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EVALUATION

The objective of this effort was to research the interaction of water vapor with
surface conductivity (Si0.) and aluminum oxide volume effect moisture sensors.
Modes of interaction studied included chemisorption, adsorption, and absorption.
Models for the response to moisture for each sensor are presented with the primary
mechanism(s) identified in each instance. The dominating interaction of moisture
with Si0, is physical adsorption while aluminum oxide sensor response is more
complex “depending on initial absorption of water vapor followed by physical
adsorption and then by capillary condensation. The latter process is influenced by the
moisture concentration gradient and surface tension resulting in surface curvature
which is a function of pore diameter of the aluminum oxide.

The thermal stability of these sensors was studied over a temperature range
that a microelectronic device might experience during package sealing operations.
Differential Scanning Calorimeter (DSC) measurements of the surface conductivity
sensor confirmed existing literature in that no thermal aging effects were observed.
However, similar experiments with the aluminum oxide sensor revealed a marked
change in structure at around 360°C. This value is different than the value of 250°C
found by other researchers using different techniques (1). Confirmation of this higher
transition temperature was made using moisture evolution analysis. The reason for
this upward shift in transition temperature could be improved proprietary
manufacturing processes. More work is needed in evaluating state-of-the-art
aluminum oxide volume effect sensors to confirm this.

The major limiting factor in applying these sensors to microelectronic package
ambient in situ moisture monitoring is sealing temperature. The aluminum oxide
sensor can only be directly measured (no calibration shift) in low temperature sealed
devices such as welded TO type metal cans while the surface conductivity sensor
seems amenable to all sealing processes but has not been often used. However, the
aluminum oxide sensor has been widely used with success as a moisture screen (2) and
as a monitor with either post measurement recalibration or with calibration
estimated from the devices in the same manufactured lot (3,4,5). [f the observed
upward trend in aluminum oxide transition temperature is the result of improved
processing, then the potential for a dxrect readmg in a high temperature sealed
microelectronic package (i.e. CERDIP at 450°C) is a possibility.

BENJAMIN A.MOORE
Project Engineer

(1) C. Lin and S.D. Senturia, "Fundamental Studies of the Aging Mechanism in
Aluminum Oxide Thin Films", RADC/NBS Workshop on Moisture Measurement and
Control for Semiconductor Devices, III, NBSIR 84-2852, Pgs 129-139.

(2) C.M. Roberts, IJr., "Moisture Content Control Using Alumina Sensor,"
RADC/NBS Workshop on Moisture Measurement and Control for Semiconductor
Devices, IlI, NBSIR 84-2852, Pgs 162-170.

(3) H. Joss, "Moisture Sources and Measurement in CERDIP Packages with Alumina
Sensors,” RADC/NBS Workshop on Moisture Measurement and Control for
Semiconductor Devices, 11, NBSIR 84-2852, pgs 153-161.




CBEMISORPTION OF MOISTORE ON SILICON DIOXIDE

1) Introduction

The ma jor difference between physical and chewical adsorption lies in
the difference in the energy levels that bold a molecule onto a surface; for
electrostatic and for Van der Waasls types of interaction, the energy levels
involved are relatively low, which corresponds to a ’'’‘physical’’ adsorption;
when a chemical bond exists between the adsorbed molecule and the surface on
which it is adsorbed, ome usually refers to it with the term '‘chemical’’
adsorption or ''chemisorption’’.

2) Chemisorption Model

The chemisorption of water vapor molecules on silicon dioxide is known
to be dissociative, and follows the following scheme:

$i—--0—--Si + 0,0 = Si-—~-08  B0--—-8i

This leads to an activation emergy Ea for the adsorptionm.

In order to simplify the model, let us first assume that the silicon
dioxide surface is homogeneous and that the chemisorptiom is not
dissociative.

If n and nt represent respectively the number of stoms that are
*'occupied’’ (i.e. on which s water vapor molecule is chemically adsorbed)
and the total number of atoms on the adsorbate, the adsorption rate at any
time t follows the kinetic tbeory of gas and can be written:

dn p n -Ea
- = LK (L- — ) .+ exp ( )
dt /2——- *T nt RT

where K is an efficiency coefficient.

The desorption rate can be written:

dn n -Ed
~ de K- proee® ()

At equilibrium, these two rates are equsl, which leads to:

Ed~Ea .
exp(——)
n aP RT
ac S 1+ ap with a = <
Y2um RT
2
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Let us now take into account the dissociative aspect of the chemisorption.
Let us consider a surface made of nt identiocal atoms surrounded by X
neighbors, on which water vapor molecules are dissociated into two identical
radicsls Si—-0H. The probability for a given atom hit by a water molecule
to be '‘free’’ (unmoccupied) is (1 - n/nt). In order for the chemisorption to
occur, the water vapor molecule wust hit a free atom having a free neighbor.

. For evaluating the probability that an atom hit by a molecule be free,
we must distinguish between mized pairs (free atom and occupied neighbor) and
freo pairs (free atow and free neighbor). As n atoms are occupied, the
pumber of water vapor molecules is n/2, the number of occupied pairs is n/2
snd the number of mixed psirs is Xn/2. If Xnt/2 is the initial nuaber of
free pairs, the number of pairs that can participate to the chemisorption
process at any time t is X(nt-n)/2.

In addition, Xnt/2 - n/2 is the total of the numwber of mixed pairs and
of free pairs, i.e. the total number of pairs in which at least one atom is

free. Let nt/n = Z; the probability for an atom neighboring s free atom to
become s free pair with this atom is given by:

X ( nt;n )
. _XQ-2)
fnt _ n X-Z
2 2

and the desorption rate will be proportional to:

2. [1- X . 2D
' X-Z X-2

As in the previous case, these two rates are equal at equilibrium, which
leads to:

Z= ——————— withb=a ( xfl
1L+ vbp

Because of the lateral interactioms between adsorbed molecules, the
sctivation energies for adsorption and desorption change with the number of
chemisorbed molecules, hence with Z. For water vapor on silicom dioxzide, the
litersture indicates that the adsorption energy can vary from 14 to 10




Kcal/mole betwveen the beginning and the end of the chemisorption mechanisa,

Bowever, regardless of the complexity of the proposed wodel, the
chemisorption will always be limited by the number of available free pairs,
vhich makes chemicsl adsorption neglectable (on a quantitative point of view)

a8 compared to the physical adsorption that will completely and
instantaneously cover the adsorbate.




rlIIIlIIIIlIlllllllIlllllllllllllllllll-.--l--..----------———

PHYSICAL ADSORPTION OF MOISTORE ON SILICON DIOXIDE

1) Introduction

The model curreatly used to describe water vapor adsorptiom on silicon
dioxide (interelectrode material for the surface conductivity moisture
sensors) is the ''B.E.T.’’ model already described in detail in the finsal
report for the contract F30602-81C-0206 (Chapter 7) entitled
v '’Non-Destruotive Moisture Measurement in Microelectromics’’: im this report,

the wodel was applied to the physical adsorption om the cavity walls of the
packsge (Au plated), but the basic equations remain valid for other
materials, i.e. for 8102. In this chapter, we will therefore use these

equations to propose a physical explanmation for the effect of moisture om the
electrical characteristics of a surface conductivity semsor.

2) Evolution of the leakage current of a surface conductivity
sensor between the desorption temperature and the ’'‘Dew-poimt’’.

The electrical response of an interdigited surface comducotivity semsor
exhibits a slope change between the desorption temperature and the
''dew-point’’ (as can be seen on Figure 3 of the above referenced final
report reproduced below.) The purpose of this paragraph is to propose a
physical model for this observation, based on the interaction mode of water
vapor with the SiO2 during the cooling of the package.

In the temperature range that we are concerned about, water exists in
the form of water vapor, whether adsorbed on the semsor, on the package
internal surfaces or as an element of the gaseous atmosphere of the cavity.
As direct ionic conduction between the electrodes through this gaseous medium
is very low, the primary contribautor to the messured leakage current is the
sarface conductivity of the insulzating interelectrode medium, namely the
silicon dioxide.

-s

It is well known that the surface conductivity of most waterials bas an

sctivation emergy, and SiO2 is no exception to this rule. The equation that

m0st peopie use for the surface conductivity (o) of silicon dioxide in the
presence of moisture is:
-EM
c=CK .a . exp ( R} )

where K is a proportionslity factor, Em is the activation emergy and m the
smount of pbysically adsorbed water vapor.
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ELECTRICAL RESPONSE OF SENSOR
I (INTERELECTRODE LEAKAGE CURRENT)
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o= ONSET OF CONDUCTION
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Expected Response Curve for an Hermetically Sealed Package




As previously mentioned, the BET model can be used to quantify the amount
(n0) of adsorbed water vapor as a function of the relative bumidity (r) and
the temperature (T): '

. __mocr ) E1-EL
B T (e vWith e = exp (SHr— )

vhere a0 is the amount of water mecessary to cover the SiO2 with ome

monolayer, El is the heat of adsorption of water vapor and El is the heat of
evaporation of water vapor.

Baving determined the smount of adsorbed water, one now has to take into
account the decresse of the activation energy for surface conductivity with
the amount of adsorbed moisture, which can be written:

Ema = EO (1-B.m)

where EQ is the sctivation emergy for surface conduction in dry comditions
and B is another coefficient of proportionmality.

For a given relative humidity, the interelectrode leskage curreat will
therefore be proportional to a fumction of the type:

B-Cexp T

= A exp (T) . exp ( T )

which is a good approximation of the slope observed over the temperature
range of interest.




ADSORPTION OF WATER VAPOR ON ALOMINOM OXIDE

The BET model described in the previous paragraph is still valid as s

first approximation. However, the water vapor adsorbed on A1203 has been

seen to exbibit a continuum of emergy levels (between 15 and 12 Kcal per
mole) depending on the proportion of the surface covered by the water vapor.
It is currently assumed that the emergy bolding the molecules of water vapor
ontop the sluminum oxide surface decreases with the amount of adsorbed
molecules, beocause of the inoressing lateral interactions between the
adsorbed molecules. These interactions are minimum in the case of silicon
dioxide becsuse of the dissociative aspect of the adsorptionm.

Bigher energy levels have also been reported and are believed to be
related to a tendency of the sluminum surface atoms to complete their 3p
level through a bond with the hydroxyl group of & water molecule, which can
be represented by the following scheme:

In this configuration. the remaining protom is electrostatically attracted
by the oxygen atom that completes the 3p level of the surface aluminum.




. -

ABSORPTION OF MOISTORE BY ALUMINOUM OXIDE

The absorption of water vapor by sluminum dioxide is a two—step
. process. The water vapor molecules first diffuse through the pores of the
alusinue oxide and then get adsorbed om their walls.

1) Diffusion:

The comcentration gradient between the surrounding stmosphere (i.e. the
internal stwosphere of a package cavity) and the pores of the sluminum oxide
is at the origin of the diffusion mechanise.

The wechanism of the diffusion of water vapor inm s porous aluminum oxide
(for instance, am electrolytic A1203 as the one used in the manufacture of

moisture semsors) has been found to be best described by a Fickian model,
which can be written:

d(c) . _d_ ( De d(c) )
dt dt dx

where ¢ is the concentration in water vapor molecules (on the surface and ia
the pores of the aluminum oxide), x is the direotion of the pores (that are
assumed to be parallel and oylindrical in this simplified wodel) and t is the
time (counted from the beginning of the diffusion mechanism, at which the
concentration on the surface is mazimum). De is tbe diffusion constant for
water vapor in aluminum oxide.

2) Adsorption on the inner walls of the pores

The sbove diffusion mechanism is slowed down by tbe adsorption of some
of these water molecules onto the pore walls, which decreases the free path
available for the diffusion, and in turn, the diffusion constant. These

molecules tend to plug the pores, wbich modifies the dielectric constant of
the porous medium.




e

This prinoiple is at the origin of the volume effeoct aluminum oxide
woisture semsor which is made of an sluminum electrode deposited on 2 silicon
substrate, and of a porous electrolytic aluminum oxide between the aluminum
electrode on top of which a thin layer of porous gold acts as am upper
electrode. The complex impedance of the sensor, casily measursble between
the two electrodes will be directly proportiomal to the dieleotric constant
of the aluminuw oxide, hence to the relative humidity to which the semsor is
exposed, through the comcentrationm gradient of the water vapor molecules.

The smaller pores will fill up first, them the bigger, umtil all the
pores are plugged, at which time the sensor is saturated. The beginming of
this adsorption process is similar to a multilayer BET process (described in
a previous chapter), but the end of the filling of the pores cam be better
desoribed with a capillary condensation model.

In that case, the drivimg force for the filling of the pores is not omly
the conmcentration gradient, but also snd mainly the surface temsion and the
resulting surface curvature, which depend on the dismeter of the pores.

10




THERMAL CBARACTERIZATION OF TBE SILICON DIOXIDE
OSED IN THE MANDFACTORE OF SURFACE CONDOCTIVITY SENSORS

1. Introducotion

The purpose of this section of the program was to evaluate the thermal
stability of the materials used in the manufacture of interdigited surface
conductivity semsors over a temperature range slightly exceeding the mazimum
temperature that could be seen by the device during the assembly operation.
Vhile no major temperature related aging problem has ever been reported for
suoh semsors, these experimental results are interesting for coamparison
purpose with other materials.

2. Difforential Scanning Analysis (DSC) Characterization:
2.1: Description of the samples

The samples used for this snalysis were pieces of wafers processed
ideatically to actual semsors fabrication, up to and including the thermal
silicon diozide growth. The total oxide thickness was 750 nm; the oxide is a

wultilayer (dry/wet/dry) structure, and C283C13 has been added to the 02

stmosphere for neutralizing Na'and other contaminating alkali metsl ions.

2.2: DSC Results

Figure 1 represents a typical DSC plot on our 8102 samples; it canm be

noted that no major transition ocours over a temperature range [+40, +460 C]);,
regardless of this lack of abrupt varistions, the curve will be useful for
comparison purpose with A1203. As can be seen, the curve tends to reach a

maximum in the 300 to 400°C range, which seems to indicate that all the water
molecules have been desorbed frow the SiO2 surface. The small exothermal

peak at 435.5°C bas not been consistently found om the samples. It can
therefore be concluded from this curve that the materisl is stable over a
tomperature range that extends beyond the highest temperatures seen by the
sensor during the sesling process. No degradation of a surface conductivity
sensor due to thermal stress during the assembly operation is to be
expected.

11
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TAERNAL CHARACTERIZATION OF THE ALOMINON OXIDE
OSED IN THE MANOFACTURE OF VOLOME EFFECT SENSORS

1. Iatroduction

An aging mechanism of the volume effect semsors has beem reported in the
1{terature, wvhich results in the universally recognized noed to recalibdbrate
these devices after any exposure to a high temperature. Iufrared spectrus
and isotope exchange have been used by Professor Semturis at MIT to poinmt out

a change in ocharacteristiocs at temperatures greater than 250°C. attridboted to
a gradusl cbange from pseudobohemite to alpha-slumina. Our intenmt in this
program was therefore to try to use DSC to confirm the nature of the above
structural changes.

2. DSC Charsoterization
2.1, Description of the samples

The sawples used for this characterization were wafers believed to be
processed as identically as possible to actual commercial volume effect
surface conductivity sensors. The exact nature of the processing steps
remains proprietary information.

2.2. DSC results

Fignre 2 is a typical DSC plot om our A1203 samples. As can be seen,

the samples exhibit am exothermal behavior dowan to 260°C. with a peak at
approximately 150°C. and an endothermal behavior over this temperature, with
an exothermal peak at 36000. This does not seem to confirm the change to

alpha~alumina around 250°C found by other researchers with other techmiques,
but it tends to indicate a gradual transformation starting at this

tempoerature, with a drastic struotural change around 360°C. Onme can

therefore conclude that any assembly procedure beyond 360°C will wmodify the
structure of sluminue oxide moisture sensors (more efforts would be needed to
identify the nature of this transformatiom), which might explain the
sensitivity loss of these sensors whem exposed to high temperatures.

14




3) Moisture Evolution Analysis

In order to confirm the existemce of s structural change of the aluwinuam

oxide moisture sensors arouand 360°C, the samples have been tested by moisture
evolution analysis (MEA).

TEMPERATORE  BLANK SAMPLE ACTUAL MOISTURE
100°c 16.1 41.0 24.9
200°c 24.8 58.4 33.6
300°C 33.5 60.2 26.7
400°c 19.6 87.1 67.5
500°C 16.8 99.6 82.8

These results are summarized in Figure 3: As can be seen on Figure 3, there

is s change in slope between 300°C and 400°C. which tends to confirms the
existence of a structural change as suspected from the DSC data.

15
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RECOMMENDATIONS FOR THE USE OF MOISTDRE SENSORS IN TBE
MANOFACTORE OF MICROELECTRONIC DEVICES

Based on the thermal characterization of the materials used in the
msnufacture of wmoisture sensors for microelectromics, it can be concluded
that:

1) 8102 surface conductivity sensors should not present any degradation
after exposure to package assembly and can therefore be used with no
restriction.

2) AIZO3 volume effeoct sensors exhibit a structural change that affeocts
their ability to absorb moisture when exposed to temperatures higher

than 36000. It is therefore recommended to either avoid any asseadbly
temperature higher tbhan this threshold or calibrate them after assembly

(provided that the semsitivity range on the calibration ourve remsins
satisfactory).

17




CONCLUSION

\\\f:: The work presented in this report gives an understanding of the
intersotion modes between moisture and the materials used in the manufacture
of the msjor commercially available wmoisture sensors for wmicroelectronmios.
Chemisorption, physical adsorption and absorption of water vapor om silicon
ozxide and sluminum oxide have been studied on a theoretical basis. A thermal
characterization of these materials by Differemtial Scanning Analysis (DSC)
and Moisture Evolution Analysis (MEA) has been done to assess the limits of
their appliocability for moisture measurement in microeleotromic packages. It
has been determined that thermal silicom dioxide is stable during package

asseably while sluminum oxide exhibits a struotural change at 360°C. which
can affect the sensitivity of the volume effect senmsors when exposed to

higher temperatures. 1'% °7°‘“’L°; AUJVLﬁﬂ«tt ‘(M_J*LAftA;LCﬁj Gt

O\i.u,w‘.—ﬁ_\vum r‘{k“L& ‘-/g,wM/— (KT)‘E‘."’
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MISSION
of

Rome Air Development Center

RADC plans and executes research, development, test and selected
acquisition programs in support of Command, Control, Communications
and Intelligence (C’I) activities. Technical and engineering support within
areas of competence is provided to ESD Program Offices (POs) and other
ESD elements to perform effective acquisition of C°I systems. The areas
of technical competence include communications, command and control,
battle management, information processing, surveillance sensors,
intelligence data collection and handling, solid state sciences, 0
electromagnetics, and propagation, and electronic, maintainability, and b
compatibility. §
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