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Abstract

INVESTIGATION OF THE CAUSES OF SILICON MOS —
TRANSISTOR PARAMETERS CATASTROPHIC DEGRADATION

O. Kulinich, M. Glauberman, G. Chemeresuk, 1. Yatsunsky

The paper is aimed at finding out the causes of the catastrophic degradation of parameters of
silicon MOS-transistors, formed by the ordinary planar technology.

The basic causes of degradation have been found to be:

— thermal compression contacts rupture, which can be explained by formation of intermetallic
compounds in the contact area, resulting in brittleness of the contacts,

— breaking of the metallic interconnections and contact pads integrity, resulting from inob-
servance of the photolithography technological conditions as well as from presence of a devel-
oped defect structure on the silicon surface and formation of silicide compounds.

Key words: catastrophic degradation, MOS — transistor, silicon.

AHoTauisn

JOCHIIKEHHSA MPUYNUH KATACTPO®IUHOI JIETPAJIALIII TIAPAMETPIB
KPEMHIEBUX MOH — TPAH3UCTOPIB

O. A. Kynainiu, M. A. I'nayoepman, I'. I'. emepeciwk, 1. P. Auyynckuii

PobGoTa mpucBsiueHa BUSBIICHHIO IMPHYMH KaTacTpOoQIuHOI Jerpaaalii aerpaualii mapamMeTpiB
kpemHieBux MOH- tpan3ucTopiB, siki Oyiu chopMOBaHi 3a 3BUYAHOIO INTAHAPHOIO TEXHOJIOTIE0.

BcraHoBIIEHO, 1110 OCHOBHUMH IMPUYWHAMH JIerpajallii €:

— 00pHUB TEPMOKOMITPECITHUX KOHTAKTIB, SIKM MOYKHA MOSCHUTH BUHMKHEHHSM B pailoHi
KOHTaKTY IHTEpMETaJIeBUX 3 €/IHAHb, 10 MPUBOJIUTH JO OXPYIMUYBaHHS KOHTAKTIB;

— MOPYIICHHS IIJTLHOCTI METAJIEBOI PO3BOJAKU 1 KOHTAKTHHX ILIOIIMH, BUHUKAIOUUX B HACITi-
JIOK TOPYIICHHS TEXHOJIOTIUHUX PeXUMIB ¢oToiniTorpadii, a TaKOXK IPUCYTHOCTI PO3BUHEHOI
neeKTHOI CTPYKTYPHU Ha IMOBEPXHI KPEMHII0 1 BAHUKHEHHS CUTIIIUAHUX CITOJIYK.

KurouoBi ciioBa: katactpodiuna nerpanaiis, MOH — TpaH3uCTOp, KpeMHil.
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AHHOTALUA

HCCJIEJTOBAHUE MTPUYUH KATACTPO®UYECKOW JETPAJIALIMU TIAPAMETPOB
KPEMHHUEBBIX MOII- TPAH3UCTOPOB

0. A. Kyaunuu, M. A. I'nayoepman, I'. I.Hemepecrwx, U. P. Auyynckuii

PaboTa mocBsiiieHa BHISIBICHUIO TPUYUH KaTACTPOPUIECKOM AeTpalalliy MapaMeTpoB KpeM-
HUEBBIX TPAH3UCTOPOB, KOTOPBIE OB CHOPMUPOBAHBI 110 OOBIYHON INTAHAPHON TEXHOJIOTHH.

YCTaHOBIIEHO, YTO OCHOBHBIMU IPUYNHAMU JIETPAJALNH SBIISIIOTCS:

— 0OpBIB TEPMOKOMITPECCUOHHBIX KOHTAKTOB, KOTOPbIE MOKHO OOBSICHUTH OOpa30BAHUEM B
palioHe KOHTAaKTa NHTEPMETAJUINYECKNX COEAUHEHNI, TPUBOASAIINX K OXPYITUNBAHUIO KOHTAKTOB;

— HapylUIeHHE LEITbHOCTH METAJUIMYECKON pa3BOJKHA M KOHTAKTHBIX INIOMIAJ0K, BOZHUKAIO-
M€ BCIIEICTBHE HAPYIICHUS] TEXHOJIOTUYECKUX PEXKUMOB (QOTOIUTOTpAPUH, 4 TAKKE IMPUCYT-
CTBUS Pa3BUTOMN Ae(PEKTHOM CTPYKTYpPHI HA TOBEPXHOCTH KPEMHUS U 00pa30BaAHUS CHITUIIM/THBIX

COEIMHEHNN.

KumoueBsbie ciioBa: katactpoduueckas aerpagamnusi, MOIl — Tpanszuctop, KpeMHUH.

Introduction

Variation, instability and catastrophic degrada-
tion of silicon MOS-transistor parameters are large-
ly determined by several causes, viz.: by the struc-
tural perfection condition of the initial material, and
by the condition of their production process.

Effect of structural and point defects in silicon
wafer as — delivered, and of those, formed after ox-
idation and metallization, detected by means of
chemical treatments on MOS-transistor parameters
are well investigated and described (see, for instance
[1,2]).

Complexities of technological processes, consist-
ing of tens of various operations and transitions, im-
perfections and instabilities of some technological
operations, employment of manual work in perform-
ing a large number of operations result in deviation
from technological parameters and, as a conse-
quence, in appearance of device manufacturing
process defects. A quality control system should be
implemented in order to detect the defects and to re-
move the defective structures from the further pro-
duction cycle as well as to check how the manufac-
tured MOS-transistors meet the technological condi-
tions requirements.

The object and the subject of the research

The object and subject of the research consist in
investigation of the causes of catastrophic parame-
ters degradation of encased MOS-transistors, manu-
factured on p-Si (10(100)) silicon wafers by the usu-
al planar process, and whose parameters have cata-
strophically degraded. By “catastrophic degrada-
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tion”, a complete failure of MOS-transistors imme-
diately after manufacture or after a long operation of
the devices (over 20000 hours) is understood.

Methods of investigations

Investigation of the causes of catastrophic silicon
MOS-transistor parameters degradation was carried
out by scanning electron microscopy methods on a
“Cam-Scan” scanning electron microscope with a
“Link-860” X-Ray microanalyser. The quantitative
X-Ray microanalysis was performed using the ZAF-
4/F2S program. The MOS-transistor structures un-
derwent argon and chemical layer-by-layer etching
[3,4]. The metal was removed in a NaOH alkaline
solution, Si0, was etched off in hydrofluoric acid
followed by washing in deionized water. Argon
etching was carried out under the voltage of 1. 5 kV,
the beam current being 35 mA; the angle between
the sample and the argon beam was 90°, and the
etching time was from 25 to 43 minutes. The [-V
characteristics were measured in the following
modes: the gate voltage U =(2-4) V; the drain-
source voltage U, =(6-10) V, the drain current I =(5-
10) mA. From the MOS-transistor lot of 2000 pcs,
those transistors were selected, which failed imme-
diately, and those, which had worked for 20000
hours in the above-mentioned modes before the fail-
ure. After that, the transistor cases were carefully
opened and investigations were carried out by the
above-said methods.
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Discussion of the scientific results and conclu-
sions

Figs. 1 (a,b) show the pictures of the disclosed
latent defects, breaking of integrity of the metallized
path to the gate, and mechanical damage of the pad
for thermal compression, which come out after ionic
etching for 25 minutes. Survey of this area in the re-
verse-biased electrons and absorbed current mode
has shown that there are sections of lower conduc-

tion and break area. A micro-X-Ray spectrum analy-
sis of the current conducting path has revealed the
presence of both aluminum and molybdenum, and
Al Si, and Mo Si, silicides in it. Intermetallic com-
pounds of Al Au and Al AuMo, types have been
found in the area of thermal compression contacts
(Figs. 2).

Fig. 1,a Image of the metallization integrity breaking
defect.

Fig. 1,b. Image of the metallization integrity breaking
defect (photolayer etching).

Fig. 2. Image of the thermal compression contact
break picture (general view).

Let us consider the basic mechanisms, causing
breaks of thermal compression contacts. When con-
necting the metallized pads on a MOS-transistor
with the outer pins of the casing, gold wire is used,
which is connected to the source, drain and gate con-
tact pads by way of thermal compression welding.

The revealed intermetallic compounds led to brit-
tleness and, as a consequence, to ruptures of the ther-
mal compression gold-aluminum contacts.

These compounds have a complex composition,
depending on the conditions of their formation (gold
and aluminum concentrations, temperature and pres-
sure in the thermal compression process, free silicon
presence, ambient temperature and service time of
the ready MOS-transistor). Due to the difference in
the lattice constants, formation of these compounds
gives rise to mechanical stresses at the interface. It is
well known that the yield point of crystalline sub-
stances depends on temperature [5]. The contacts are
heated by the current flow, and as a consequence, in
destruction of the contact. A detailed analysis of the
failure mechanism has made it possible to find out,
that interaction and interdiffusion of gold and alumi-
num occur in the process of thermal compression
welding at the temperature of about 300° C, the dif-
fusion rate of gold into aluminum being higher due
to the higher value of gold diffusivity (Fig. 3). This
diffusion causes formation at the Au-Al interface of
intermetallic compounds, whose lattice constants
parameters and thermal expansion coefficients dif-
fer from the similar lattice parameters of Au and Al,
which gives rise to mechanical stresses. Metalliza-
tion discontinuities have been found to be localized
in areas of maximum dislocation clusters (Figs. 4) or
lamellar nonuniformity defects clusters (Figs. 5),
when the metallization is pickled off and the silicon
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surface is treated with Secco (100) or Sirtl (111)
[3,4] selective etchant. Despite the good metal-to-
silicon adhesion, mechanical stresses arose in these
areas, which caused destruction of the metal. Some
cases of breaking the metallization uniformity could
be associated with metal etching under a photoresist.
The experiments have shown the metallization
breaking to be largely dependent on the device for-
mation technology.

0R14 Au

Fig. 3. Electronic image of the gold to aluminum
diffusion process.

e

Fig. 4. Electronic image of the dislocation cluster
areas, revealed on the silicon surface after removal of
the faulty metallization and treatment with the Secco

selective etchant.

Particular difficulties arise in the process of photo-
lithography. The thickness and quality of the resistive
layer are known to be dependent on the photoresist
viscosity, manner of its application, temperature and
humidity of the ambient, and the substrate surface
properties. It has been found out, that the hydrophilic-
ity of the substrate surface contributes to etching off
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the pattern, by facilitating the penetration of the etch-
ant under the edge of the photoresist film. The uni-
formity of the resist layer depends on the metal plat-
ing properties. A minutest unevenness in the metal
film caused rupture of the photoresistive layer and, as
a consequence, etching of metal in the further opera-
tions. Besides, it is necessary to strictly maintain the
temperature conditions of the photolithography proc-
ess. Inobservance of the drying conditions led to in-
complete removal of the solvent, which caused, in its
turn, shielding of the resist’s photosensitive proper-
ties under exposure. If drying was performed at low
temperatures, then poor adhesion of the photolayer to
the substrate was observed and cohesion predominat-
ed; as a result of it, the photoresist peeled off under
development, causing the pattern damage.

Fig. 5. Electronic image of the lamellar
nonuniformity defect, revealed on the silicon surface
after removal of the faulty metallization and
treatment with the Secco selective etchant.

It has also been found, that even a minor devia-
tion from the norm of at least one of the development
process factors (developer concentration, time, tem-
perature, etc.) involved either distortion of the mar-
gin edge acutance or a partial photolayer daniage,
which subsequently resulted in defects of the cur-
rent-conducting paths and contact pads.

A large lot of the devices, which had failed after a
long operation time, consisted of those ones, whose
current-conducting paths and thermal compression
contacts hadn’t suffered any visible changes. Their
detailed analysis has shown, that the catastrophic
parameters degradation has occurred because of an
abrupt rise of the current, flowing through the gate.
An X-Ray analysis of the oxide layers quality has
shown the presence of a large amount of metallic
impurities in the oxide, their density reaching the
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maximum value at the silicon-oxide and metal-oxide
interfaces (see the Table). It was observed, that the
metal impurities density was maximum in more po-
rous oxides. Besides the metal impurities, the X-Ray
analysis has revealed a high concentration of free
(uncombined) oxygen in the oxides. It is obvious,
that diffusion of impurities towards the metal-oxide
and silicon-oxide interfaces took place in the device

operation process, causing changes in the potential
barriers heights. The probability of tunneling and
drain currents rise was increasing due to the pres-
ence of a high concentration of states at the oxide-
silicon interface[6]. All these factors resulted in an
abrupt rise of the current flowing through the gate,
and as a consequence, in an abrupt device parame-
ters degradation.

Table
An X- Ray analysis of the oxide layers quality at the oxide-silicon interface
ELMT % ELMT ATOM.%
Si 46.064 32,786
Cl 0.201 0.125
Al 0.238 0.221
0] 52.633 66.067
Na 0.360 0.300
K 0.520 0.500
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