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 ABSTRACT

This paper reports on a practical evaluation of a parasitic charge-spreading
transistor (CST) as a moisture sensor. The device in question has a lateral PNP
structure and operates as an MOS p-channel transistor where the gate charge is
built up by charge-spreading over the oxide.

A model is proposed for the dependence of relative humidity (RH) on
surface conductivity, which allows extrapolation to low values of RH. This

. model is evaluated by experiments using the CST device.
An estimate of the time it takes for water to permeate the bulk of a

-plastic IC package in different environments is made using the CST.

THE OBJECTIVE OF THIS WORK

. e w
This work aims at a better understanding of the parasitic phenomenon and its
dependence on voltage, bumidity, temperature and surface cleanliness.

The main purpose of this work was to evaluate the parasitic charge-
spreading transistor as a humidity sensor in different applications. The device
could possibly be used for monitoring moisture content inside hermetically
sealed encapsulations. Another possible application is to use the CST for
controlling hermeticity of the packages, something that so far has been tested

with helium or krypton.
A third area to be investigated was the possibility of using the sensor

for characterization of plastic enclosures, in the case of water penetrating
the package.

THE TEST STRUCTURE AND TEST SPECIMENS

Special test chips were made that contained a lateral PNP structure (CST). They
also contained a normal MOSFET for measuring the field threshold voltage (fig.
.. 1). Some of the testchips had a 10.000 A thick passivation layer on top of the
thermal oxide. The passivation was a phosphosilicate glass (P5G), trading name
Vapox, of sandwich type. The rest had only the 10.000 A thermal oxide.
The devices were enclosed in different encapsulations; plastic, metal

can and ceramic dual-in-line packages (CERDIP).

Figure 1 The CST test structure
189 :



THEORY

————— .
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Charge spredding /1,2/

The voltage distribution on the oxide surface near 28 conductor can be described
by the diffusion equation:

N av
-a_x! = /O' TE \ "--(1)
The solution given by: 2C ---(2)
9 y V = g erfc [—-‘TETC-T .
Where: Vo = applied bias - )
o = surface conductivity x = distance from conductor
C = dielectric capacitance density t = time

Humidity dependence

The surface conductivity of Silicon Dioxide has been modelled and described
according to the BET theory at this workshop in 1978 by R P Merrett and 5 P
Sim. /2/ In summary the surface conductivity (s) according to the data in their ~
report can be described by using the following expressions: (somewhat

simplified)

m=cr/ ((1-r)(14r(c-1))) ' --=-(3) ,
s:am*exp(-11605*.82*(1—.09m)/T) ' L --=(4) ,q-\“/
where m= proportional to the amount of adsorbed water |

c= exp(B/kT)

a= constant , here 0.0001

r= relative humidity (0-1)

1= temperature (K) '

¢- difference between the latent heat of evaporation of water and

the heat of adsorption of this water, here 0.035 eV '

The water adsorption on 6ip? is plotted in figure 2 from ref /4/. This S-shaped
curve looks similar to a cumulative density function Curve when drawn on a
linear scale. By the use of a standard log normal distribution diagram this
curve could be straightened out and thus helpful when extrapolating down to low
values of RH. :

Equation (4) was plotted in such a diagram to see if the expression
would justify the use of it for 1inearisation purposes. The result is shown in
figure 3 and it indicates that one should expect linear relations from roughly
GO0%RH down to at least 2%RH provided the expression 1s valid.

Figure & shows published data on surface conductivity replotied in @
log normal diagram. These experimental'findings form the basis of the humidity
- dependence used later’ for evaluating the moisture sensor readings.

In the literature on the related sub ject, corrosion, one can find L
ceveral moisture models. Exp(a*(RH)2) by Lawson of af(R1)2.67 by Peck have been
used to linearise the data and to get moisture acceleration factors. 716,15/
Ref /5/ reported acceleration factors based upon a collection of moisture test
results. In figure 5 that material has been updated with more recent data. The
models are compared in figure 6.

Temperature dependence

In our computer model we have made use of the log-normal behaviour of the RH-
dependence and assigned an prrhenius function for the temperature dependence of
the conductivity at 50% RH. As the activation energy varies from 0.35 to 0.8 eV
depending on the RH /6/ this will result in different slopes in the log normal
diagram. The lower the relative humidity the higher the activation energy. 0.35
eV is close to that of conduction in bulk water (0.34eV). Appendix A gives the
fortran program that makes use of the model in order to estimate the ppm-level
in a hermetic package with a CST dEViciéo -
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EXPERIMENTS WITH TEST CHIPS IN CERDIP PACKAGES

The time taken for the applied veltage to spread ocut on the oxide surface and
eventually turn on the transistor was measured. (To be more precise, it was the
time needed for the leakage current to reach a specified value.)

Humidity dependence -

g 'r:‘f-u- . E3y

Tests were performed at room temperature with unsealed components in
desiccators with different moisture contents.

12% RH: LiCl.HZD; 32% RH: MgClz.éHZU; 76% RH: NaCl -
en the components to be tested had been placed in the vessel, they were left

“tor 24 hours for equilibrium to be established before any measurements were
conducted.

When measurements were made at room ambient, the occational great
variations in the degree of humidity were monitored using a calibrated
~ grometer.
R The tests at 76% RH had to be abandoned since the turn-on time was too
short for accurate measurements.

In fig 7 the turn-on time vs. relative humidity is plotted in a log-
normal diagram for a few components. The results agree fairly well with the
model, even though the spread between devices is relatively large.

A normal non-leaking Cerdip contains a total amount of moisture of about 1000

ppmy at 100°c according to mass spectrometric investigations. Taking into
account the large surface-to-volume ratio of the ceramic package cavity, which
leads to a large moisture uptake by the cavity walls, the water vapor that is
free to absorb on the chip surface is around 200 ppmv /8,9,10/. This

corresponds to approximately 0.4% RH at 22°C and as the pressure inside the die
cavity of a Cerdip is approximately 0.5 atm this is equivalent to 0,2% at 1
atm. For this case, log normal linear extrapolation predicts a turn-on time of
200 hours for an applied voltage of 100 V. No leakage current was detected

" wever, even though the test chips were kept under constant bias for 500 h.

There are two possible explanations for this; either the test structure

is not sensitive enough for such low conductivities, or there exists a limit
below which the model is no longer valid.

ltage dependence N . : _ o

The voltage dependence was examined at constant humidity and temperature (22 C,
12%). The time elapsed until the leakage current reached -150 nA was measured.
The results are shown in fig 8.

The theoretical values can be calculated by keeping one point fixed
(e.g. 19s, -45 V in fig 8) while adjusting the threshold voltage for best fit.
As can be seen, the theoretical and experimental curves are in excellent
agreement. This also seems to be a way to estimate the threshold voltage for

parasitic action.

Temperature dependence

A simple test was made in order to see if the CST device would show the same
temperature dependence as surface conductivity has shown /6/. A device was
stored at 30 % RH at varying temperatures. The turn-on time was recorded and
is presented in figure 9. The device had vapox passivation. The activation
energy was 0.62 eV that is very close to that reported by Koelmanns at 30% RH
/Ref 6/,
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EXPERIMENTS WITH “REAL™ DEVICES

Instability mechanisms were reported from lifetesting of a particular cireuit.
1t was thought to be due to parasitic action, which could be related to an
unnecessary opening in the passivation layer. The chip layout is partly shown
in fig 10. This device could have its input bonded to one of two pads in order
to obtain two functions with only one chip. The input is on {a) in the first
case and on (b) in the second case. In the circuit of interest the input is on
(a) and (b) is not used.

When the emitter {c) is kept at a low potential, (b) ends up at about
the same level. The distance from the contact-hole (b) to the pnp-tramsistor
(d) is only about 25 um and if moisture is present the potential can spread out
and possibly turn on the transistor.

According to equation (3), the turn-on delay has a quadratic dependence
on the distance x. Theoretically, the turn-on should be delayed by & factor 100
if the distance was increased from 2Z5u (b-d) to 250u (e-d).

Comparative tests were carried out on components with and without this
bond-opening. The result is presented in fig 11. As can be seen, the predicted
delay by a factor 100 is not reached but the improvement { by a factor of 33
using the median value) is clearly shown.

. - L 5 Y

., PLASTIC ENCAPSULATION

At )
.

Diffusion times for water through the bulk of the plastic in differerl
environments were studied and the acceleration factor between 85C, B5% RH and
120C, 100% RH was determined. :

Components without PSG

The turn-on time for the test chips in autoclave (120/100) was measured once 2
day for five days and the components in 85/85-test were monitored continuously
for a period of 3 weeks. The applied bias was -B0 V. :

Components with PSG

It was difficult to obtain any results at all from devices covered with
passivation. The conductivity is greatly reduced by the plastic and the
inversion threshold voltage is higher for compgrents with Vapox, so in order te
get any results within reasonable time the applied voltage would have to be -
raised above the breakdown voltage of the diodes. The only component that could
be measured had a turn-on time of 80 minutes. :
Results

Y I
(Y]

For the components in saturated autocléve, waté; reached the chip surface after
a little more than one day. The time needed for those tested in 85/85 was about
3 weeks. This gives the acceleration factor A.

A =(21days}/(1.6 days)= 13

In one case, the plastic seemed to have been displaced from the chip surface.
This gave rise to an increase in sheet conductivity with a factor of BO.
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SENSOR STABILITY

In order to check the reproducibility, the test chips were measured directly
after removal of the lid and then remeasured (after 30 seconds, 30 minutes, 1
day and 3 days)}. It was concluded that 30 seconds was too short a time for the
outspreading surface poténtial to relax, and this resulted in shorter and
shorter turn-on times. Waiting for 30 minutes or 1 day between measurements
gave satisfactory reproducibility. The values differed about 10-20%.

After 3 days the turn-on time for the chips kept at 12% RH was
increased by a factor of 3 compared with the first measurements, while the
turn-on time for those kept at room ambient did not change. This was somewhat
unexpected and needed of more thorough examination.

Cerdips

L

Directly after removal of the lid, Cerdips were extremely sensitive to -
variations in relative humidity, but this sensitivity became less and less

pronounced with time.
This "aging process" turned out to be strongly dependent upon humidity,

i.e. storage in a dry atmosphere had an accelerating effect (fig 12).

A certain difference between chips with and without Vapox was noted in
the sense that devices with Vapox tended to have & slower loss of sensitivity.
This might be due to the hygroscopic nature of Vapox. -

Metal cans

Pevices encapsulated in metal cans seemed to be completely insensitive to
moisture. They showed no tendency whatsoever to leakage. This experience was
not new, the same behavior had been observed before in connection with other
measurements /12/.

Washing for a few seconds in dilute HF (10 sec. 1% HF) restored the
surface of the chip and the behavior was then the same as for Cerdips.

Why a dry atmosphere increases the contamination rate

The decrease in sensitivity is thought to be due to organic vapor in the air.
These impurities make the surface hydrophobic, which means that condensed water
molecules on the surface form small droplets instead of a continuous film, thus
reducing the surface-charge spreading to a great extent.

Tamai et.al./13/ have studied the effect of water vapor on the
contamination of metallic oxide surfaces, using the contact angle of water as a
criterion for surface cleanliness. Their results show that the contamination
rates of the clean surfaces are reduced by the coexisting water vapor (fig 13).
This can be explained by the fact that the organic contamination is to be
regarded as an adsorption process, and not just due to material "falling out™
onto a surface /14/.

An oxide surface is often strongly hydrophilic, which implies that it
has a preferential bonding to water. This in turn means that the organic
contaminants should adsorb onto the surface competing with water molecules.
Consequently, a dry atmosphere means vfree access" to the adsorption sites.

The difference between cerdips and metal cans

Metal encapsulated chips appesr to be jnsensitive to moisture, while those in
Cerdips are very sensitive. This would mean that some step in the Cerdip
encapsulation process radically affects the surface.

An efficient method for cleaning surfaces that have been exposed to
organic vapor involves heating to 400-500 C in an oxidizing atmosphere. Cerdips
are sealed in dry srtificial eir and the temperature during this process is
around 450 C. The surface can thus be cleaned &s & result of the sealing
process /9/. - '

When sealing metal cens, the temperature is much lower and the
atmosphere ie non-oxidizing, Bo the surfggg is still contemineted after the



previous encapsulation process; This explains the low sensitivity of metal can
encapsulated C5T devices.

- e CONCLUSIONS

*CST can be used for leakage testing of Cerdips immediately after the
encapsulation when the surface is clean. Leakage testing at a later stage may
give ynreliable results because of the atmospheric contamination that will take

place if the package is not hermetic. This will result in a hydrophobic surface
and the CST will become less sensitive.

*1t is difficult to use the CST-sensor in order to determin the exact moisture
content inside a hermetic ggckage‘because of the wide spreading between
individual devices. Sorting out components with a water vapor content that
exceeds a critical value of, say, 5000 ppmv may however be possible though.

*Measurements can be made in sample tests where each component must be
calibrated in a desiccator with known relative humidity. (Appendix A)

»1f different plastic package materials are to be evaluated regarding moisture
resistance, the CST seems to be a good indicator of water penetrating the
package. Acceleration factors for TH-studies (Temperature—Humidity) can also be
determined. The field-inversion threshold voltage must be kept low in this
application (no Vapox) because of the great reduction in surface conductivity
when the plastic adheres well to the die. :

ACKNOWLEDGEMENTS U ~

G

This work was sponsored by the Swedish National Microelectronics Program
Quality assurance project NMP-Q in cooperation with RIFA AB.

APPENDIX A. Program for calculating the moisture content inside
hermetically sealed devices.
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