sooGamo tudi v proizvodniji
tiskanih vezij, kjer se zaradi visoke integracije elektronskih
komponent na tiskanem vezju zmanjdujeta Sirina vezi in

Pri nanasanju z enosmernim tokom je namre¢ porazdelitev
gostote toka in s tem debelina nanosa proti sredini luknje
izrazito neenakomerna. V primeru zahtevnejsih tiskanih vezij
so proizvajalci prisitieni zmanjsati amplitudo toka, s kater-
im poteka proces bakrenja, in na ta nacin zagotoviti pred-
pisano debelino (20 um) kovinskega nanosa znotraj skozi-
jin lukenj. Ukrep je resda enostaven, vendar vpliva na kolici-
no dnevne proizvodnje, saj‘ se skladno z zmanjsanjem
amplitude toka podaljsa trajanje postopka nanadanja.

Napredek na podrodju nanadanja kovin zagotavlja tehnolog-
ija nanasanja z impulznim tokom. Slika 1 kaze primer pre-
prostega (katodnega) tokovnega impulza (a) in obliko im-
pulza z anodno polarizacijo (b), kakrsen se je uveljavil pri
sodobnih procesih nanasanja bakra.

premer skoznjih lukenj, debelina vezja pa se poveduje. lzziv Kot bomo videli v nadaljevanju, lahko z amplitudnimiin cas-
vprocesu izdelave tiskanih vezi] je nanasanje bakra v skozn- ovnimi parametri toka vplivamo na porazdelitev gostote toka
je luknje s premerom, ki je manjsi od 200 um, in z razmer- po povrdini tiskanega vezja in s tem na enakomernost ko-
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Slika 1. Oblika impulznega toka: a) preprosta,
b) z anodno polarizacijo

vinskega nanosa. Zaradi Stevilnin vplivnih veli¢in, ki nas-
topajo v procesu elektrokemijskega nanasanja (temperat-
ura, vrsta elektrolita, vrsta kovine, intenzivhost mesanja,
koncentracija organskih dodatkov...), je optimalne vrednosti
parametrov smiselno dolociti iz serije poskusov in meritev.
Zato mora biti impulzni tokovni vir, s katerim napajamo pro-
ces, sposoben generirati tokovne impulze s parametri, nas-
tavijivimi v Sirokem obmocju.

2. Fizikalno ozadje impulznega
nanasanja kovin

Porazdelitev gostote toka na posameznih mestih tiskanega
vezja (le-to v procesu nanasanja tvori katodo elektrolitske
celice), je odvisna od geometrije sistema, prevodnosti ele-
ktrolita in elektrod ter od kinetike elektrodne reakcije. Na
slednje imamo moznost vplivati preko parametrov ele-
kiricnega toka. Pri tem igra kljuéno vlogo poznavanje mas-
nega transporta snovi, ki v elektrolitu poteka na tri nacine:
s konvekcijo, difuzijo in z migracijo. Za migracijo pred-
postavijamo, da bistveno ne prispeva k skupnemu trans-
portu, zato jo bomo v nadaljevanju zanemarili. Transport
snovi s konvekaijo poteka pod vplivom zunanjega mesanja
elektrolita. Zaradi njegove viskoznosti, se ob katodi formi-
ra hidrodinamiéni sloj debeline d,, znotraj katerega hitrost
gibanja elektrolita v upada (slika 2). Kovinski ioni tik ob
povrdini katode se izlodajo v obliki kovine, kar povzrocCi
nastanek koncentracijskega gradienta (koncentracija ionov
v smeri proti katodi pada). Transport snovi znotraj hidrodi-
namicnega sloja zato ne poteka zgolj s konvekcijo, temvec
tudi z difuzijo. Za lazje razumevanje je smiselno razmere v
okolici katode idealizirati, zato vpeljemo fiktivni parameter,
Nernstov difuzijski sloj, debeline 8y. Na ta nadin smo pred-
postavili mirujo¢ (stacionaren) difuzijski sloj, znotraj katerega
poteka transport snovi zgolj z difuzijo, izven tega sloja pa
prevladuje transport snovi s konvekcijo. Pravkar opisno
dogajanje ustreza razmeram pri nanasanju z enosmernim
tokom.

Sedaj predpostavimo napajanje procesa z impulznim
tokom, pri ¢emer naj ima tok obliko pravokotnih impulzov
trajanja ton in s pavzo tof (slika 1a). Vtem primeru se znotraj
Nernst-ovega difuzijskega sloja na strani katode formira
dodaten pulzirajoci difuzijski sloj debeline 8y, ki je precej
tanjsi od stacionarnega sloja. Koncentracija ionov znotraj
novonastalega sloja pulzira s frekvenco tokovnih impulzov,
minimalno vrednost na povrsini katode pa doseze ob kon-

cu tokovnega impulza. Potek koncentracije kovinskih ionov
C v odvisnosti od razdalje x od katode pri nanasanju z im-
pulznim tokom kaze slika 2.

A L

Pu}zirajoéi sloj -
i 7 C
1/

!/ 7
/

/ ¢

Gl ) |
Nernstov sloj >
»
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Slika 2: Potek koncentracije kovinskih ionov v odvisnosti
od razdalje od katode

Nagib premice v pulzirajocem sloju je sorazmeren amplitu-
di impulznega toka

c -C
[PC = —nFDa e
’ )

P

, (1)

pri cemer je n Stevilo elektronov na izloCeni ion kovine, Fje
Faradeyeva konstanta, D; pa je difuzijski koeficient. Na
enak nacin lahko iz nagiba premice v stacionarnem difuzi-
jskem sloju dolo¢imo srednjo vrednost impulznega toka,
ki je ekvivalentna amplitudi toka pri nanasanju z enosmern-
im tokom. Ampilitudi toka, pri kateri pade koncentracija ionov
ob katodi na ni¢ ob koncu tokovnega impulza, pravimo
mejna vrednost toka lpc,m. |z slike 2 je razvidno, da je nag-
ib premice v stacionarnem sloju, ki je znacilen za nanasan-
je z enosmernim tokom, mnogo manjsi od nagiba premice
v pulzirajo¢em sloju (3, << 8y). Zato je lahko amplituda tok-
ovnih impulzov temu ustrezno vedja, kar se odraza v finozr-
nati strukturi in posledi¢no v izboljsanih mehanskih last-
nostih kovinskega nanosa. Pri tem velja omeniti, da se tra-
janje impulznega postopka v primerjavi s klasi¢nim naci-
nom nanasanja ne skrajsa, saj srednja vrednost impulznega
toka, od katere je odvisna hitrost izlo¢anja kovine, ne sme
preseci vrednosti, ki je doloCena z nagibom premice v sta-
cionarnem sloju.

Dodatna prednost impulznega nanasanja, ki jo s pridom
izkoris¢amo v procesu izdelave tiskanih vezij, je moznost
vplivanja na debelino pulzirajo¢ega sloja (8, ) in s tem, kot
bomo videli v nadaljevanju, na porazdelitev gostote toka.
Kako globoko se bo pulzirajoci sloj razsiril v obmocje sta-
cionarnega sloja, je namre¢ odvisno od trajanja tokovnega

impulza ton
8, =+2Dt,,. (2)

Problematiko neenakomerne porazdelitve gostote toka po
povrsini katode si ponazorimo s sliko 3a, ki ilustrira model
upornosti v galvanski kopeli. Katoda je namenoma nepravil-
nih oblik.
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Slika 3: a) Model upornosti v galvanski kopeli:
b) polarizacijska krivulja

Re je upornost elektrolita, Ry pa je katodna polarizacijska
upornost na stiku katoda-elektrolit, ki je definirana z nak-
lonom polarizacijske krivulje. Indeksa »c« 0z. »r« se nana-
Sata na razli¢ni mesti na povrsini katode. Porazdelitev gos-
tote toka izrazimo z Wagnerjevim stevilom (Wa)

VV(JZ&ZK—‘— (3)
RE dl Z

Vecje kot je Stevilo Wa, enakomernejsa je porazdelitev toka.
Vizrazu (3) je x specificna prevodnost elektrolita, [ paje
karakteristiéna dolzina galvanske kopeli. V odvisnosti od
razmerja upornosti Ry in Re lo¢imo tri karakteristi¢ne
primere porazdelitve toka: primarna, sekundarna in terci-
arna tokovna porazdelitev. Priimpulznem nanasanju tezimo
k terciarni tokovni porazdelitvi, za katero je znacilno, da
je Re << Rp. Slednje zagotovimo tako, da proces napaja-
mo s tokom, katerega amplituda je reda velikosti mejne
vrednosti toka /pc,m. V tem primeru poteka ob katodi trans-
port snovi z difuzijo, zato porazdelitev toka ni odvisna zgolj
od kriterija (3), ampak tudi od debeline difuzijskega sloja.
S tega stalis¢a lo¢imo dva karakteristiéna primera, ki sta
prikazana na sliki 4. V prvem (slika 4a) gre za tako imeno-
van mikroprofil, pri katerem je debelina pulzirajo¢ega sloja
dp vedja od karakteristicne dimenzije profila h (slika 4). iz-
postavijeni deli katode se nahajajo na mestu difuzijskega
sloja z vecjo koncentracijo ionov, zato je gostota toka na
teh mestih vedja. Tokovnice v obliki puséic na sliki 4 prika-
zujejo porazdelitev toka vzdolz profila katode.

Difuzijski sloj

f,
Y

Katoda
a) b)

Slika 4: Vpliv dituzijskega sloja na terciarno porazdelitev
toka: a) mikroprofil, b) makroprofil

Tipicen primer mikroprofila imamo pri nanasanju bakra v
skoznje luknje z enosmernim tokom, in sicer, ko je dimen-
zija skoznjih lukenj reda velikosti debeline difuzijskega slo-
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ja. Le-tega pa doloc¢ajo hidrodinamiéne razmere v galvan-
ski kopeli. Situacijo, ko je debelina difuzijskega sloja man-
jsa od karakteristicne dimenzije profila, pa imenujemo
makroprofil (slika 4b). V tem primeru difuzijski sloj sledi
profilu vzdolz katode, zato izenacevalno vpliva na porazdel-
itev gostote toka in s tem na enakomerno debelino nano-
sa.

Iz povedanega je razvidno, da lahko v pogojih impulznega
nanasanja z ustrezno modulacijo debeline difuziiskega sloja
stanje mikroprofila prevedemo na makroprofil in s tem za-
gotovimo enakomerno porazdelitev toka. Pri tem igrajo
odlocilno vlogo amplitudni in ¢asovni parametri impulznega
toka. V proizvodnii tiskanih vezij se vse pogosteje srecu-
jemo s skoznjimi luknjami z velikim AR. Zaradi slabih hidro-
dinamicnih pogojev znotraj luknje je konvekcijski transport
snovi omejen, zato enakomerne porazdelitve toka v luknji
ne moremo doseci zgolj z njeno prevedbo na makroprofil,
Skrajni primer so slepe skoznje luknje, kjer imamo opraviti
z omejenim pretokom elektrolita. Tovrstnim tezavam se
izognemo z uporabo impulznega toka z anodno polarizac-
jo (slika 1b), v kombinaciji z ustreznimi organskimi sred-
stvi (levelers), ki jih dodajamo v elektrolit. Trajanje nega-
tivnega impulza je bistveno krajse od pozitivnega, po am-
plitudi pa je do trikrat vedji. V ¢asu negativnega impuiza se
del predhodno nanesenega bakra raztaplja, zato se kon-
centracija kovinskih ionov ob elekirodi poveéa. Reakcija
je burnej$a na mestih s povecano gostoto toka, to pa je
ravno tam, Kjer je v fazi nanasanja izlo¢anje kovinskih ionov
intenzivnejse. Dodatna reakcija, ki se odvija v Gasu nega-
tivnega (anodnega) tokovnega impulza, je transport mole-
kul organskih dodatkov na mesta s povecano gostoto toka.
Tam se formira zasditni sloj, ki v fazi nanaganja zavira izlocan-
je kovinskih ionov. S tega vidika lahko razdelimo trajanje
pozitivnega impulza v dva intervala. V prvem se predhodno
raztoplieni kovinski ioni izlo¢ajo na mestih z manjso gosto-
to toka (sredina skoznje luknje). Zaséitni sloj molekul, ki
preprecuje izlo¢anje ionov, se vtem ¢asu raztaplja. Drugi
interval pozitivnega tokovnega impulza pa nastopi v tre-
nutku, ko se zaséitni sloj molekul v celoti raztopi, nakar se
pricne izlocanje kovinskih ionov tudi na mestih s povecano
gostoto toka. Pravkar opisan postopek izlodanja kovinskih
ionov na sredini in na robovih skoznje luknje kaze slika 5.

Sloj organskih dodatkov

Sloj organskih dodatkov

[zlo€anje ionov v sredini luknje IzloCanje ionov na robovih luknje

Slika 5: Mehanizem delovanja organskih dodatkov na
primeru skoznje luknje
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Ce nekoliko posplogimo, poteka nanasanje bakra v skozn-
ie luknje po pravkar opisanem postopku v treh fazah. V
dasu negativnega impulza se na mestih s pove¢ano gosto-
to toka kovinski baker raztaplja in se ob nastopu pozitivnega
impulza izlo¢i na mestih z manjso gostoto toka (sredina
skoznje luknje). Tretja faza nastopi proti koncu pozitivhega
tokovnega impulza, ko se zasditni sloj dodatkov raztopi, in
se kovinski ioni izlo¢ajo na robovih luknje.

4. Vpliv kapacitivhosti dvojnega sloja

Na povrsini kovinske elekirode, ki je potoplienav elektrolit,
se vzpostavi sloj negativne elektrine, ki tvori s slojem pozi-
tivnih kovinskih ionov v elektrolitu elektriéno nevtrainost
obeh medijev. Ob delovanju zunanjega elektricnega polja
se z izmenjavo elektricnega naboja med omenjenima slo-
jema vzpostavi novo ravnovesno stanje. Potek potenciala
znotraj slojev ustreza poteku potenciala v kondenzatorju,
zato dvojni sloj ponazorimo s kapacitivnostjo Cgs. Tok v
galvanski kopeli / je sestavljen iz Faradayeve komponente
Iy, ki doloca hitrost izlo¢anja kovine, in iz kapacitivne kom-
ponente /¢ za polnjenje kapacitivnosti Cgys.

d
[:[F+[C:[l7+cztv nA' (4)

dt

[zloCanje kovine se pricne Sele, ko je dosezena napetost
aktivacijskega potenciala (14), do katerega moramo napoln-
iti Cas. Pri nanasanju z enosmernim tokom to ne povzroca
nevsecnosti, saj poteka polnjenje kondenzatorja le ob vk-
lopu usmernika. Razmere pa se bistveno spremenijo pri
napajanju procesa z impulznim tokom. Izlo¢anje kovinskih
ionov v obliki kovine se pricne Sele ko je dosezen aktivac-
ijski potencial med elektrolitom in kovino. Zato moramo ob
vsakem nastopu tokovnega impulza napolniti kapacitivhost
dvojnega sloja na doloéen potencial. Cas polnjenja dvo-
jnega sloja tus mora biti bistveno krajsi od trajanja toko-
vnega impulza ton. V nasprotnem primeru je oblika Fara-
dayevega toka popacena, v skrajnem primeru celo izgubi
impulzni znacaj (slika 6).

|
|
|
|
|
|
L

Ids > ton

Slika 6: Vpliv kapacitivhosti dvojnega sloja na obliko
Faradayevega toka

Podobne ugotovitve veljajo za praznjenje dvojnega sloja in
trajanje pavze oz. negativnega tokovnega impulza. Metode
za izracun Casov polnjenja in praznjenja dvojnega sloja so
podane v /4/.

Na zmanjsanje vpliva dvojnega sloja, ki nam onemogoca
nastavitev poljubno kratkih ¢asovnih parametrovimpulznega
toka, lahko vplivamo z ucinkovitim mesanjem elektrolita in
z izbiro ustreznega tokovnega vira. Ta mora biti sposoben
generirati tokovne impulze z veliko strmino, kar bistveno
pripomore k zmanjsanju kapacitivhega vpliva dvojnega slo-
ja.

5. Visokodinamiéni impulzni
tokovni vir

K snovanju topologije impulznega tokovnega vira smo pris-
topili z namenom postopnega uvajanja impulznega nanas-
anja bakra v proizvodnjo tiskanih vezij. Zahteve, ki jih mora
vir izpolnjevati, so poleg velike strmine generiranih toko-
vnih impulzov $e vzdrzevanje konstantnega, od bremena
neodvisnega toka med trajanjem impulza, majhna valovi-
tost izhodnega toka v ustaljenem stanju, galvanska locitev
bremenskega tokokroga od napajalnega omrezja, moznost
generiranja bipolarnih tokovnih impulzov in neodvisna nas-
tavitev parametrov toka v Sirokem obmocju /5,6/. Z razvo-
jem elementov mocnostne elektronike nam je dana
moznost izgradnje sofisticiranih pretvorniskih naprav, ki
delujejo v stikalnem rezimu. Prednost tovrstnega pristopa
je vigji izkoristek in manjse dimenzije pretvornika. Slednje
dopusca namestitev naprave v neposredno blizino galvan-
ske kopeli, s ¢imer zmanjsamo potrebo po dolgih pove-
zovalnih kablih, ki s svojo parazitno induktivnostjo znatno
zmanjsujejo strmine generiranih tokovnih impulzov.

Sodobni procesni tokovni viri, ki so namenjeni aplikacijam
v elektrokemiji, pogosto temeljijo na topologiji pretvornika
navzdol. V obmocju moci do nekaj 10 kW je to najprimernej-
3a oblika stikalnega pretvornika za napajanje bremena s
konstantnim tokom. Principialno shemo pretvornika navz-
dol kaze slika 7.

Slika 7: Principialna shema pretvornika navzdol

Pretvornik je prikljucen na vir enosmerne napetosti U,. Z
ustreznim krmiljenjem stikala Ts vzdrzujemo tok skozi gladil-
no dusilko Lg in breme Rg na Zeleni vrednosti /7,8/.
Zazelena je ¢im manj$a valovitost toka v stacionarnem
delovanju

v,

Aip =— 2V
4Lg [y

(5)

pri Cemer je fst frekvenca preklopov stikala. Pri generiranju
impulznega toka nas poleg ustaljenega obratovanja zani-
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majo tudi razmere v vezju med dinamic¢nim (impulznim)
obratovanjem. Zacetna strmina tokovnih impulzov znasa

di U
2L _Zv (6)
da  Lg

in je odvisna zgolj od napajalne napetosti in induktivnosti
gladilne dusilke. Iz primerjave enacb (5) in (6) ter ob up-
ostevanju, da je stikalna frekvenca fg tranzistorja navzgor
omejena, je razvidno, da je nemogode zagotoviti zadostno
strmino tokovnega impulza, ne da bi to vplivalo na povecéanije
valovitosti toka A/. Zato je pretvornik s slike 7 neprimeren
za generiranje tokovnih impulzov. Njegova pomanjkljivost
izvira iz dejstva, da se gladilna dusilka nahaja v bremen-
skem tokokrogu. To smo upostevali pri snovanju nove
topologije impulznega tokovnega vira. Resitev, ki jo v nad-
aljevanju predstavljamo, je prikazana na sliki 8. Pretvornik
navzdol, ki nastopa v vlogi vhodnega pretvornika, smo pov-
ezali v kaskado s tokovnim razsmernikom. Ta je sestavljen
iz tranzistorskega mosti¢a in transformatorja. Vhodni
pretvornik generira konstantno vrednost enosmernega toka
na nacin, kot je bilo predhodno opisano, s tokovnim razs-
mernikom pa ta tok pretvorimo v zaporedje tokovnih impul-
zov. Gladilna dusilka Lg je prestavljena iz bremenskega
tokokroga v vmesni enosmerni tokokrog, zato na strmino
tokovnih impulzov nima vpliva. Ker si pretvornika "delita”
gladilno dusilko Lg, mora biti njuno delovanje ¢asovno usk-
lajeno.

i Ry

Slika 8: Predlagana topologija impulznega tokovnega
vira

V ta namen deluje razsmernik v tako imenovanem kratko-
stiénem rezimu (vsi tranzistorji Ty do T4 soéasno prevajajo)
ali v razsmerniSkem rezimu (izmenoma prevajata tranzis-
torska para T1-T4 in T2-Tg). Tok vmesnega tokokroga v
nobenem primeru ne sme biti prekinjen. Delovanje
pretvorniskega sklopa je razvidno s slike 9.

V kratkosticnem reZimu obratovanja se tok vmesnega
tokokroga zakljuCuje preko kratkoskienjenega tranzistor-
skega mostiéa. Primarno navitje transformatoria je v tem
primeru kratkosti¢eno, zato ni prenosa energiie v sekunda-
i tokokrog in tok skozi breme je nic,

Razsmerniski rezim obratovanja nastopi z izmeniénim
prozenjem diagonalanih parov tranzistorjev. Tok komutira v
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Slika 9: Pricipielno delovanje impulznega tokovnega
vira

primarno navitje transformatorja in se z njegovo tokovno
prestavo transformira v bremenski tokokrog. S tem sprozimo
tokovni impulz skozi breme, ki ga prekinemo s ponovnim
kratkosti¢enjem tokovnega razsmernika (kratkosticni rezim).
Strmino tokovnih impulzov doloca komutacija toka iz kratko-
sticnega tokokroga v primarno navitje, ki je odvisna od stre-
sane induktivnosti transformatorja in parazitne induktivnosti
povezav do bremena. Z nadértovano izgradnjo transforma-
torja /9/ in povezav tokovnega vira z bremenom lahko vpliv
omenjenih induktivnosti zmanj$amo, ne moremo pa ga v
celoti odpraviti. Komutacija toka v nobenem primeru ne
more biti trenutna, zato je v vezju na sliki 8 dodana zasditna
dioda Dz, preko katere speliemo v ¢asu komutacije del
toka, ki ga primarno navitje ne more prevzeti. Na ta nadin
omejimo napetost um na vrednost napajalne napetosti
pretvornika. V nasprotnem primeru bi se na izhodu
pretvornika navzdol inducirala prenapetost, ki bi ogrozila
tranzistorje razsmernika.

Iz delovanja prediagane topologije je razvidno, da omogoda
zgolj generiranje impulzov ene polaritete. Zato smo v ek-
sperimentalnem modelu impulznega tokovnega vira zago-
tovili bipolarno obliko impulznega toka s protiparalelno ve-
zavo dveh tokovnih virov s slike 8. Modularnost virov
omogoca tudi vzporedno obratovanje, pri cemer je skupni
tok enak vsoti prispevkov posameznega vira. Amplituda toka
posameznega vira v modelu je neodvisno nastavijiva v ob-
mocju od 0 do 200 A. Casovni parametri toka pa so nas-
tavljiviv obmocju od 1 ms do 10 s za pozitivni impulz oz. v
obmocju 100 us do 10 ms za negativni tokovni impulz.
Minimalna vrednost ¢asovnih parametrov je pogojena z
zmogljivostjo uporabljenega mikrokrmilniskega sistema, s
katerim nadzorujemo delovanje modela. Oscilogrami v
nadaljevanju prikazujejo karakteristicne veliine eksperi-
mentalnega modela impulznega tokovnega vira. Slika 10
kaze primer preprostega tokovnega impulza (/) in napeto-
sti um na stikalih tokovnega razsmernika. Podrodje, ki je
ocrtano s &rtkano krivuljo, je na desni strani prikazano
povecano. Strmina tokovnega impulza znasa 15 A/us.
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Slika 10:Primer preprostega tokovnega impulza
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Slika 11: Potek toka in napetosti v galvanski kopeli

Slika 11 kaze tok /g in napetost ug med elektrodama v gal-
vanski kopeli med procesom impulznega nanasanja. Proc-
es je bil napajan z eksperimentalnim modelom tokovnega
vira.

9. Rezultati

Analizo impulznega nanasanja bakra v skoznje luknje smo
izdelali v sodelovanju s podjetjem za proizvodnjo tiskanih
vezij Intec Tiv iz Kranja. V raziskavo smo vkljucili vzoréne
plosce s skoznjimi luknjami razliénih premerov in dolzin. V
elektrolit smo dodali najnovejso serijo komercialno dostop-
nih organskih dodatkov proizvajalca Atotech. Pri ustvarjan-
ju razmer v galvanski kopeli (temperatura, koncentracija
dodatkov...) smo upostevali priporocila proizvajalca. Raz-
merje amplitud katodnega in anodnega tokovnega impul-
za smo spreminjali med 1,5 in 3, razmerje ¢asovnih para-
metrov pa med 5 in 15.

Za primerjavo smo nekatere tipe vzorcev vkljucili v obsto-
jeco proizvodnjo tiskanih vezij, kjer poteka nanasanje z
enosmernim tokom. Po kon¢anem testnem nanasanju smo
zrazrezom vzorcnih plos¢ po sredini skoznje luknje pripravili
metalurske obruse, primerne za nadaljnjo analizo. Podatki
o posameznih vzorcih so zbrani v tabeli 1, od koder so
razvidni rezultati nanasanja (debelina nanosa d na
posameznih mestih luknje - A, B C in faktor PTH). Faktor
PTH (Plate Through Hole) je podan v odstotkih, pove pa
nam, kaksna je razsipna mo¢ impulznega nanasanja na
sredini skoznje luknje glede na debelino nanosa na njenih
robovih. V praksitezimo k PTH = 100 %, kar pomeni, da je
debelina kovinskega nanosa na sredini skoznje luknje ena-
ka debelini nanosa na njenih robovih.

V raziskavo smo namenoma vkljudili tudi manj zahtevne
vzorce z razmerjem AR = 2,6 in vzorce z AR = 10 oz. 12,
ki jih srecamo v kompleksnejsih tiskanih vezjih. V primeru
vzorcast. 1 zAR = 2,6 se porazdelitev bakra znotraj skoznje
fuknje ni bistveno razlikovala od tiste, dobljene pri im-
pulznem nanasanju. Prednost impulznega nanasanja pred
nanasanjem z enosmernim tokom se je pokazala v primeru
zahtevnejsih vzorceyv, kar je razvidno iz analize vzorcev pod
zaporednima &t. 2 in 3. Razmerje AR je vtem primeru zna-
Salo 10. Nanasanje bakra v primeru vzorca pod zaporedno
stevitko 2 smo izvrsili po klasi¢nem postopku nanasanja z
enosmernim tokom. Debelina nanosa na sredini skoznje

Tabela 1: Rezultati analize
T Debelina nanosa na ih
Zap. Oznaka 2R/D _ 4 nanosa fia posameznt PTH
y AR | NanaSanje mestih luknje d [um] .
St. vzorca [mm/mm] [%]
A B C
Impuzno
1 690/6 0,75/2,0 2,6 22,5 22,2 22,6 98
Enosmerno {
2 229/7 0,15/150 10 Enosmerno 24,2 16,5 25,6 60
3 186/7 0,15/150 10 Impulzno 24,4 22,1 24.4 90
]
4 54/7 0,2/2,0 10 Impulzno 21,7 24,1 24,5 95
5 57778 0,2/2,4 12 Impulzno 24,1 28,8 24,1 120
— — e e —
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luknje je ob¢utno manjsa od debeline na njenih robovih,
kar pri¢a o neenakomerni tokovni porazdelitvi. Faktor PTH
je temu ustrezno majhen. Nasprotno lahko zaklju¢imo za
vzorec st. 3, pri katerem je nanasanje potekalo z impulzn-
im tokom. Se vedji PTH smo dosegliv primeru vzorca t. 4,
kljub temu, da so bili parametri toka in AR fukenj enaki.
Razlog za to pripisujemo vecjemu premeru skoznje luknje
in zato boljsim hidrodinami¢nim pogojem v njej. Vzorec pod
zaporedno stevilko 5 pa je obravnaval luknje z najvedjim
AR. Vtem primeru smo na podlagi serije poskusov dolodili
parametre impulznega toka, s katerimi smo dosedli, da je
debelina nanosa na sredini skoznje luknje celo vedja od
debeline nanosa na njenih robovih (PTH > 100%). Na pod-
lagi te ugotovitve lahko zaklju¢imo, da posameznim dimen-
zijam lukenj ustrezajo razliéni optimalni parametri toka. Zato
je, zlastiv primeru tiskanih vezij z dimenzijsko siroko paleto
skoznjih lukenj, smiselno razdeliti nanasanje bakra v ved
korakov, znotraj katerih parametri toka ustrezajo posamezn-
im dimenzijam lukenj, zacensi z najzahtevnejSimi fuknjami.
Na metalurskih obrusih iz tabele 1 smo izdelali mikroskop-
ske posnetke skoznjih luken] in njihovih detajlov. Posnetki
S0 zbrani na sliki 12.

Zakljucek

V ¢lanku smo predstavili novo tehnologijo elektrokemijskega
nanasanju bakra, ki se pocasi, a vedno bolj uveljavija v

2

Slika 12:Metalografski posnetki vzor&nih obrusov

166

procesu izdelave zahtevnih elektronskih tiskanih vezij.
Opisani postopek se od klasi¢nega nanasanja z enosmern-
im tokom razlikuje v tem, da je tok impulzne oblike. Ta pris-
top omogoca v kombinaciji z ustrezno izbranimi parametri
impulznega toka doloéene prednosti, ki se kazejo v iz-
boljsanih mehanskih lastnostih in enakomernejdemu na-
nosu. Za razumevanje prednosti nanasanja z impulznim
tokom smo podali fizikalno sliko masnega transporta snovi
in porazdelitve toka v neposredni blizini elektrod. Predla-
gali smo topologijo impulznega tokovnega vira in izdelali
eksperimentalni model. Slednji je sluzil napajanju galvan-
ske kopeli, ki smo jo za potrebe raziskave impulznega nan-
asanja opremili z ustrezno sestavo elektrolita. Proces smo
napajali s pravokotnimi tokovnimi impulzi s katodno in an-
odno polarizacijo. Raziskava je obsegala vzoréne plosce
tiskanih vezij z razli¢nimi dimenzijami skoznjih lukenj. Do-
bliene rezultate smo analizirali in primerjali z rezultati, do-
blienimi v procesu enosmernega nanasanja. Poleg ena-
komernejSega nanosa v primeru zahtevnejéih tiskanih vezij
smo zlasti v primeru manj zahtevnih tiskanih vezjih opazili
moznost za skraj$anje procesa nanasanja, ne da bi s tem
bistveno vplivali na kakovost izdelkov. Kljub temu, da to ni
bilo predmet raziskave, je ta ugotovitev pomembna pred-
vsem s stalisCa serijske proizvodnje.
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SILICON-GLASS ANODIC BONDING

Uros Aljancic, D. Resnik, D. Vrtaénik, M. Mozek, S. Amon

University of Ljubljana, Faculty of Electrical Engineering, Laboratory of Microsensor
Structures and Electronics - LMSE, Ljubljana, Slovenia

Key words: anodic bonding, silicon, Pyrex glass, piezoresistive pressure sensor

Abstract: Piezoresistive pressure sensors test structures fabricated on the same silicon wafer were anodic bonded to Pyrex glass wafer and bonding
characteristics were analyzed. Surface profiles of both, silicon and Pyrex wafer, were measured before and after bonding process using Taylor-Hobson
Talysurf surface profiler. A simple test method for non-destructive in-situ evaluation of both, anodic bonding parameters and bond quality was introduced.
Possible causes for thin silicon diaphragms deflection, detected after anodic bonding process, were analyzed and discussed.

Anodno bondiranje silicij - steklo

Kjuéne besede: anodno bondiranje, silicij, Pyrex steklo, piezorezistivni senzor tlaka

lzvie€ek: Testne strukture piezorezistivnega senzorja tlaka so bile anodno zbondirane na rezino Pyrex stekla. Povrainski profili obeh rezin pred in po
bondiranju so bili posneti s Taylor-Hobson-ovim povrainskim profilometrom. Vpeliana je preprosta metoda za nedestruktivno oceno bondirnih parametrov
in kvalitete bonda, ki je uporabna tudi med samim tehnolo$kim procesom. Merilni rezultati na testnih strukturah s tanko silicijevo membrano kazejo
ukriviienost membrane po zakljuenem bondirnem procesu. Raziskani so bili mozni vzroki za takéno obnasanje testnih struktur.

1. Introduction

Since Wallis and Pomeratz /1/ first introduced anodic or
electrostatic bonding in 1969, this technique became one
of the basic steps in the fabrication of micro-electro me-
chanical systems (MEMS). Beside usage of anodic bond-
ing for joining silicon wafer to glass wafer, several related
techniques were developed in recent years such as anod-
ic bonding using sputtered glass /2,3/, evaporated glass
/4-6/ and spin-on glass /7/. These methods are used for
vacuum packaging, hermetic sealing, and encapsulation
of MEMS as well as fabrication of reference cavities for
pressure and acceleration sensors.

Pyrex wafer bonded to silicon wafer with
piezoresistive pressure sensor structures
(type2). Pressure sensors structures
without diaphragm (type1) are located at
the wafers edge

Figure 1:
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In this paper, 7740 Corning Pyrex glass wafers were anodi-
cally bonded to silicon wafers with pressure sensor structure
(Fig.1). Among similar commercially available glasses, the main
reason to choose 7740 Pyrex glass wafers in our case was
their thermal expansion coefficient, well matched with silicon
in a wide temperature range. In addition, relative low volume
resistivity of 7740 Pyrex glass enables formation of reliable
bond already at low applied voltage and temperature that could
be essential in many applications. Despite the fact that the
optimal solution is to bond silicon wafer directly to glass, sili-
con oxide as an intermediate layer was introduced in our case
to analyze the effects during the bonding of structurized sili-
con wafers to flat Pyrex glass wafers.

Two different types of test piezoresistive pressure sensor
structures fabricated on the same wafer were investigat-
ed. The only difference between both is that in the first
structure anisotropic etching of diaphragm is not per-
formed. These structures (type1), located in narrow area
at the wafers edge (Fig.1), were used as the bond strength
test structures based on the blade insertion technique
/8-12/ to induce delamination. The second test structures
{type2) were used to study fabrication of reference cavity
under pressure sensor diaphragm.

2. Bonding mechanism

Bonding mechanism itself is not yet completely understood,
but it is generally agreed that bonding is primarily due to
the presence of mobile sodium ions in Pyrex glass. At ele-
vated temperatures (yet below the softening point of Pyrex
at 821°C), positive sodium ions are mobite enough for Pyrex
to behave like conductor (Fig.2).
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Figure 2: Steady state current density vs.

temperature measured through 725um
thick 7740 Corning Pyrex glass wafer
between two aluminium electrodes.

When a DC voltage (V) is applied across the silicon-glass
sandwich (Fig.3a), sodium ions in glass are transported
toward the cathode. The more strongly bounded negative
oxygen ions in glass are left in glass adjacent to the silicon
surface, forming negative space charge layer. This nega-
tive charge layer in glass, together with positive charge in
silicon, creates a high electrostatic field across thin air gap
between both surfaces. As a consequence, a strong elec-
trostatic pressure pulls both wafers into intimate contact
(Fig.3a). This effect can be easily observed during the
bonding process on transparent Pyrex glass as the light
grey interface between silicon and glass becomes dark

grey.
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Charge and potential distribution during
anodic bonding process: a) before and b)
after intimate contact between silicon and
Pyrex wafer

Figure 3:

Once wafers are in intimate contact (Fig.3b), almost all of
the applied voltage (V) is dropped across the narrow space
charge layer in glass (Vg), resulting in extremely high field,
strong enough to develop transport of oxygen ions to the
bonding surface. As a consequence, irreversible Si-O-Si
bonds in the interface, joining Pyrex and silicon, are pre-
sumed to occur,

3. Experimental

Test structures of silicon pressure sensors, fabricated on
3-inch, CZ grown, <100> crystallographic oriented,
200hmem, n-type, 374um thick, double side mechani-
cally polished silicon wafers (details reported elsewhere
/13/) were bonded to commercially available 4-inch,
725um thick 7740 Corning Pyrex glass wafers (Figs.1,4).
Before bonding, a thin layer of silicon nitride (70nm) - that
covers thin silicon oxide (500nm) on the backside of test
structure used for mask during diaphragm etching in KOH
- was removed in RIE plasma etcher.

During etching of 20um thick pressure sensor diaphragms,
silicon wafer was placed to a holder that protects wafer
front-side from aggressive KOH. Because of the holder
sealing, a narrow region at the edge of silicon wafer back-
side was also protected from KOH etching. This is the rea-
son why diaphragms near wafers edge are not etched
(Fig.1). This un-etched region was used in our case for the
non-destructive anodic bond strength characterization
/15,16, 17/.
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Figure 4: Anodic bonding process setup.
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Figure 5: Typical anodic bonding current vs. time.

After surfaces of both wafers were characterized with Tay-
lor-Hobson Talysurf surface profiler, they were cleaned with
DI water and dried with nitrogen. As suggested by Resnik
et al. /14/, both wafers were put into an intimate contact
in cleanroom ambient at room temperature immediately
after surface preparation to avoid particles that cause voids.
Silicon-Pyrex structure was bonded together by applying
high DC voltage (730V) at temperature 370°C in air at-
mosphere, using Cimarec hot plate with ceramic top (Fig.4).
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Bonding temperature was monitored by thermocouple
mounted in aluminium plate. Anodic bonding current was
measured during bonding process and a typical result is
shown in Fig.5. After bonding process, the surface was
scanned again in the same areas as before, using the same
Talysurf surface profiler setup.

4, Results & discussion

4.1 Structure without diaphragm (type 1)

Surface profiles (Figs. 6-11) of test structures without dia-
phragm from the wafer edge (Fig.1) were scanned with
Talysurf in length of 1.7mm with speed of 0.5mm/s. Pro-
files were normalized, i.e. rotated till beginning and end of
measured curve was in horizontal line.

Siticon Qxide

Profile
~
O
D

0 2 4 6 8 10 12 14 16 18
Traverse Length fmmy]

Surface profile of silicon wafer back-side

covered with 500nm thin silicon oxide

mask scanned at wafer edge before

bonding. Diaphragms of pressure sensors
at the wafers edge were not etched.

Figure 6:

Before anodic bonding, silicon and Pyrex glass wafer were
scanned on both sides (Figs.6-9). In Fig.6, surface profile
of silicon wafer back-side is shown. Steps in this profile

- Aluminunt lings

L

0 2 4 5 8 10 12 14 16 18
Traverse Length {mm}

Surface profile of silicon wafer front-side
scanned at wafer edge before bonding.
Peaks represent 500nm thin aluminium
metallization lines of single pressure
sensor.

Figure 7:
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(Fig.®) originate in approx. 500nm thick silicon oxide
square diaphragm mask (Fig.1), which is used here as
anodic bonding strength test structure. Surface profile of
silicon wafer front-side (before bonding) in Fig.7 also con-
tains groups of steps, originating in approx. 500nm thick
aluminium metallization lines of pressure sensor. Surface
scan of Pyrex glass wafer both sides, front and back, be-
fore anodic bonding procedure are presented in Figs.8
and 9, respectively.
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Figure 8: Surface profile of Pyrex glass wafer front-
side before bonding.
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Surface profile of Pyrex glass wafer back-
side before bonding.

Figure 9:
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Surface profile of Pyrex glass wafer front-
side after bonding.

Figure 10:
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After silicon and Pyrex wafers were anodically bonded to-
gether, with back-sides in contact, surface scans of bond-
ed wafers front-sides were repeated in the same areas as
before. Results are presented in Figs.10-11. In both fig-
ures, it is clearly seen again the modulated surface pro-
files with silicon oxide mask as before on Fig.6. Similar
amplitudes of modulated surface profile were measured
on both surfaces (240um on Pyrex surface (Fig.10) and
260um on silicon surface (Fig.11)).

1.500

Aluminum lines

Profile inm]

Jooseczezzzoa:
OTEEEE

0 2 4 6 3 10 12 14 16 18
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Figure 11:
after bonding.

Measured results clearly show that both, silicon and Pyrex
wafer bend within test structure with silicon oxide mask.
Bonding plane lies at 260nm from the interface between
silicon and silicon oxide (Fig.12). From several measuring
methods, the strength of the bond between two wafers of
different material can be evaluated by technique developed
on double cantilever cracking under constant wedging
condition (Fig.13) /8-12/. In our case, both parameters,
blade thickness (2h) and crack propagation (c) were sub-
stituted by thickness of thin silicon oxide mask {(500nm})
and by distance between mask and bonding point of both
wafers at the centre of diaphragm (135um in Fig.12), re-
spectively.

Pyrex
d=725um
135um
: N 240nm
SiO2p » < 1500nm
4 260nm | |
d=379um
81I!C(:i_r}/,,_,,ww-‘A-m --------- —
Figure 12:  Cross-section of bond test structure with

measured parameters

In contrast to silicon-silicon wafer bonding, in silicon-Py-
rex anodic bonding, the distance ¢ between mask and bond
is easily determined by optical microscope. Because bond-
ing within test structure occurs if bond energy is greater

Surface profile of silicon wafer front-side

- o ) / :
— BT
= { Blade | 2h
\\\\\\\\\\\\\\ \ H
.......... e E2 \\‘X\‘\

R

Double cantilever test geomelry under
wedging condition

Figure 13:
than the value determined by blade technique, work of

adhesion Wag (per unit area) can be expressed as /12/:

> 3/72E5id;l.Egd;
2¢* (E.S’id.z’i +Egd;)

= 1.65GPaum (4

where 2h is silicon oxide mask thickness, ¢ is distance
between mask and bond, dg;is thickness of silicon wafer,
dg is thickness of Pyrex wafer, and Es; and Eq4 are Young's
-modulus of silicon and Pyrex, respectively. It is necessary
to emphasize that the determined work of adhesion Wag =
1,65GPaum, represents a quantitative estimation of bond
strength between silicon and Pyrex within the test struc-
ture. Therefore, the presented approach based on simple
test structure can be used for in-situ non-destructive eval-
uation of both, anodic bonding process parameters and
bond quality, as a comparative method on different parts
of a single wafer, between wafers in one run and between
different runs as well.

4.2 Structure with diaphragm (type 2)

Test structures with 20um thick diaphragm were charac-
terized in the same manner as structures without dia-
phragms. Surface profile scans of these structures are
presented in Figs.14-17. Despite thin silicon diaphragm,
no particular difference was observed in surface profile
scan at the centre of silicon wafer front-side before bond-
ing (Fig.14) compared to scan at the edge of silicon wafer
shown in Fig.7. On the other hand, silicon wafer back-side
profile in wafers centre before bonding (Fig.158) shows dis-
tinctive property of anisotropic etched silicon wafer. Etch-
ing depth of 354um was measured in presented scan.

Compared to structures without diaphragms, no significant
differences were obtained from surface scans of Pyrex
glass either before or after bonding procedure. This is the
reason why those scans are not presented here. Much
more interesting results were found in surface scan of sili-
con wafer front-side after bonding procedure (Figs.16, 17).
A magnified section of scanned profile in Fig.16 is present-
ed in Fig.17.

After bonding procedure, deflection peaks in value of
500nm were measured on 20um thin silicon diaphragms

171



Informacije MIDEM 34(2004)3, str. 168-173

U. Alianci¢, D. Resnik, D. Vrtaénik, M. Mozek, S. Amon:
Silicon-glass Anodic Bonding

1,750
1,500
1.250
£ 4000
2 Aluninune fines
S 750
& "
500 4 ‘ w{i
: :
250 ' § i
0 : : ; , - .
0 2 4 6 8 10 12 14 18 18
Traverse Length [mm]
Figure 14:  Surface profile of silicon wafer front-side
scanned at wafer centre before bonding.
Peaks represent 500nm thin aluminium
metallization lines of single pressure
sensor.
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Figure 15:  Surface profile of silicon wafer back-side
scanned at wafer centre before bonding.
Peaks represent 354um thick anisotropic
efched silicon wafer bulk.
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Figure 16:  Surface profile of silicon wafer front-side

scanned at wafer centre after bonding
shows deflection of pressure sensor
diaphragm.

(Figs.16, 17). This result was the reason for a further study
of its origins. First, electrostatic pressure involved during
anodic bonding procedure was investigated as the possi-
ble cause for mentioned deflection. In the first moment,
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Figure 17 Zoom of surface profile of silicon wafer
front-side scanned at wafer centre after
bonding shows deflection of pressure
sensor diaphragm.

when a high DC voltage is applied to the silicon-Pyrex struc-
ture, value of electrostatic pressure p under non-deflect-
ed diaphragm can be calculated from the following equa-
tion /18/.

1 y?

P=EE, T (2)
where Vrepresents applied DC voltage (assuming neglecta-
ble depth of space charge layer in Fig.3), h is the distance
between silicon diaphragm and Pyrex glass, & is permit-
tivity of free space (the ideal vacuum), and ¢ is dielectric
constant or relative permittivity of air (1,00059). Due to
354 m thick air gap h between silicon diaphragm and Pyrex
glass, a value of 18.8Pa was determined for electrostatic
pressure that press diaphragm toward glass during anodic
bonding procedure. This amount of electrostatic pressure
can easily be neglected.

Next, thermally induced mechanical stress as possible
cause for diaphragm deflection was studied. As present-
ed elsewhere /19/, thin silicon diaphragm could deflect
at elevated temperature due to the mismatch of thermal
expansion coefficients of thin layers that covers the dia-
phragm, despite the fact that the residual mechanical stress
in diaphragm at room temperature could be neglected.
However, this deflection disappears when such a struc-
ture is cooled down to room temperature. This is the rea-
son that thermally induced mechanical stresses were also
rejected as the cause for measured diaphragm deflection.

Finally, due to the fact that anodic bonding procedure was
done at normal air pressure (10°Pa), the main reason for
diaphragm deflections, presented in Figs.16 and 17 was
found in the well known gas equation:

214 _ ».Y,
T, T,

where p; represents air pressure, Vy is reference cavity
volume during anodic bonding procedure at elevated tem-
perature T1, while p2 means pressure (vacuum) under thin
diaphragm in reference cavity with volume Vs at room tem-

= const. (3)
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perature T2. Compared to reference cavity volume Vi,
change of cavity volume V2 due to the deflected diaphragm
is neglectable in our case. Because both wafers, silicon
and Pyrex, came into intimate (hermetic) contact at air pres-
sure and temperature 370°C immediately after DC voltage
was applied, pressure (vacuum) in reference cavity pz in
value of 6.49kPa was determined from Eq.3. The same
diaphragm deflection can be achieved, if pressure of
93,51kPa is applied on the diaphragm from above.

Using our laboratory computer simulator for thin silicon di-
aphragm deflections /20/, pressure above 500nm deflect-
ed thin silicon diaphragm was determined. Simulations for
piezoresistive pressure sensor structure deflection show
that such a diaphragm deflects for 500nm (maximal de-
flection in centre of diaphragm) in case when pressure of
77.88kPa is applied to its top surface.

Simulated result (77.88kPa) does not match with the re-
sult obtained from gas equation (93.51kPa). The reason
for that could be oxygen generation during anodic bond-
ing procedure, an assumption widely accepted in the liter-
ature /21,22/.

5. Conclusion

Test structures, based on piezoresistive pressure sensors
were anodic bonded to Pyrex glass and analyzed. Surface
profiles of both, silicon and Pyrex wafer, were measured
before and after bonding process, using Taylor-Hobson
Talysurf surface profiler. A simple test method for non-de-
structive in-situ evaluation of both, anodic bonding param-
eters and bond quality, was introduced. Anodic bond
strength between 7740 Corning Pyrex glass wafer and sil-
icon wafer was determined. Measured results on test struc-
ture without diaphragm unambiguously show bending of
both, silicon and Pyrex wafer. Bond strength within test
structures was evaluated by a new technique developed
on double cantilever cracking under constant wedging
condition. The proposed approach is appropriate for a sim-
ple, efficient quality control in anodic bonding process.
Measured results on test structures with thin silicon dia-
phragm show diaphragms deflection after the anodic bond-
ing process was performed. Possible causes for such be-
haviour were analyzed and discussed.
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Iskraemeco, 4000 Kranj, Savska loka 4, Slovenija
Telefon: +386 4 206 40 00,

Telefaks: +386 4 206 43 76,
http://www.iskraemeco.si,

e-mail: info@iskraemeco.si

V Iskraemecu uspesdno zdruzujemo izkusnje z inovacijami
in novimi tehnologijami pri zadovoljevanju razlicnih potreb
na podrocju merjenja in obracuna porabe elektri¢ne ener-
gije. Po prodaji Stevcev se uvrséamo med najvedje na svetu,
izdelke z naso blagovno znamko poznajo danes Ze v skoraj
sto drzavah na vseh petih kontinentih. Iskraemeco je danes
na trgu sistemski ponudnik opreme, svojo ponudbo pa raz-
Sirjamo tudi na storitve s podrodja merjenja in obraduna
energije. Odpiranje trga elektricne energije ponuja vrsto

moznosti za nove izdelke in resitve, ki so velik izziv za nase
strokovnjake danes in tudi v prihodnje.

Zacetek druzbe Iskraemeco, d.d. sega vleto 1945, proiz-
vodnja encfaznih elekiromehanskih stevcev tece v Kranju
Ze od leta 1946. Mehansko tehnologijo smo nadgradili z
elektronsko, leta 1975 smo zaceli proizvajati elektronske
precizijske stevce. Do danasnjega dne smo kupcem do-
bavili ve¢ kot 40 milijonov izdelkov, od tega skoraj 2 milijo-
na v elektronski izvedbi. Leta 1986 smo postavili prvi sis-
tem za merjenje in obracun elektricne energije. Ponosni
smo na dejstvo, da so vsi izdelki iz nasega programa plod
lastnega znanja, zasnovani na Stevilnih lastnih patentih.

Ze po prvem desetletju delovanja smo svoje izdelke zaceli
prodajati na tuje, najprej le v nekaj drzav, z leti pa po vsem
svetu. Poleg izvoza koncnih izdelkov smo se uspesno uve-
fiavili tudi s prenosi tehnologije in s prodajo licence za proiz-
vodnjo Stevcev na tujih trgih. Zadnjih deset let sledimo teznji
po globalizaciji tako, da se uporabnikom na razli¢nih trgih
priblizujemo z ustanavljanjem lastnih podjetij in podjetij v
mesani lasti.

Podjetji, ki ju vodita ¢clana MIDEM med
dobitniki priznanj Slovenske gazele 2004
Companies directed by two MIDEM members won Slovenska
gazela 2004 award

KDO SO GAZELE?

Znameniti ameriski raziskovalec
David Birch je pri raziskovaniju,
kako se ustvarjajo nova delov-
na mesta v ZDA, priSel do zani-
mivih ugotovitev, da kar dve
tretjini rasti zaposlenosti prispe-
vajo podjetja z manj kot dvajseti-
mi zaposlenimi. Pozneje je analiziral Zivijenjski cikel pod-
jetij in jih razdelil na tri kategorije: misi, gazele in slone.

GAZELA

Gazele so dinami¢na podjetja, ki hitro rastejo, se blisk-
ovito razvijajo, intenzivno zaposlujejo in vedno drZijo
korak prednosti pred konkurenco.

Cilj dinamiénih podjetij ni preziveti, temveé uspeti. Naj-
veckrat so to majhna druZinska podijetja, ki pozrtvovalno
gradijo in previdno izbirajo prve sodelavce, dokler ne za-
¢nejo bliskovito rasti. Takrat je pomembno predvsem dvo-
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je: zagotavljati sredstva za bliskovito rast in enako hitro naj-
ti prave ljudi za nove naloge v podjetju.

Sposobnost gospodarstva, da raste in zaposluje, je
mocno odvisna od sposobnosti gospodarstva, da ust-
varja gazele.

Slovenskih 500 najhitreje rastocih podjetij v generaciji
2003 je od leta 1998 do 2002 ustvarilo 7.940 novih
delovnih mest. Leta 1998 je imela povprecna gazela 24
zaposlenih, leta 2002 pa ze 40.

Prodaja se je vistem ¢asu v povpredju povecala za 4-krat,
izvoz pa je v §tirih letih zrasel kar za 5,5-krat.

Povprecno hitro rastoce podjetje je tako v fetu 2002 pro-
dalo za 1,5 milijarde tolarjev izdelkov ali storitev. Tretjino
od tega v tujino. In na koncu leta je povprecni gazeli ostalo
60 milijonov tolarjev dobicka.
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Kipci zlata, srebrna in bronasta gazela
2004 podeljeni

6. oktobra smo v Cankarjevem domu razglasili letosnje tri
zmagovalce Slovenske gazele 2004, Bronasta gazela je
postalo kranjsko podjetie Don Don. Srebrni kipec je Sel v
roke ljublianski hitro rastodéi druzbi Bioiks. Najbolj prestizni
gospodarski kipec - zlato gazelo 2004 - pa je v
suzemberski Keko Varicon odnesel Zoran Zivic.

Keko Varicon
zlata gazela 2004

Podjetje Keko, v katerem sta delala Zoran in Angela Zivi¢,
je bilo leta 1995 tik pred zlomom. Zaposleni v Keku so
zaradi izgube jugoslovanskih in ruskih trgov ¢akali le se na
konec. Zoranu Zivicu, ki je delal v razvojnem oddelku, pa
je tik pred stec¢ajem, uspelo pritegniti takratni Tehnoloski
sklad, ki je verjel v prihodnost Zivicevih patentov. Sklad je
obljubil, da bo v podjetje viozil 500 tiso¢ takratnih nemskih
mark. Keku pa je postavil pogoj, da ustanovi hcerinsko
podjetje in vanj prenese nove perspektivne programe. Veci-
noma so bili ti takrat Sele na papirju.

Tik pred stecajem je Keko res ustanovil podjetje Keko Var-
icom, Zivié pa je prispeval svoje patente. Agonija druzbe
se je za zakonca Zivi¢, ki sta prevzela vodenje na novo
nastalega podjetja, Sele pravzaprav zacenjala. Prvi udarec
je bil stecaj Keka, ki je bil ob ustanovitvi 45-odstotni lastnik
podjetja. Drugi pa to, da je Tehnoloski sklad (55-odstotni
lastnik) Keku Vriconu odobril le 120 tiso¢ mark nepovrat-
nih sredstev, razliko pa je nakazal v obliki kratkorocnega
posojila. »Pa e od teh 120 tisoé mark smo jih sto morali
takoj nakazati dobaviteljem, ker nam niso hoteli dobavljati
materiala, ¢e ne poravnamo dolgov Keka, ki je medtem Sel
v stedaj,« opisuje zadetke Zoran Zivi¢, direktor in solastnik
Keka Varicona.

Kljub temu je podjetje leta 1995 zacelo poslovati; imeli so
40 zaposlenih, program standardnih keramicnih konden-
zatorjev, ki je delal izgubo, 20 tiso¢ mark in bili so brez
pravih poslovnih prostorov. »Padale so stave, koliko mese-
cev, celo tednov bo podijetje sploh prezZivelo,« se spominja
Zivié. Resili sojih, pravi, patenti za nove izdelke in trma, da
se bodo ze pretolkli in uspeli.

Zdaj je polozaj podjetja, ki izdeluje najrazlicnejse keramiéne
zascCitne sestavne dele predvsem za avtomobilsko ele-
ktroniko, povsem drugacen. V druzbi dela 150 ljudi. Od-
kupili in obnovili so proizvodne prostore in kupili precej nove
proizvodne opreme. Vodilni pa se ubadajo predvsem s tem,
kako izdelati vse, kar jim trg naroci. V osmih letih so nanj
spravili 25 novih izdelkov. »Nase zaséitne kerami¢ne kom-
ponente se vozijo v mercedesu S in A pa v beemveju. Zelo

ponosni smo tudi na to, da smo kraljevski dobavitelj Fiata
kjer smo izrinili vse svetovne tekmece, sgj italijanski avto-
mobilski proizvajalec vse zascitne sestavne dele za ele-
ktroniko naroéa pri nas.« Polovica izdelkov, Ki jih izdeluje-
jo, je unikatna. Vse, kar naredijo, izvozijo. Njihova
konkurenéna prednost ni nizka cena, temvec¢ kakovost in
tudi do stirikrat krajsi dobavni rok kot pri tekmecih. Pa seve-
da razvoj, patenti in s tem novi izdelki.

Tudi lastniska sestava podjetja se je pred leti ustalila. Zivi¢
je svoj viozek, Sest patentov, stirje so patentirani v ZDA,
dva pa v Evropi, leta 1998 spremenil v lastniski viozek in
postal 29,5-odstotni lastnik podjetja, ki ga vodi. Preostali
delez pa je iz rok Tehnoloskega sklada najprej romal na
SRD, nato pa je leta 2000 v podjetje vstopil sklad
Horizonte venture.

Bioiks
srebrna gazela 2004

Ceprav ima Bioiks ved kot 300 zaposlenih in je skoraj v
srediscu Ljubljane, ga pozna presenetljivo malo ljudi. »Ni-
mamo svoje spletne strani in tudi v promocijo &isto ni¢ ne
vlagamo.« pojasnjuje Rudi Rocak, direktor in solastnik pod-
jetja. Kot menijo, promocije ne potrebujejo, saj imajo le
dva strateska kupca - dve vodilni italijanski multinacion-
alki. Prvaje Gambrodasco, kiima pri dializnih aparatih 24 ~
odstotni svetovni delez, druga pa Dideco, ki v kardiologiji
obviaduje kar polovico svetovnega trga.

Razlog za njihovo rast je na prvi pogled preprost - Bioiks je
rasel, ker sta rasli obe multinacionalki. Vendar pa je bila
tekma za ta polozaj predvsem z neposrednimi konkurenti
zelo ostra. »Ena od multinacionalk je pred leti imela ve¢
kot deset dobaviteljev, danes sta od njih ostala le Se dva.
Posle preostalim smo prevzeli mi,« pojasnjuje direktor
Rocak. Za uspeh so bili poleg cene pomembni kakovost,
ucinkovito upravljanje podjetja, prilagodljivost, izpolnjevanje
rokov v dogovorjenem ¢asu, uéenje na napakah in nene-
hen trening. Rast pa bo v prihodnje zaradi konkurence z
vzhoda, predvsem Cehov, odvisna tudi od cenovne
konkurenc¢nosti in od tega, kako hitro se bo povecevala
produktivnost podjetja. »Proizvodnjo bomo zato Se bolj
avtomatizirali in opremili z najsodobnejsimi roboti, poleg
tega se bomo $e bolj usmerili v inoviranje, « razlaga Rocak.
Sicer pa ima Bioiks $e dve hcerinski druzbi. Ena je Bio-
prod z blagovno znamko Pharmagena, ki bo po direktor-
jevih napovedih v prihodnjih letih $& moc¢no rasla. Drugo
hc¢erinsko podjetje, Mikroiks, pa se ukvarja z distribucijo
elektronskih komponent v Sloveniji in z inzeniringom. Z njim
je Rudi Rocak tudi zacel podjetnisko kariero.
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Dr.Rudolf Rocak
SESTDESETLETNIK

Nas nekdanji dolgoletni predsednik in gonilna sila
drustva MIDEM, dr.Rudolf Rodak, praznuje visok ju-
bilej

CESTITAMO!!

Urednik Casopisa me je zaprosil, da mu dam podatke za
¢lanek ob moji Sestdesetletnici. Malo zaradi poslovne za-
sedenosti, malo zaradi lenobe, pa tudi Ze prihajajode se
pozabljivosti (Ceprav sem na stvari, Ki bi jih moral kdaj naredi-
ti, vedno rad pozabljal; le za pretekle dogodke sem imel
vedno spomin, kot beli slon, tako vsaj pravijo). Namesto,
da dam podatke, sem se odlo¢il, da kar sam napiSem nekaj
o sebi. Ne bom vas moril z biografskimi podatki, niti s po-
datki poslovnega Zivijenjepisa. Odlodil sem se, da napisem
nekaj o sebi v tesni zvezi z drustvom MIDEM in njegovim
¢asopisom Informacije.

Povezava med mano in drustvenim Zivljenjem se je zacela
daljnega leta 1978, ko sem se vrnil z dela v tujini, poln
ambicij, da nekaj svojega, tam pridoblienega znanja, pre-
nesem v takratno jugoslovansko ckolje. V Zagrebu sem se
vkljuCil v organizacijo konference o mikroelektroniki, ki jo
je organizirala sekcija za elektronske sestavne dele pri zvezi
ETAN. To sicer ni bil moj prvi stik s kolegi te sekcije, saj
sem pred tem enkrat obiskal to konferenco v Ljubljani, kot
italijanski gost. Takratni podpredsednik sekcije magister
Milan Slokan me je hitro uspel pridobiti za »hrvaskega po-
verjenika«, oziroma me potem predlagal za podpredsedni-
ka sekcije. Ko je po upokoijitvi profesorja Janeza Dobejca
sam postal predsednik, me je neko¢ poslal v Muenchen,
da ocenim in preverim takrat porajajoco se idejo, da ju-
goslovanske konference bolj internacionaliziramo. Po pos-
vetovanju s kolegi iz mednarodnih krogov sem predlagal,
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da jugoslovanske konference postanejo predvsem konfer-
ence z mikroelektronsko industrijsko usmeritvijo. Ta usmer-
itev se je vse do propada jugoslovanske mikroelektronike,
ki se je zacela v Sloveniji in nadaljevala potem $e v Srbiji in
na Hrvaskem pokazala kot dober »pogodek«. Ko sem se
leta 1982 odlogil, da v Ljubljani poskusim, pod vodstvom
lve Banica, pomagati zagnati proizvodnjo takrat nastajajoce
tovarne za mikroelektroniko v okviru Iskre, so me kolegi iz
Jugoslavije, spet na prediog Milana Siokana izbrali za preds-
ednika sekcije. Milan me je sicer predlagal $e kot »Hrva-
ta«, ki naj prevzame stafeto. Kolegi iz Srbije so se sicer
kasneje jezili, ko so ugotovili, da sem presel med Slovence,
vendar so me kljub temu sprejeli, posebej Vlado Pantovi¢
iz Beograda, ki je nekako brzdal ambiciozne »mladice iz
Nisa«. Ratko Krémar iz Banja Luke in Petar Biljanovic sta s
svojo podporo omogocala izredno plodno drustveno
delovanje, ki je hitro preraslo v tak nivo, da se je zacelo
razmisljati o ustanovitvi samostojnega strokovnega drustva.
Ker se ni moglo takrat ustanavijati jugoslovanskih drustev,
ampak samo zveze republiskih drustev, kar pa nismo zele-
li, smo pristopili k majhnemu triku. Odloéili smo se, da ob
podpori Elektrotehniske zveze Slovenije (predvsem Drage
Chvatala) ustanoviti strokovno drustvo v najmanjsi mozni
upravni enoti - obé&ini Siska v Ljubljani. Nekaterim se joto
zdelo ¢udno, vendar s statutom, ki je predvideval tudi re-
gionalno organiziranost svojin ¢lanov (oblast pa ni mogla
prepovedati ustavno pravico vseh drzavljanov Jugoslavije,
da se v¢lanijo tudi v obéinsko drustvo) smo pridobili vse
pomembne strokovne kolege iz cele Jugoslavije. Devetind-
vajsetega januarja 1986 leta smo imeli prvi obéni zbor nove-
ga drustva za mikroelektroniko, elektronske sestavne dele
in materiale, MIDEM, ki je postal tudi kolektivni ¢lan EZS in
zveze ETAN, sam pa predsednik drustva. Ob razpadu Ju-
goslavije smo drustvo nemudoma internacionalizirali. V
Portorozu je nas ¢edki kolega Radomir Kuzel postal prvi
¢lan iz tujine. Na ta nacin smo se zeleli prilagoditi novim
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zgodovinskim dogodkom. Na zalost nam pa to ni ravno zelo
dobro uspelo.

Se nekaj besed o razvoju strokovnega casopisa. Alojz Ke-
ber, ob pomodi Pavleta Tepine je prevzel urejevanje nove-
ga ¢asopisa Informacije Midem, ¢ez nekaj ¢asa je njegovo
delo nadaljeval novinar Janko Colnar, tiskanje pa je prevzel

Biro M, ki ga tiska Se danes. Nekaj po zaslugi moje takratne
funkcije slovenskega koordianatorja za elektroniko, veliko
pa s prevzemom urejevanja ¢asopisa s strani kolege in pr-
ijatelja Iztoka Sorlija, smo Gasopis uspeli pripeljati do naj-
visjega nivoja med slovenskimi znanstvenimi revijami. Od
zajemanja podatkov iz ¢asopisa s strani INSPEC, smo z
vztrajnostjo in trmoglavostjo, uspeli prodreti do zajemanja
podatkov s strani IS, kar je doslej najvecje priznanje ca-
sopisu. Zelo sem vesel, da po vseh teh letih casopis se
vedno ima zavidljiv nivo. Upam, da ga to moje danasnje
pisanje ne bo kvarilo. Spomin na lasten prispevek v krei-
ranju drustva MIDEM in profiliranju Casopisa mi je eden od
najlepsih in najdrazjin spominov.

Vsem kolegom, ki berejo ta ¢asopis in so uspeli imeti
potrplienje priti s ¢itanjem do konca prispevka, zelim lepe
bozi¢ne in novoletne praznike, pa Se dobre zZelje za skoraj-
Snjo dvajsetletnico drustva.

Ob koncu gospodnjega leta dva tisoC Cetrtega

Rudi Roc¢ak
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NOVICE
NEWS

German partners plan biochip future

Progress on 65nm process

THE Fraunhofer Institute for Silicon Technology (ISIT), Sie-
mens and Infineon announced proposed development of
electronic biochip technology along with their nomination
forthe German Federal President’s Deutscher Zukunftspre-
is technology and innovation award.

The biochip co-operation was initiated by the federal gov-
ernment sponsored SIBANAT project. The three partners
have produced an electronic DMA biochip that can be used
to detect various carcinogenic viruses.

Siemens wants to implement a low cost “quicklab system”
based on existing smart card production technologies. The

system is intended for use in doctor surgeries, at the point
of care and in clinical laboratories. The smart card would
be inserted into a laptop-sized terminal for a fully automat-
ic analysis.

Infineon is working on incorporating the electronic DNA
biochips in desktop devices for diagnostics. This will ena-
ble complex DNA analyses to be carried out in medical
practices, hospitals and other medical institutions faster
and more cost-effectively than in the past.

Working together with its spin-off company eBiochip Sys-
tems, Fraunhofer ISIT is expanding the platform for bio-
chemical measurement with low-density electrical biochips
and low-cost portable devices. Typical applications will in-
clude monitoring of foodstuffs or identification of patho-
gens in the environment.

The Deutscher Zukunftspreis award will be made Novem-
ber 11, 2004. The first such award was made in 1997.
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INTEL has built fully functional 7O0Mbit SRAM memory chips
with more than O.5bn transistors on a die area of 110mm?
using a 65nm process. The transistor gates measure 35nm,
30% smaller than the fengths on the company’s previous
90nm technology. Each SRAM memory cell has six tran-
sistors packed into an area of 0.57um?.

The process enhances the strained silicon first deployed
at Intel's 90nm node. The second generation strain increas-
es performance by 10-15% without increasing leakage.
Conversely, leakage can be cut by four times at constant
performance compared with 90nm transistors.

The reduced gate length and 1.2nm gate oxide thickness
combine to provide improved performance and reduced
gate capacitance. The reduced gate capacitance ultimately
lowers a chip’s active power. The new process also inte-
grates eight copper interconnect layers and a “low-I<" die-
lectric. Intel has also implemented “sleep transistors” that
shut off large SRAM blocks when they are not being used.

The 65nm semiconductor devices were manufactured at
Intel's 300mm development fab (DID) in Hillsboro, Ore-
gon, where the process was developed. More information
on the 65nm logic will be presented at the International
Electron Devices Meeting in December 2004.

SiGen takes uniaxial strain across wafer

SILICON GENESIS (SiGen) has successfully developed
wafer-level uniaxial strained substrates. Until now, only lo-
cal transistor-level uniaxial strain has been available, the
company says. SiGen has called its wafer-level technique
“Next-Generation Strain” (NGS).

Uniaxial strain avoids mobility degradation and the high de-
fectlevels associated with current silicon-germanium (SiGe)
based biaxially strained silicon or strained silicon on insu-
lator (s-SOI), says SiGen. Several chip manufacturers, in-
cluding Intel and Texas Instruments, have demonstrated
benefits of uniaxial strain at the local, transistor level. Intel
pioneered the use of uniaxial strain-enhanced transistor
technology and is already using it in its 90nm process.
Francois J Henley, SiGen president and CEO, comments:
“This new material offers the potential for significant mobil-
ity enhancements over SiGe-based biaxial strain wafer tech-
nologies and is compatible with local straining approach-
es since the strains are ‘additive. It also features very low
defect levels due to SiGen’s use of its proprietary low-tem-
perature processing technology. It can be directly integrat-
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ed on silicon as an “epi-like’ strained bulk wafer or on an
insulator as a strained silicon-on-insulator wafer (s-SOI).”

Dr Scott Thompson, Florida University associate profes-
sor and former Intel Fellow, adds: “Uniaxial strain is now
being recognized as the preferred strain type for deep-
submicron device applications, and its local variant has
displaced global biaxial strain as the mobility enhancer of
choice. Biaxial strain has been plagued with process inte-
gration issues such as high defect levels and germanium
inter-diffusion, but more importantly is much less efficient
in boosting PMOS transistor performance. Local uniaxial
strain processes are already enhancing 90nm performance
at many companies. The availability of a global uniaxially
strained substrate can work with these existing approach-
es to substantially improve total transistor performance and
has scaling advantages over local strain at the 45nm node
and beyond.”

Sub-Angstrom silicon imaging

OAK RIDGE US national laboratory scientists have used
electron microscope aberration correction technology from
Nion to directly image silicon at sub-Angstrom resolutions
(Science, September 17, 2004). The transmission elec-
tron microscope (TEM) was able to image silicon crystal in
the <112> orientation, showing the dumbbell spacing of Si
column pairs of 0.78A (78pm) using a 300 kV VG Micro-
scopes HBB0O3U scanning TEM (STEM).

Analysis of the power spectrum shows the presence of
information down to 0.61A. The imaging mode used was
annular dark-field (ADF). Before correction, the optimum
ADF resolution limit on the microscope used was 0.13nm.
“We expect light columns to be visible in the presence of
adjacent heavy columns and individual dopant or impurity
atoms to be detectable within materials, at defects and in-
terfaces, and on their surfaces,” the authors write.

Although the wavelength of the electrons used in TEM im-
aging can be of the order of a few picometres (0.001 nm),
spherical aberration limits resolution to about 0.15nm.

Nion’s technology uses arrangements of magnetic lenses
designed by computer to provide aberration correction.

The company works with many research organisations. In
Bulletin 445, August 12, 2002, we reported work with
scientists at IBM imaging gold atoms on a carbon substrate.

The US Department of Energy's Basic Energy Sciences
division funded the development.

New plasma texturing process
for solar cells

IMEC has developed a new plasma texturing technique
for silicon solar cells, which has the potential to re-
duce the environmental impact of the production proc-
ess while improving conversion efficiency. This tech-
nique can be applied to both standard multi-crystal-
line solar cells and thin-film silicon solar cells.

The new sofar cell plasma etching system, installed in
IMECs solar cell pilot line.

To produce efficient solar cells, it is essential to structure
the starting wafer so that its front surface becomes rough.
This surface texture ensures that reflection is lowered and
that the light is obliquely coupled into the solar cell, result-
ing in an increased short circuit current. The traditional
alkaline anisotropic etching technique for single crystal-
line silicon is not suitable for multicrystalline silicon, the
standard low-cost material used in today's photovoltaic in-
dustry. An elegant solution consists in applying an isotrop-
ic texturing step in an acidic solution. This process, devel-
oped at IMEC and successfully transferred to its spin-off
Photovoltech, sets the standard for texturing processes in
the photovoltaic industry.

As the photovoltaic industry continues at a steady 30%
growth rate, it is essential to develop processes that are
environmentally sustainable in solar-cell mass production,
and that can meet the new, more stringent environmental
regulation that is bound to come into force in the future.
This implies reducing water consumption and production
of chemical waste. Moreover, the new processes should
be applicable to very thin (200 um or less) wafers with a
high yield and should lead to higher solar cell performance.

Allthese aspects have led IMEC to start a research activity
on plasma texturing. In collaboration with SECON, an Aus-
trian company, a new system has been developed for so-
lar-cell etching and texturing processes. The system is
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based on plasma generation using microwave antennas
encased in ceramic rods, and on a fluorine-containing plas-
ma chemistry. Previous attempts of other research groups
to use a plasma process for texturing have shown limited
success. Most of these attempts were based on reactive
ion etching, a process involving heavy ion bombardment
of the surface. This surface damage subsequently needs
to be removed by a wet chemical etch, precisely the type
of process we seek to replace. In IMECs process, the type
of plasma generation combined with the selected chemis-
try ensures that no structural damage is created. Moreo-
ver, the process is mask-less and therefore much simpler
and more straightforward than processes based on a pre-
patterned mask. Excellent and uniform results have been
obtained at cell level, such as 15.6% efficient solar cells
made on 10 x 10 cm? standard multicrystalline material.
Those cells performed better in fact than the reference
cells for which acidic isotexturing was used. Apart from
the possible application as an alternative replacement in
existing industrial solar-cell processes, this new plasma
texturing technique is of particular interest for thin-film sifi-
con solar cells that are expected to eventually replace bulk
silicon solar cells. Indeed, IMEC's technique ensures that
only a very small amount of silicon (the most costly com-
ponent of a thin-film cell) is removed during the texturing
step.

These results were presentee at the 19* European Photo-
voltaic Conference, which took place in Paris, from 7 to | |
June 2004.

Electrostatics set up for nanotube
p-n junction

GE Global Research Centre scientists have developed a
carbon nanotube p-n junction diode based on electrostat-
ic doping (Applied Physics Letters, JulyS, 2004). The sin-
gle-wall tube is put between source-drain contacts on a
silicon substrate. Underneath the tube in a silicon dioxide
layer are two gates. These provide electrostatic fields that
create different doping conditions (charge carriers) in the
tube.

The researchers report forward conduction and reverse
blocking characteristics - diode rectification behaviour. For
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Schematic diagram of carbon
nanotube diode

low bias conditions, the characteristics follow closely the
ideal diode equation with an ideality factor close to one.

Intel potrjuje Moorov zakon -

Intel je dosegel pomemben mejnik v
tehnologiji proizvodnje naslednje
generacije mikroprocesorjev.

Z uporabo najnaprednejSe 65-nanometrske (nm) tehnolo-
gije proizvodnje je podjetje proizvedio 70-megabitne delu-
joCe staticne pomnilnike SRAM, ki gostijo ved kot pol mili-
jarde tranzistorjev. Ta dosezek je v skladu z Intelovim ciljem
razvoja nove tehnologije proizvodnje vsaki dve leti, kar
omogoc¢a nadaljnje sledenje Moorovem zakonu.

Tranzistorji proizvedeni z novo 65-nm tehnologijo (nanom-
eter je milijardni delec metra) imajo vrata (stikala, ki vkla-
pliajo in izklapljajo tranzistor) velikosti 35 nm, in so torej za
priblizno 30 odstotkov manjsa kot vrata v starejsi, 90-nm
tehnologiji. Nova tehnologija proizvodnje omogo&a pov-
ecanje Stevila tranzistorjev na procesorju, kar daje Intelu
moznost za razvoj in proizvodnjo procesorjev z ved jedri ter
dodajanje novih zmogljivosti v bodode izdelke, vkljuéno z
virtualizacijo in varnostnimi zmoznostmi. Intelova nova 65-
nm tehnologija proizvodnje vkljucuje tudi ved edinstvenih
novosti za zmanjsevanje porabe energije in izboljsanje
delovanja. (aNET)



