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PREFACE

Inorder to establish the problems inherent in the use of low-power radiation-hardened integrated circuits in high

reliability Air Force electronic systems, a program of device test and analysis was undertaken at the Rome Air
Development Center.

This report is an account of the various analyses which led to the description of the basic failure mode of these -
circuits — the electrochemical attack of the thin film nickel-chromium resistors.

The success of this study was dependent on the contributions of many people. Among my co-workers at RADC
I-would like to thank V. C. Kapfer, for the electrical testing of the circuits; R. W. Thomas, for the mass spectro-
. metry evaluation of the device ambient gas; B. H. Hommel for the determination of the device hermetic seal quality;

) . and J. 8. Smith, R, Bellem, and C, Lane for their discussions and suggestions concerning the fabucduon and applica- - .
~ 7. Ttion aspects of the test. circuits. :

- . N

1

- Special thanks are given T. Ellis of the Naval Ammunition Depot at Crane, Indiana, for pertormmg the scanning
- electron microscopy portion of this study.

This report has been reviewed by the RADC Information Office (Ol) and is releasable to the National Technical
Information Service (NTIS). -

This technical report has been reviewed and is approved.
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SUMMARY

The performance ol recently developed integrated cireuits was evaiuated for several types of environmental and
electrical stress conditions. The principal cause of failure in these devices was the clectiochemical attack of the thin
film nickel-chromium resistors evaporated on the surfuce of these circuits.

An clectron beam microanalyzer was used to chemically analyze the reacted resistor films. The x-ray spectro-
chemical data obrained with this instrument was used (o identify the basic nature of the eleci ochemical reaction.
Important structural defects in these devices were examined with a scanning electron snicroscepe. Finally, mass
spectrometry was used to characterize the gas found inside the hermetically-enclosed device package.

These analyiical techniques identified the steps which led to the ebserved attack of ihe thin film Ni-Cr resistors.

(2) Moisture present insnde the hermetic package, under low temperature operating conditions, would pre-
terentially condense in defect sites in the deposited plass layer over the tosistors.

(by Sodium contamination, arising from the glass materials used to make the device package. fonized the
condensed water and caused un excess hydroxyl ion concentration,

(¢} The hydroxyt fons reacted with the thin Hlm resistors resulting in the formation of comples anions of
both nickel and chromium.

(d}  Potentials applied (e the device caused the negative comples ions to migrate to positively biased points
o the surface of the device,

(e} The chemical atrack and subseaul elecnochemical transport of ions proceeded until the nickel and
chromiun was completely removed, thereby resulting in an open-resistor.

Based on these Nadings, the foliowing recommendations were made it ord

et to minimize the suseeptibitity of
this type of inteprated cheuit w Tailare: :

Gy Use adefect-five deposited glass faver whichy is cumpatible with the temperature levels required to
{abricate a packaged device.

() Eliminate contaminants such us waler aid sodinn Unourh proper process control procedures,

te) Assure praper device hermetic seal integrty through the proper vlodse nf package mulerials,




CONTENTS

L INTRODUCTION

................................................ |
H MATERIALS AND METHODS - .. ... 2
I EXPERIMENTS AND RESULTS ... . I(;
V. DISCUSSION OF RESULTS . ..o e 28
i V. SUMMA\RY ANDCONCLUSIONS . .. .. ... ... ... . ..., Lo e e e 30
g BIBLIOGRAPHY. ... 32
?
’ LIST OF ILLUSTRATIONS
FIGURE 1 NiCr Thin Film Test Structure ... ... ... it vt 2
E FIGURE 2 Completed Test Cireuit ... .. ... ... . it et eeeas 3
! FIGURE 3 Ceramic Package Cross Section .. . ... ... ... ... . .. ... iiinnnnnn.. 4
o] FIGURE 4 Electron Beam Microanalyzer Block Diagram  ............................ 5
' "f FIGURE S Failed Ni-Cr Resistor Elements .. ...............oooueianniuaeennnn .. 10
\ :'{ FIGURE 6  SEM Micrograph of Crack in Deposited Glass Layer (6,600 X) e e e 12
g ' FIGURE 7  SEM Micrograph of Gap in Deposited Glass Layer (6.000X) .................. 13
‘ ‘ FIGURE 8  Failed Cold Probe Test Film .. ... .. .. .. . .. . i 14
FIGURE 9  Scanning X-Ray Micrographs - Positive Contact of Cold Probe Failure ............ 15
FIGURE 10 Scanning X-Ray Micrographs — Negative Contact of Cold Probe Failure . ......... 16
FIGURE 11 Failed Hermetically Encapsulated Test F.ilm .............................. 18
STRR b‘ FIGURE 12 Scanning X-Ray Micrographs -- Positive Contact of Hermetic Failure ... ... e 19
: FIGURE 13 Sodium K-Alpha X-Ray Intensity Variation on Failed Ni-Cr Film .......... RPN 21
' FIGURE 14 Sodium K-Alpha X-Ray Intensity Variation from Device Number A-5and A-10 ... ... -~ -24.

vif

4
b |
Lt
T
;
;




9

e e e e e AR TARUT AL SN A et o s . JR R

* LIST OF TABLES
“TABLE1 Electron Range Calculation as a Function of Accelerating Potential . ........... o 7
TABLEIl  X-Ray Linesand Analyzing Crystals . ... ..ot iiiini i, . 7
TABLE I~ Mass Absorption Coefficients . . . . .. . I . 3
TABLEIV  Ceramic Package Chemical Constituents .. .. .......euneuunnornenunenn.. 1 )

“TABLE V.~ Package Ambient Moisture Analysis .. .... DETEI P e 20

TABLE VI-  Sodium Co;x_c)gntratiodAnalysis'. ...... e e 23

e




3
3.
)

1. INTRODUCTION.

The use of nickel-chromium alloys for precision electrical resistors is not a novel application of these materials.
However, it has only been within the past several years that these compounds have been combined with silicon
monolithic integrated circuit (IC) technology. By replacing the normal diffused resistor structures of these devices
with a thin film of Ni-Cr, the new class of devices exhibited improved temperature stability, lower parasitic capaci-
tance, and a better resistance to radiation.

A recent survey'!) of the use of such thin film structures in microelectronics discusses the various advantages of
such a scheme in greater detail. It also describes the new technology’s most serious drawback: the difficulty in
achieving compatibility among the thin titm matetius; thie types of processing; and other materials cinploved
making a finished integrated circuit.

At RADC a program of device testing and analysis was undertaken to establish the effects of the structural and
chemical factors present in these circuits on the behavior of the thin filin nickel-chromium resistors.

At the outset of the swudy, consideration was given to many different types of stresses which might atfect thin
film resistor performance. This work and that of Philufsky(2) et al, established that the various metallurgical
reactions which take place between the nickel-chromium material and the aluminum metallization stripes used to
interconnect various parts of the active device were not a determining factor in the behavior of the thin film
resistors. Instead, the electrochemical attack of these films underlow temperature conditions wys the prmuml
cause of failure of the dcvnces that were being studied. :

The purpose of this report is to presenf the results of the electron beum ricroanalysis (EBM) studies which have
led to the development of a model for the observed electrochomical reaction. The intent was to correlate, principatly
through use of an electron microprobe, the various chemical characteristics ot the integrated circuit with the
behavior of thin film nickel-chromium resistors, Qther pertinent features of the devices were studied with several
additional technigues including scanning electron mh.ruswpy and 1iass spuctmmory, us wﬂl bc shown in subscquem
sections of this rcpon

Once the various observations were e)plulncd by ] slm,le coiprehonsive modcl the final wsu!t was thc dcvclup-
mont of wcummoudntwns for mmimlzing tlu. susceptibmty of mwgmwd duuus m this mode ot‘ falluw




I MATERIALS AND METHODS
ANICKEL-CHROMIUM 1EST FILMS
Because of the baste interest i studymy the behavior -f thm fihn nichel-chiromune resistors on actual uione-

hitne mtegrated circuit structures, the test devices used for this study were commercially manutactured digital
aircatts, Fgare 1depicts the importaot physical features of the thin fil reastor structures.

Depesited Giess
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Siticon  Subetrate

Figure 1. Ni-Cr Thin Film Test Structure

the Ni-Cr tilms were deposited. using fitament evaporation techniques, to a thickness of appro.imately 150
Angstroms on a thermally oxidized silicon substrate. Interconnection of the resistor elements with the various -
fused areas of the 1€ was accomplished by the evaporation and delineation of an stuminum metallization layer o
9000 Angstroms thickness. A 1 micrometer thick protective “*glassivation™ layer was then vacuum depuosited over
both films. This glass layer, comprised of undoped SiO2, was supposed to serve two functions: (1) to prevent

mechunical damage to the thin filin resistors during subsequent device processing. and (2) to inhibit chemical attuck
ol these elements,

The reader’s attention is directed to the regions near the edge of the aluminum stripe, as indicated by the
arrows, As will be shown in a Later section of this report, cracks in the glass layer at these points contribute
significantly to the tailure of the nickel-chromium resistors. Figure 2 is a photograph of a completed test circun
betore tinal hermetic sealing of the package. The arrows indicate the location of the Ni-Cr resistors.
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Figure 2. Completed Test Circuit

As will be shown later the type ol pachage used tor these deviees plays an important part in the clectiochenncal

attack of the NiUr tilins, Figure 3018 a cross-sectional diagram of the all-ceramic package used for the test devices.

Lhe alummmnm bunding pad areas are exposed by chenncally erching the deposited SiOQ) layer. The devices are then
placed in the bottom part of the pachage. Electrical connection of the integrated circuit to the outside world »
provided by ultrasonicatly bonded 1 mil wlumimum wires extending between the bonding pads and the packaye lead
e,

A plass bond between both the  etal and the ceranic materials secures the metal lead trame. After the alunnnmun
wires are bonded, the lid of the package s sealed at high temperatures with a devitrifying solder glass~ceramic
material, The intent of these processes s to provide a hermetically sealed environment for the integrated cireust.

B. (ST PROCEDURLS
All ot the device test condittons were chosen to aceelerate or enhance the clectrochemical attack ot the thin

Ni-Cr films. Standard clectrical biasing circuitry assured the correct determination of the voltage and current
conditions at each critical point on the test devices.
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The magnification of the scanning micrographs is detenmined by taking the ratio of the length of the line
on a display scope to the length of the line on the surface of the sample, The standard range of magnification of such
EBM scanning displays is between 10X and 10,000 X,

Eicclmn beam microanalysis is ideally suited to the chemical characterization of the thin nickel-chromium
films under study because of the excellent absolute detectability limits it provides for an element with an atomic
number greater than five, The reason for these low limits is that the EBM will detect x-rays gencrated from within

" an excited volume of less than 10 cubic microns. The exact size of this volume depends on the energy of the primary
beam and the material being examined. Typically, only 10 or 1071 grams of material are being sampled under
these conditions. The assumption that 2 particular elemeat can be detected in a relative concentration of 100 ppm

in this volume leads to 2 figure of 10°13 or 10°M grams for the absolute detectability linit.

The true concentration of a given clement is obtained by recording the intensity of the characteristic i
x-rays from both the unkanown and o standard, By multiplying the observed intensity ratio by suitable correction
factors (which account for the interaction of both the primary clectrons and generated x-rays with the sumplel

- elemental composition in terms of weight percent can be deteanined with an accuracy of 210ré. The mature of the
various correction factors is discussed in considerable detail in two recent bouks, 14 B :

The EBM uscd on this study is a commerciaily available ins(mmcm manufactured by »\pplicd Research
- Laboratories, Inc. 1 has three Juhansson curved crystal spectrometers. Each spoctrometer has u 2.5 degree take-
of angle. This high value of ¢ not only results in minimum spectromater shadowing etfects due to surfuce irregularni-
ties of the sample, but it also minimizes the absorption of the detected s-rays by having the spectrometer “lovk™
3t x-rays which have passed through a thinner layer of the sample, e, e Neray pathy leagth. The amount of
, Jb&ofplmu is therefore proportional to cosecant ¢, This design feature of the EBM is expecially inportant in shx
' decectmn of long waveleugm k-sczwa XeFays emmed by the !ow atemiic number elements.

Two of me 5peeuwmets uge scakd pmpomouai counters in wnjumuun mt!t either a lithwm Nuaride
(LiF) or ammonium dihy drogen phosphate (ADP) crystal, These two erystals are used for the analyis of eleiments
- geeater in atomic number than 12 The third spectrometer, equipped with-an ultra-thin window. flow propostional
. counter and either a lead stearate tkmwale (Pb&D) o mbidium aud pmhalate cRAP) &ﬂ‘ﬂu‘ it used for hg}u
; eiamcm maiysis. fe., 5<I<13.

The impnmat patmm: esmbltihed a tlw au:m of tlm EBM unmyw uutuded

o (a) A Delennimtwn oi‘ !;Ieemm Range A Mgh em;gy kam ot‘ etwuum w:ll genmw wayt fmm i
-, volusoe of material detcrmined by tw election energy. The prarticalar values of slecivon tange vs. aceelerating -
potential were estimated for the malerials gfmm in oar test structinnes. The estimate was reachad by using a -
-nethod proposed by Archard and Mulvey'™ and elevtron range coefRcients tabulated by Nelmis' ™). The calevisted - -

 valugs, shown i Table 4, enabled the pmpct d:m of acoc!mxing poﬁnw ewiw in uudymg ﬁu: hwwd
structures found on nw et dewcs. :
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TABLEI

ELECTRON RANGE CALCULATION AS A
FUNCTION OF ACCELERATING POTENTIAL

_RANGE (um)

Material 10KV ISKV 0KV ISKY 30KV
Aluminum 1.32 262 4.35 6.38 8.81
Silicon 1.42 2.89 4.75 7.00 9.60
Chromium 0.60 1.18 192 2.83 3.85
Nickel 0.49 0.95 1.56 2.24 312
Silicon 1.34 2.75 452 6.66 9.24 .
Dioxide :

(b) Choice of Characteristic X-Ray Lines: After initial qualitative determination of the important
clements involved in the electrochemical attack of Ni-Cr films, the various characteristic lines shown in Table U
were chosen for the subsequent analyses. This work wuas done to establish the required critical energy for the
emission of the various x-rays and to enable the selection of the proper Lrystal for cach wavelength, also shown
in this table.

TABLE 1}

X-RAY LINES AND ANALYZING CRYSTALS

AKg ECRIT Ka 1 5
EMITTER (ANGST R(N“) __(KEV) _CRYSTAL
Oxygen 23.707 0.532 Rubidium Acid Phthalate
Sodium " 11,909 - 1,080 Rubidium Acid Phthalate
Aluminum 8.337 1.559 Ammonium Dihydrogen
Phosphate
Silicon . 7.126 1.838 Ammonium Dihydrogen
Phosphate
S Chromium 2.201 5.998 Lithium Fluoride
SR Nickel 168y 8.337 Lithium Fluoride

(¢) Determmauun of Mass Ahsorption Coefficients: In order to assess the magnitude of the interaction

~ .z .. of the emitted x-rays ‘with the materials comprising the sample, the mass absorption coefficients®) were listed for
LT .o Tthe xenay lines chosen for analysis. These data are shown in Table 111.




TABLE U

MASS ABSORPTION COEFFICIENTS

EMITTER ABSORBER

Ka g O Ne M oS__Ceo o N
O * * * 3 * 3
Na 11 0 et 1332 7943 12800
Al 1303 3339 R 503 3000 4838
Si %6  lie¥ REC] 328 1935 352
Cr kP vl 14 183 RS 142
Ni 16 ¥ 1 75 3t0 59

-Values for p/p in cm:,'gm
*No data avaitable

With the completion of these prefuninagy steps, the EB5 was used tor the specific analyses deseribed in
Section 111

8 2. Scanning Electron Micioscopy
"‘.’ R An adjunct technique to clectron beam microanalysis is scanning clectron microscopy. As explained
reviously, most EBM systems can detect and display the secondary electron response {rom a sample under
R P

bombardment with a beam of high energy primary electrons. The resultant scanning electron micrographs vield
structural information about the surface of the device.

R

Yiors

: Since an EBM was designed primarily for chemical analysis, the clectron optics were chosen to provide
K. - beam currents sufficiently high enough to generate a statistically significant number of characteristic x-rays. At the
sume time, beam diameters on the order of a few thousand angstroms were considered optimally small.

A ’:.‘,\

A scanning electron microscope (SEM), on the other hand, was designed sleng similar lines, but the major
emphusis was placed on beam diameters of approximately a few hundred angstroms. The resultant decrease in the
beam current was of no consequence since these instruments were intended to provide only high resolution structural

information.
' ‘ The SEM used on this study was manufactured by the K2 Corporation. The 150 angstrom beam diameter
E ® . of this instrument provided the necessary spatial resolution of the scanning slectron micrographs for the study of
E defects in the deposited glass films on the test devices. This structural information, when combined with the x-ray

o4 spectrochemical data obtained with the EBM, was used to develop a more comprehensive underslnndmg of the
I factors responsxblc for the observed electrochemical reaction.

S 3. Mass Spectrometry Methods

v iR

Although the two electron beam techniques were the principal analytical methods used for this investigation,
mass spectromeiry was also performed on the amblent gas within the heimetically scaled devices. The two major

SRl
T

AT aspects of this study were:

B s X : :

’, B (a)  Package Hermeticity Evaluation* Using 3 Veeco Helium Spectrometer Leak Detector, the leak rates
R | of the hermetic packages were measured after exposure to helium gas under high pressure. This technique was used

. ;—Hermeticity is a term denoting the ability of a package to prevent exchange of its internal gas with the external

atmosphere. A figure of merit associated with this property Is the g.lse.ous leak rate of the package measured i’
atm-ce/sec. .

i
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to determine whether the moisture present inside the package resulted either from a loss of hermeticity or from
its introduction during device processing.

() Residual Gas Analysis: An independent study was performed with 2 quadrapole mass spectrometer
system specially modified to analyze the constituents of the package ambient. This technique detennined the
amount of water vapor in the package. Thesc results are included to help explain the results obtained with the
clectron beam methods.
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HE EXPERIMENTS AND RESULLS
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(2) Isolated reaction, indicated by the removal of the resistor-inaterial in a circular region (B) located
principally at the edges of the resistor element. The severity of this reaction varied from device to device, but the
general characteristics were always identical.

B. EBM CHEMICAL CHARACTERIZATION

Before performing any detailed analysis of the corroded Ni-Cr resistors, a complete characterization of the
chemical constituents of both the package and of the active chip was made.

By scanning the full complentent of crysial spectrometers of the EBM over the entire x-ray spectral range,
the major constituents of the various package parts were qualitatively analyzed. A list of the detected elements is
given in Table IV. In general, these results were typical of one class of the all-ceramic packages used by the micro-
electronics industry. The interesting part of this analysis was the detection of significantly high concentrations of
sodium in both the lead frame and lid seal glasses. The presence of this alkali metal atom will be shown to have a
significant effect on the failure of the Ni-Cr films.

TABLE IV
CERAMIC PACKAGE CHEMICAL CONSTITUENTS

PACKAGE PART ELEMENTS PRESENT

Ceramic Body Aluininum
Magnesium
Oxygen

Lid Seal Glass Lead
Zine
Sodium
Silicon
Oxygen

Lead Frame Glass Sodium

Magnesium
Aluminum
Silicon
Oxygen

In addition to the information about the package chemistry, EBM analyses of the surface of the integrated
circuit indicated that the deposited glass layor was pure 8103, .e., not doped with phosphorous or boron as is done
in some instances, and that the thin film rosistors contained more chromium than nickel. Based on the ratio of the
x-ray intensities for these elements, the film composition is approximately 60 Cr: 40 Ni. This result alone is
interesting since normally Ni-rich evaporation sources are used. The roasons for the change in film stoichiometry
have been previously explained in terms of the increased vapor pressure and greater sticking coofficient of Cr when
simultaneously evaporated with Ni from a single filament source(%),

In addition to finding a similar 60 Cr: 40 Ni film composition, Bicknell, et al, also determined, using
electron diffraction, the presonce of two phases in the condensed films. Approximatoly 60% of the Cr in the film
was in a separato phase which had a structure similar to 8-Fe(OOH) and contained approciable amounts of oxygen.
All of the Ni was found in another phase having a composition of 70 Ni: 30 Cr. This phase wus distributed in the
form of small islands throughout the larger Cr phase. The only offoct of temperature on these films was to increase
the grain sizo of the Ni-rich phuse without appreciably altering the Cr-rich matrix.
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Since the test tilms on this progrnn are assumed o have a sinilar structure, these findings will be used w
explain their behavior when subjected to electrochemical attack,

COSEM STRUCTERAL CHARACTERIZATION

After optical exanunation of fatded Ni-Cr resistor fibms, it was apparent that the glissivation faved deposited
over both ihe aluminum and thin film resistors was ot fike the ideal fayer shown in Fignee 1 From the location of
the various teacted cegions, one conld surmise that in the Si0> overday there were Lirge defects which provided a
path for moisuire and other contaminants to the NiCr material,

To gain a more complete understanding o the nawre of the glass fayer defects, several samples of hotly
stressed and unstressed devices were examined with the scanning electron mivroscope. Initially, b devices were
coated with a tew hiundred angstroms of evaporated gold to cehance the contrast ol the scaning cliection micrographs.

Figure o shows, in the deposited glass layer, one (ype of defect {A) which extends wlong the edge of an
aluminum metallization stripe. The fine (B) runnmy perpendicutar to thns defeet is due to the edge of the NiCr
resistor, Because the geometry of the top and botton: edges of the Si0 > laver mateh, the inference is that the
alununum stripe edge was covered with a continuous layer of glass Juring its deposition At later time g erack
developed due to either Large intrinsic rensile stresses in the glass or differential expansion between the aluminum
mclattization and 10 dunng subsequent high temperature processing. Athough theve are several posstble manu-
tacturing procedures dring which this could happen. the most likely one s the fid sealing operation, requuinmy
femperstires inescess of 4500 C Tor several minittes. A tecent study O of the thetmal efteets on depostied glass
fibs cozomitered dunng integrated citent processing discisses these problems i considerable detail,

g

.

el

N h’w»'\-uf\-:,...

w ",l"* gz 5. ,‘WM"’ - ’
.‘ﬁ.:"f- o

Figure 0, SEM Micrograph of Conek in Deposited Glas Laz er (6,000 X)




En contrast to the tvpe of crack shown in Fieure o, Figure 7 is a micrograph of 4 defect which wasan
artifuct of the glass deposition technique. The greater width of this crack implies that the edge of the aluminum

stripe was never complefely covered with glass. This situation often oecurs when there are geometrical design
problems in the vacnum deposition equipnient.

Figuee 7. SEM Miceopraph of Gup in Deposited Glass Layer (6,600 X)
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In the first devices analyzed with the EBM, resistor failures were generated by the Thermospot Cold Probe.
In this test, decapped devices were subjected to temperature cycling between room temperature and -30°C with
voltage applied. The low temperature portion of the cycle was used to condense moisture from the lab ambient
atmosphere which then accelerated the resistor attack at the higher temperatures.

Figure 8 shows a typical thin film Ni-Cr resistor (R) which failed after undergoing the thermospot test.

Figure 8, Falled Cold Probe Test Film

The polarity at each end of the resistor stripe is indicated, In order to dotermine qualitatively the distribution
of the various constituents in those areas, scanning x-ray micrographs were taken for aluminum, siticon, nickel, und
chromium The results of the annlysls of tho m.umgulnr arca at the pusitive end of the resistor are pmomcd in.
Hsutes % thmug.: od. , ‘

o 'Thv mmt impomm fcntmes of these uﬂcmgmphs we;
- -(n) The slight rcducuon of both Cr nnd Ni in thc resistur area, -
_(b) I‘hc bund-up of Ni and w0a lcsscr degrcc. Cr around the cdgc of the alnminum xuipc
- The results of similar analyses of the ncaauvc end of this tesistor ure thnwu In Figure 10. Although there

isa depletion of Ni and Cr in the resistor suipo thers is no buikl-up of tlwse elements near the cdge of thc :
nlumtnum s.onduuor. A
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Investigation of other resistor stripes on this device confirmed the tendency for high Cr and Ni x-ray
intensities only at the edge of positively biased aluminum conductors. This sume reaction was observed on all
devices which underwent this particular test.

1t was spparent from the x-ray micrographs of failed films that the reaction involved the formation and
transport of a negative complex ion of Cr and Ni since there was no indication of cation transport to negative
contacts. The next conclusion was that the material deposited at the anode should be salt-like or insulating
compounds of Ni and Cr rather than the (ree metals. This fact was verified by the observation of visible Jight
emitted from the larger precipitates when struck with the primary clectron beam. This phenomenon, called
cathodoluminescence, occurs only in materials which have a sufficiently large band gap such that direct interbang
transitions, 2xcited by the high energy clcctwns result in the emimion of an optical photon. '

Because of the rathct large quantities of reactam pwduua available on these faited ﬁlms. it was casy to

- perlunn EBM qualitative analyses for the anions present in the Ni and Cr compounds. A complete spectral scan was

performed on various failed devices. The only element detected, in addition to Ni and Cr, was oxygen. Since it was
difficult to distinguish the exact stoichiometry of the compounds, they were assumed fo be either hydrated oxides or

~hydroxidos of chromium and mckel formed from the transport of negative hydroxyl «.omplexcs of these clements to

tlu anode of an elcum.ytk: cell, Further evidence in support of this mumpnon will be ptesemed in Section 1V,

!' E BM bTUDth Ol HI:RM!‘TIC DLVt([iS

Once the genoral characteristics of NiCr ﬁlnu attacked in the known pwwmé of water were establighed,

- the next get of experiments was performed to explain their behavior in hermetically encapsulated devices, Prior to
- conducting a varlety of Jow temperature tests designed to enhance motsture condensation and aceclerated thin

Atm corrosion, the hermeticity of all test devices was evaluated using 8 Veeco MS-9 teuk detector, The varlous

- packages exhibited leak rates In the range of 2 to 4 x 108 atarce/ser.12), These rates are below the aibitvdrily

determined limit of 1'x 107 atm-celice defined fora well seoled hermetic ceramic p&.hgﬁ The hermeticity test ~
was designed to eliminate any device with o large package defect which would allow water penetration other than

~ by diffusion through the bulk glass or ceramic materials. Althowgh these initial leak rates were aceeplable; there
"+ was, as will be shown later, some indmuon that muh.tum was belug dtivee (nto lhe pzu.kage dutin., sonme of ihe
o mious ey, i&m. R , A

T exls wer mndu\.wd on nppmthtdy 1w of thc bermietic circults md mmiy 10%. faﬂmi due to.the

- elutroehmkal atiack of the Ni<Cr resistors. A phiotograph of one such failed resistor is shows in Figuie 11, Wite E
© the volding (V) in the resistor (R) near the edp of the aluminum contact was siifar o the wsulisof thecold” -

o probe s, gpwal!y uw auaek was len wc‘ ‘this m:dn be eapcclcd when un!y sxmll anoants of mm e
. mnabh S .

The EBM chamiw :malyﬁs of thc podtm misior coitact, iudtcaled by the mwtpxlm area of ngm 1 l.' :

- @ltﬁd in the scantiing X-ray micrographs shown i Pigure 12, Thew photos are almost identical to the results of -

Figure 9, showing a depletion ol both nickel and chromiuny in the resistos stripe and the bui'd-up of the sotay

7 intensities of these elements veat the edge of the sluminim, Noray scans of e nmuvc contact arca of mts resistor |
_dmdmwﬂawexeﬁummtmwimmbuwup T :

M‘m dmuicaﬂ) uummimg over 30 wch faﬂed n:sms on !wmwue dmm aid compating the tmlu .

© wiih initial obseivations on circuits which undeiwent attack on the water drop and thermuospot tosts, it was evident
- thata single mochanism way involved i all mu. 0. mwummw attack of the Nt(c films i ihe prmm
.ofam&mdwm S ‘ _




Figure 1. Failed Hermetically Encapsulated Test Film

b RESIDUAL GAS ANALYSIS OF AMBIENT GAS IN HERMETIC PACKAGES

Although results of the low temperature testing program indicated that water vapor present mside the
package cavity of hermetic devices was the most likely cause of the Ni-Cr film failures, a more quantitative
evaluation of this possibility was necessary. The difficult task of analyzing the internal package gas was accomplished
with a quadrupole mass spectrometer system designed with a special package puncturing fixture. A hermetic device
package was first pumped down to the wltimate pressure attainable with the bakeable, ion pumped system. After

the background peaks for the mass peaks of interest were taken, the ceramic lid was fractured and the mass spectrum
recorded for the 10-2 ¢m3 volume of gas within the package.

Table V is u st.mmary of the residual gas analysis for water vapor within devices which underwent various
stress conditions.(13Y As can be seen from these data, failed circuits had over twice as much water vapor present
than in the nonfailed stressed units. Also, devices which were analyzed immediately after they were received had
the lowest concentration of moisture in the package. In addition to definitely establishing the presence of HyO
inside failed hermetic devices, this analysis also indicated that the stress tests might be effective in causing an incrcase

m its concentration. A detailed evaluation of the various package properties which could cause this effect is much
too broad for discussion at this time.
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Figure 12. Scanning X-Ray Micrographs-Positive Contact of Hermetic Failure
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TABLL V

PACKAGE AMBIENT MOISTURE ANALY SIS

DEVICE CONDITION PERCENT WAL R VAPOR

Failed Cocarts

Y
Stiessed Cncuts w7
tNon-dures)
New Cieuiats o’

G TRACE CONTAMINATION ANALYSIS USING (1 1:BM

At the, point i the mvestipation, the analy tical results indicatesd that water vapor. condenscd at Tow
temperature, could attack the binsed Ni-Cr resistors via defects m the deposited glass fitm. The principal cheni o
reaction involved the reaction of both nickel and chromium i the presence of excess hydroxyl wons.

There were several ditticulties i explaining our results

) Although ol tatled devices had suffictent water vapor present to citise cortosion, there were
significant varations i the westing tme required 1o cause Yailure, These vanations didn't correlate with he noea,

content instde the package, ve.some devices which B o cettain pracenuage of water vapor Lasted ssuch tonees thon
devices which had only halt that percentage.

(2 1t was onginally hypothesized that the excess hydroxyl 1on concentration needed tor the Nt @ atiachk
resulted vnly from the electrolysis of condensed water. This hypothesis was senously questioned an light of frhas
tailing when the applied potential was much less than the hy drogen overpotential at either an sluminunr s nickel
chromium contact. Although this value of potential was never experimentally checked. literature reviews nnhweate
that it was on the order of | volt. Ni-Cr resistors which failed at less than a few tenths o a volt potental tequacd

a mechanism other than electrolysis. A possible answer was the onization of witter by a chemical napurn . such -
an alkali metal.

The onginat chemical characterization of the device package indicated significantly large concentraticus
ol sodium in both the lid and lead frame sealing glasses. Since this element forms a strong base in aqueous solution,
an EBM search was undertaken to establish its presence on the surfiace of the integrated circuits.

To optimize the sensitivity of the chemical analysis. an accelerating potential based on the electron ranee
calculations shown in Table § was chosen. Voltages between 15 and 25 kilovolts assured proper penetration ol the
clections through the deposited and thermally grown oxide laycrs and yet resulted in the smallest volume of analyvzed
malerial compatible with proper x-ray line peak-tu-background values for the Na K-a line.

Atter searching various points on the device surface. there were indications that a significantly gh tevel
ol Na x-ray intensity was observable within cracked regions in the deposited glass. Nevertheless. the siznal levet
was too low to penmit taking scanning X-ray micrographs for this element.

A stationary electron beam was positioned alternately on an vdge regon near the cracked glass amd ot
anuiher point away from these areas. The output of the hght element detector, using a rabidium acsd phtha! e
crystal, was integrated on a ratemeter and used 1o drve a st chart recorder. Figure 12 1s one such recordnne:
taken from a failed device.
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Figure 13, Sodium K-Alpha X-Ray Intensity Variation on Failed Ni-Cr Film

The response in the chart regions indicated by the word “ON” is the sodium x-ray intensity from several
different edges of atuminum stripes. The response between the wlternating “ON™ regions is the sodium signal fron

arbitrarily chosen points on fat suifaces of the glass ld»cr This low level signal is essentially the background reading
tor the sodjum K-alpha line.

The variation in the a-ray intensity is significantly large and shows a definite build-up of sodium near the
exposed edges of aluminum metatlization stripes. An analysis of similar regions of the circuit with a defocused
- xeray spectrometer indicated that this intensity variation did not arise from geometrical effects due to scattering
of the clectron beam or other such artitacts,

The general results of the EBM analysis of 19 devices, both good and faited, are shown in Table V1. The
urbitrary inteusity levels were established based on the vbserved peak-to-background ratio of the sodium line:
HIGH = greater than 2-to-1; MED = less than 2-t0-15 and LOW = no significant variation in x-ray intensity. or a

- peak-to-background of I-to-1, Care was taken to keep the analysis conditions identical in order to make valid com
parsons of the relative intensity vartutions coserved not only on u single circuit but from one device to another,

A closer examingtion of the production date ¢odes of all these devices indicated that the fow concentration
“ ot sodivm occurred for iwo s of cirewits and that ones with the highest sodium count rates were from one
particithar fot, This “lot dependence ™ will be turther discussed m Section IV,




TABLE Vi

SOD!UM CONCENTRATION ANALYSIS

DEVICENUMBER _LOT NUMBER CIRCUIT CONDITION Na CONCENTRATION
V-1 A N LOW
v.2 A N MED
V.3 A N HIGH )
4 A F HIGH
'-z._-z ' A F N - HIGH
A-S A | F - MED
A-10 A F 'HIGH
A-6 A SNE MED
A-36 A SNF HIGH
.5 A SNF MED
i G-1 A SNF LOW
E G-2 4 SNF  Low
{ G-3 B A sNE LOW
E B-1 - B Y LOW
f | B-2 B N LOW
E B.3 B N LOW
. C-1 ¢ N | MED
:
C.2 c N LOW
: C.3 ¢ N LOW
CODE: N = NEW F = FAILURE SNF = STRESSED NON-FAILURE

[3%3
[ 2%
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H. CORRELATION OF SODIUM CONTAMINATION LEVEL AND '}"Hl: RATE OF NICKEL-(HROMRUM
RESISTOR ATTACK

X\

Once the EBM was found to be effective in determining variations in the concentration of sodium at defect

sites in the deposited glass layer, an experiment was performed to try to explain differences in the time-to-failure of
devices stressed under identical test conditions.

Two failed devices which had been analyzed with the mass spectrometer system to determine the amount
of water vapor present within their packages were chosén for this part of the study. Device number A-5 had a 3%
water vapor content. The other circuit, A-10, had about 1.4%. These relative values for moisture content did not
correlate with the tact that A-10 survived only two hours of testing whereas A-5 didn’t fail until after 19 hours.

The sodium x-ray intensity variations at defect sites on the two failed circuits are shown in Figure 14.
Device A-10 exhibits a greater sodium concentration than device A-5. These data suggest a direct relationship

between the amount of sodium near the Ni-Cr film and the rate of the elecirochemical attack. Further evidence

supporting these findings has been established using ion beam microanalysis techniques.(14) Circvits with high

concentrations of sodium and potassium in glass defect sites also were attacked most rapidly in the presence of
water and applied potential.




.?,l Figure 14, Sodium K-Alpha X-Ray Intensity Variation from Device Number A-S and A-10
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IV. DISCUSSION 0. (ESULTS

The various experiments which have iust been discussed indicated that four factors were responsible for the
electrochemical corrosion of Ni-Cr films:

(a) Moisture present inside the device package.
(b) Defects in the protective glass layer which allowed moisture to react with the Ni-Cr resistors.

(¢) Applied potential which resulted in the transport of negative complexes of nickel and chromium to
anode contacts.

{d) Socdium contamination which appeared to accelerate the reaction.

‘These observations will now be combined with knowr chemical and physical phenotena to form a model

for the attack of Ni-Cr films as found on our test circuits. To accomplish this task, let us consider the first two of
the above factors and their interrelationship.

A. EFFECTS OF MOISTURE AND GLASS LAYER DEFECTS

Severai corroborating experiments indicated that moisture was necessary to cause Ni-Cr {ilm failure. The
results of electrical and environmental stress testing also showed temperature cycling rather than a steady-state
temperature condition to be more effective in generating Ni-Cr film failures. An explanation of this behavior was
developed from a consideration of the process which is most likely responsible for moisture condensation in the
cracks and pinholes in the deposited glass film. The dominant mechanism appears to be capillary condensation.

This well known phenomenon of preferential condensation of moisture in fine pore stiuctures was
described by Zsigmondyt13) in terms of the equilibrium vapor pressure depression which takes place above a curved
liquid surtace. As explained in a more recent text,(16) vapors which are at partial pressures less than the normal
saturation value are preferentially absorbed or condensed in cracks and pores which have concave surfaces. In
addition to explaining preferential condensation in glass defect sites at-temperatures higher than the “dew point™
vatue for a flat surface, this mechanism also requires a much higher pressure for desorption over the surface of
the liquid than is needed for absorption. Simply stated, once a crack becomes wet, it wends to stay wet,

Within the framework of this mechanism, our test sequence can be explained as follows:

(a) The temperature is lowered to a point where capillary condensation can take place. Water is then
trapped within the microscopic defects in the glass film. '

(b) Oncc water is condensed, any increase in the temperature will not cause an equivalent desorption.
Thus, at the higher portion of the temperaturo cycle, the major effect was the acecleration of the chemical reaction
which caused the removal of Ni and Cr from blased resistur films. Continued operation at the top of the temperature
cycle would eventually result in deserption, necessitating the return to the low temperature level where preferential
absorption would again provide the moisture needed to sustain the electrochemical attack.

QOur test results substantiated this sequence of events, Continuous monitoring of the integrity of the Ni-(y
resistors during the temperature cycling experiments indicated that nearly all of the films falled during the rising
temperature portion of the cycle, There was apparently some trade-off between the amount of absorbed water und
the rate of chemical reaction within a given range of temperatures. This combination of the proper amount of water
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at a suitably high temperature resulted in the optintum condition for resistor attack. We also found an increase in
the reaction rate under cycled rather than steady-state bias conditions. This test arrangement was chosen to

minimize device temperature rises due to joule heating of the resistor films since these higher temperatures would
aid in the water desorption process.

There is one final note on the deleterious effects of the various types of defects in the glassivation layer of
these circuits. Early use of Ni-Cr films for hybtid circuit applications indicated no problem due to the corrosion of
the thin film resistors. Because this type of device didn’t require ke higher package sealing temperatures tsed on
our test circuits, no deposited glass layers were needed to prevent film oxidation.

This mteresting result tends to imply that no passivation layer is better than a faulty continuous passivation
layer. This should be expected it one considers that: (1) preferential condensation will not take place, and (2) a
more uniforin electrode process will govern the corrosion of the smooth surface of the uncoated resistor.

This latter point of electrode processes has received recent attention in a thesis by Shuck.U7) A detailed
analysis of the transport equations which govern chemical corrosion at cracked and pitted regions of an electrode
indicated that variations in the electrolyte composition in these areas could lead to an increased rate of attack.

B. ELECTROCHEMICAL REACTION MODEL

The last ask in the analysis of the failure of the thin film Ni-Cr resistors was to combine the concept of
preferential conden.ation at glass defect sites with the chemical information obtained with the clectron beam
microanalyzer. The remaining two factors which will be considered are:

(a)  The build-up of nickel and chromium compounds at the most positively biased resistor contact; and,
(b)  The presence of sodium contamination on the surface of the test devices.

The major difficulty in performing the chemical analysis was the minuscule amounts of materials involved
in the reaction. Assuming bulk density values for both nickel and chromium, the average amount of resistor
material removed from any given resistor was on the order of ¢ nanogram. Judiciously choosing the FBM
aecelorating potentials used for the analysis provided for the proper determination of’ the major reactant produets.
Thercfore, the qualitative wavelength searches with the various crystal spectrometers were sufficiently sensitive in
vstablishing the absence of all clements other than nickel, chromium, oxygen, and sodium in the reacted films.

In addition to the ditficulty in performing an exact analysis for oxygen due to the presence of the glass
layer over the resistor films, the major substrate interference with the emitted x-rays was experienced during the
sodium analysis. The mass absorption coefTicients, shown in Table 11, reflect this fact. tn addition, theee is dittle
absorption of the nickel and chromium K-alpha x-rays in passing through the deposited ghass film. An exact value
of the mass absorption coefhicients for the various X-rays in gluss could not be caleulated due to the bk of suitable
duta tor the oxygen K-atpha line. Nevertheless, the general conclusions of analy 2ing the various factors aflecting
x-ray production and detection indleute that the intensity variations presented in both the scanning X-ray micre

graphs and the strip chart recordings represent true vartations in the concentutions of the diffesent clements in
the analyzed regions. ' :

With assurance thut the chemical behavior of the films was as securately detennined as possible with the
EBM, an investigation of known chemical teactions was undestaken in urder to explain the obsetvations,

)
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There are two possible rezctions when nickel and chromium are ex[-osed to agueous solutions.(18) Either -
the complex cations: _

Ni (H>0)5t and Cr(CH)§F are formed, or when excess hydroxyl ions are present,
Ni(OH)3 and Cr(Oll)y .

The presence of sodium on the surface of the device would cause ionization of water to take place and
provide the excess OH™ concentration. This fact, coupled with the build-up of material at anode contacts, implies
that the Ni-Cr resistors are failing as the result of the formation and transport of the metal-hydroxyl anions.

The rate at which material reaches the positive electrodes is determiined by Faraday's Law of Electrolysis.
As the negative ions undergo electron exchange at the anode, compounds such as: NiO ¢ xH,0 and Cr303 +xH>0
can be formed. There are other possibilities such as nickel hydroxide and other oxides of chromium. The firs*
compounds have the properties of being insoluble in both water and sodium hydroxide solutions. This fact
could explain the stability of the observed reactant products in the presence of these solutions within the cracks in
the glass. Although sample geometry and chemistry precluded an exact determination of the reactant produets, the
qualitative analyses tend to confirm the presence of either oxide or hydroxide compounds of both nickel ml
chromium.

The amount of water needed to cause these types of reactions is on the order of o few nanograms,
Recalling the data presented in Table V, the average amount of water observed in a hermetic device package would |
correspond to an absolute amount of water in the microgram range. This calculation indicates tizt there is more
than enough water to cause the reaction in sealed devices.

A little betier understanding of the microscople processes which take place at the Ni<Cr electrode can be
gained by a closer examination of the scanning x-ray micrographs shown in Figure {2, As may be noted, there is o

“higher concentration of the nicke! rather than the chromium compound near the edge of the positively biased

aluminum conductor. 1t is also evident thas the nickel is preferentially removed from the reacted resistor film,
This effeet is so pronounced that in some vases & resistor-will still have electrical continuity, even though there is
little detectable-nickel present in the reacted regions, tn tight of the EBM characterization of the test fils and
thelr similarity to those descrided in Relerence 9, there is teason to suspeet the preferential attack of the NeCr
metal phase of-the resistor. The Cr phase would be attac kcd mmh slowet bc«.uuw it already exists ina pustially -
oxidized state, o

' "l'hm are other possible enplutations for the enhanced reaction of ntekel, but they would requite the ,
selective corrosion of nickel in the presence of metallic chromitm, Vhis concept iy quite hard to recaneite with the -

- faet that niekel 18 foss reactive than chromvium, The ides ol a partially oxidized layer of ehromium that is more

unpuwluus to attack lh.m an unoxidized Ni-Cr phase would be in better agreenmient: with the ¥ !lM dnm

The last ptmu 1o consider Iy the necessity Torun clmrmlwmtw! tather than a sunple ‘humx al rcauhm o

cuuse faflure, Asexplained carlier, very little ix known about the behavior of electrolytes m Aine cracks and capl-

tarres, One cati only postulats that in the absenee of an applied putential, the seaction of the hydroxyl fons with

~ the NECt (il reslts in electrode pulasization processes similar to those encoumtersd in standard electrochenical

celis. 1% These processes nay prevent further chemival attack unti) the comples tickel and chroruim hydroxyl

“fons are transported to an anudic contact, During thix jonde tansport, an unreacted surface of the nesistor could be

exposed to turther hydsoxyl ion attack. A more defialtive explanation of this point could be reached only by

“special electrochemical studies designed 1o determine the tmportant parameters such as the degree of electrode

pnlamzlion and 1eanspurt numbers for the nickel and chromium »omplcx ious. This ..hbumion. needics to 3y

. wzs tot wnsidmd wuhm u‘e uupc of this mmmuuu. .
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C. DEVICE PROCESSING CONSIDERATIONS

As stated in the introduction to this report one of the most serious fimitations encountered when thin
film resistor elements are incorporated on an active monolithic integrated circuit is the difficulty in achieving
compatibility between the thin film materials and the rest of the stundard device processing steps and materials.

The complementary analytical techniques used on this program have helped to establish the awjor problems
observed in one class of devices and the interrelationship of the various structural and chemical factors,

Integrated circuit processing, especially the deposition of the protective glass overlay, has a very important
intluence on the performance of the Ni-Cr resistors. All devices in this study had poorly fabricated glass tilms. The
presence of severe deiccts in the glass made all devices susceptible to moisture penetration and attack. Even if an
ideally perfect SiOa layer could have been deposited, it would still have to withstand the subsequent device pro-
cessing steps. The most critical of these procedures, as inferred from the structural and chemical analyses pertormed
on this study. is the final lid sealing operation.

In addition to the thermal stresses introduced during the high temperature sealing operation, there is the
added possibility of the outgassing of impurities from the various parts of the package. This outgassing may likely
be the source of the sodium contamination. The addition of this element to the glass parts of the package may
appear rather imprudent in light of the observed chemical reactions with the Ni-Cr films. The major regson for the
use o sodium and other alkgli metals is to modify the thermal expansion properties of the different glasses. This is

- essential in order to assure a proper scal between the dtssimtlur packuge p.ms and is especially critical fora durable

bla»-to-mctal seal at the devu.e tead frame,

During the course of this study a papcﬂ 20 was published oa the various problems assoviated with deviee

“packaging. As Deal states tn this work two of the mtis.nl areas .»suunted with the glusws used in ceramic p.u L.ly.\

were:
(a) - Thc uutgussms ol d\cmlu.u ipuritics duﬂug seallm,
- (b) Thc .mack of tlw devkc mclam/uuun by mnisturc.

Mtlumgh sodivm was sw.ﬂ‘kull) isoluted hv Dc.uus 4 contributor o dcvu milmc the mger patni of

- oncern wag its influence on the silicon surface propesties.-Nlis discussion applies equully. well forour tost devices -

provided the weakest point of the integrated cirult is the vulnerability of the NbCr resistors ) dwmmi .m.u A
mutu l!um dw suswpubmly of the device to tnume trom mn‘aw-relnud effects,

The x!ependcme ol the soverity ot the cn‘uu of mdhnm contamination on device provessitig any be

 inferred from Table VL. The strong lot dependence for high sodium concentration suggrests the loss of control vy
- elther processing of the quality of the materials used in the device package, There are so many sperations dn g
~which the paclwgc is prepared for final seal that it is conceivable that-ohe of thew resulted iy the evvess sindium .
- outgassing on lot A and not on the others. The types of mantfacturing procedures which could tead to these:
- gerults coutd.not be determmed by any chemical analysis techniques with the EBM. This type of 3 study could
- be effectively porformed only by the device manofacturer oe pm.kngc mpplict Only tlwy would have thc mﬂ»im

mlo thc specific pmwssing steps.

There is another mtmmm, faet abaut mc inﬁum,é of mdmm o device falute. mac 1Y shmm i Table VI

- “Theee are thred siressed non-failed dovicenie., A, A<306, 2.8, which toive sgnisicant levels o soduin costamitiation

within defeot regions in the gass layer. Them: devices were temaved {rom the stress feats after a sprevitied pertad ot

. time, These devices nuay not have ailed due t 2 lack of w!!‘wck'm mm\hm' ti stestaiiy the ehectrociicnmeal altack

Somc Wam vapur st lme been prmm sinw itis bcum i that ihe wdmm wml \ me \s-( t mnm Py the adiwat
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of water leaching this element from contaminated surtfaices within the device package and its subsequent preferential
condensation in the glass defect sites. This interpretation is in agreement with the results of the internal package gas
analysis. Water was found in all packages but only devices with a level of about 1.7% failed.

This brings us to the last critical area associated with device production. Although cracked glassivation and
sodium contamination are important contributors to the Ni-Cr resistor attack, moisture is the necessary factor.
Therefore, one must assure an initially dry package and one which maintains its hermetic seal integrity over the

entire temperature range anticipated for device use.

We normally assume that any moisture that is present within the device enters after final sealing operation.
This assumption was untfounded in this study since new devices had nearly 0,29 water vapor content in the internal
package gas. This may have resulted from sealing in a wet stmosphere or from outgassing of the package during lid
seal. As tests were performed on these cireuits, the water vapor level increased. This can be attributed 1o a logs of
hermeticity of the package. The insidious point about this problem is the limitation on our methods for determining
gaseous leak rates for ceramic packages. The results of this study were inconclusive in determining any loss of
hermeticity. Each device exhibited u gaseous leak rate which was “in the nowe™ both before and after the stress tests.




V. SUMMARY AND CONCLUSIONS
Fhe electrochencal attack of thin film Ni-Cr resistors is contingent on the p.rcxcncc ol the following factors
Ch The availability of mossture within the cavity ot the hermetic deviee package.
121 Biased operation of the test devices at temperatures at which mosture can condense on the device surlace.
{30 Adenctive glass layer over the thin film resistors.

| 1) Thie presence of sodium contamination on the surface of the integrated cireuit.
‘ ) .

These results were obtained using the electron beans microanalyzer and scanning clection microscope in
conpunction with mass spectrographic gas analysis techniques. Within the limitations of the chemical analysis
methods afforded by the EBM, the resctant products of failed resistor fitms were identified as oxide or hydroxide
compounds of nickel and chromium,

These observations were evaluated i light of known physieal and chemical phenomena which could be
operative in the presence of the four critical factors. The major reactions were:

{1 [he preterential condensation of water in cracks and pintholes in the deposited plass laver.
(2 Hydroxyl jon attack of nickel and chromium, accelerated by the iomzation of water by sodium.

(3)  The electrochemical transport of negative hydroxyl ion complexes of nickel and chromium and the
subsequent build-up of compounds of these materials at anodic contacts,

Within the context of the proposed model tor the attack of the thin film resistors. several recommendations
are oftered as a means of minimizing the susceptibility of monolithic integrated cireuits to this problem:

{1) The use of y defect-frec deposited glass. This may necessitate the use of other deposition techniques
such as the pyrolysis of silane gas, or composite methods such as vacuum depuosited SiO» tollowed by silane Si()s,
These processes would promote better coverage of the edges of the aluminum conductor stripes. thereby eliminating
the large gap type of defects observed on our test devices. There still might be pinholes with these types of glasses.
and these pinholes could lead to failuze if located near a Ni-Cy i'm. Care must be exercised that any glass used
tor a protective overlay be capable of withstanding the thermal stresses imposed by such operations as device lid
sealing.

{2y The climination of contaminants within the device package. The major reactant which must be controlled

15 water. Secondly, elements such as sodium or other chemical accelerators must also be eliminated. These pro-
cedures require a three-fold approach.

(1)  Lliminate any source of moisture within the atmosphere inside the sealing furnaces. This standard
requirement for all types of semiconductor devices can be difficult to accomplish. Fven though circuits without
*a-Cr resistors are less susceptible to small variations in package moisture content, the use of 150 Angstrom films
imposes the need for more stringent controls in this area.

(b) Reduce the amount ot contaminants which can outgas from the package materials hoth before

tinal lid scal and during subscquent high temperature device operation. In order to accomplish this task, improved
pre-sealing package treatment processes are needed. The major ares for control lies in the methods used to handle

30
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the lid sealing glass. This material is applied to the ceramic lid in the form of a glurry. This slurry is then fived to
form a solid at a temperature below the glass devitrification temperature encountered during lid scal. Improper
outgassing of this material during the pre-firing operation can fead to the injection of moisture into the package
during the final sealing operation.

Along these same lines, the elemental constituents of the glass package parts may themselves outgas
Juring the high temperature sealing operation. The presence of sodivm or the device surface has been attributed
to this process, The elimination of this acceleratiug factor for film corrosion can be accomplished by not using this
element as a glass moditier. On the other hand, this could lead to poor thermal expansion properties of the glass
and the fuilure of the hermetic seal. Another alternative is the use of a lower temperature sealing process. Although
su ne available solder glass-ceramics seal at a lower temperature than that used on these devices, the variation is
only slight and would not appreciably minimize the outgassing of clcmcms such as sodium which have luyu vapor
pressures at those temperatures.

(c - Assute package hermetic seal integrity over the entire tcmpcm(um range emidpat»d for device
use. The sealing process requires the compatibility of all matcrials used in the device package. Other than the
porusity of the ceramic waterial itself, the most critical areas in causing loss of hermeticity are the glass-to-metal

‘lead frame seals and the package lid seal. Ditficultivs in achieving this goal using cerami packages may necessitate

a change toa complefely ditterent system such agan all~mcul package. '

In wm:lusimx., the results-of this study have led o a more compaehensive understanding of the inter-
sction of axany of the chemical and physical factors which fead to the-electrochemical attack of thin flm NiCi -
resistors. Bevause the integrated circuits studied on this program were typical of othyr mierocircuits using thin
film yesistors, the recommendatisns which bave beets vutlined slwnm pumdc guhk:mws !‘m hnpwm! teli.abmty _
of 1 wide vmh‘ty ul wmlat dovices,
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