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ABSTRACT SR
Drain current fluctuations in a field effect transistor caused by the -l
corrosion of silicon oxynitride have been measured and analyzed. It has been

shown that under wet etching conditions the surface of silicon oxynitride

becomes conducting. The equivalent electrical circuit corresponding to this

situation has been proposed.
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INTRODUCTION

Analysis of equilibrium [1] and non-equilibrium noise [2] in CHENFETs
has shown that electrochemical information can be obtained from the
solution/membrane [1] or solution/metal [2] interface without external
electrical perturbation. The system is "allowed to tell its own story', so to
speak. The unique feature of CHEMFET lies in the fact that the
electrochemical signal is coupled through the electric field directly to the
transistor channel. 1In other words, there is no need for connecting the
interface under study to the amplifier through a metal lead which would
introduce a parasitic impedance into the measurement. Under these conditions
any material, conductor, semiconductor or insulator, deposited directly over
the gate of the CHEMFET can be studied by this technique. In this paper we
will describe study of electrochemical processes which are taking place at the
The theoretical

surface of the gate insulator during a wet etching reaction.

background for this work has been outlined in Part 1 of this series.
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A

EXPERIMENTAL

Transistors used in this study were of the same type as used previously
[2] except for the aluminum layer (Part I, Fig. 1) which was not present. The
size of the gates was 20 x 400 pym and they were spaced 700 pm apart. The area

of the chip exposed to the etching solution was typically 0.9 - 1.0 mmz. A

slightly different instrumentation approach has been used. The outputs from

+
PPN WU L)

i: the two preamplifiers (PARC 113A) are connected to the signal analyzer HP

i 3582A (Hewlett Packard) and also to a digitizing oscilloscope (Tektronix |
E 5225). Signals were recorded on an FM tape recorder (Hewlett Packard model B
?7 3964A). This arrangement allows for on line spectral analysis using the ‘

kl spectrun analyzer and for off line analysis using our computer system. j

The computer systemn used is an LSI 11/23 based minicomputer (Digital

Equipment) running under an RT-11 5.1 operating system. Storage facilities

are a 10 megabyte RLO1 hard disk (Digital Equipment) and a dual RX02 floppy
disk system (Data Systems Design) mainly used for backup purposes. Standard

programming language is FORTRAN IV version 2.6 (Digital Equipment). We

developed a Ratfor preprocessor to extend this language [3].
The computer performs a variety of tasks: ;‘4:
-data acquisition:
A Tektronix 5223 digitizing oscilloscope is connected through an HP-1B
instrument i-terface bus. This arrangement allows for acquisition of
two channel time records of 1016 points each, digitized to 10 bits
including sign. During the time needed for data transfer the sampling

is interrupted and thus a discontinuous time series is ohtained, As

peinted out in the previous paper this can be allowed for if the
stochdastic process is stationary and erygyodic. For the non-stationary -1

cascs we are studying alternatives to obtain continuous tiwme series.




-data qualification: .
Software is available to inspect time records for stationarity. The
main test performs a fit of experimental data to a Gaussian PDF. This

test enables to distinguish between 'true' signals and unwanted

disturbances. Furthermore, spectral analysis of non-stationary data
yields results which have to be regarded very critically with respect to AT

tireir interpretation. Use of the spectrum analyzer yields only averaged

- 4
spectral estimates and, therefore, information is lost in this [ 4
computation. Lven if the experimental data are expected to be P
stationary (for instance in equilibrium noise measurements) it is zood I
- 1
practice to subject (part of) the time history of the experiment to [ }

statistical tests {47,

~data processing:
- Procraws are available for spectral analysis vielding cstimates of the e

L

auto and cross spectral densities and the coherence function. In the R

time dorain auto and cross correlations can be calculated for individual

tine records. e
ST
~cata presentation: LI
The software supports a 1P 7220C digital plotter (Hewlett Packard) for RN
DI

peraanent conies of ecraphs and a graphical terminal HMGO000 (Wicat) for o

quicii visualization of results.
-data nodelling:
The rain programs in this group perforn curve fitting as mentioned above
for the Pui'.  Tho softwire is adapted fron bevinston [5] and is written
using the Jarquarost alcorithm.

Copies of pro:ra: s arc available upon request.
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Solutions used in this study were 0.1 if pll 7.00 phosphate buffer and
i etching solution containing 100 ml 85% w/w H3P04, A.C.S5. Certified, Fisher and

5 ml 48-50% w/w HBF Purified, Fisher. Solutions were handled using the same {..w

4° .

: n

. nanifold as described in Part I. 41
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RESULTS
I The time record of the noise in buffer solution (equilibrium) and at

o, . : . . . .
55°C in the etching solution (corrosion) are shown in Fig. 1. The temperature

. q Lo . - . PN
for etching of silicon oxynitride under normal processing conditions is 150°C.
At that temperature silicon oxynitride is removed at the rate of ~ 50 R

-1 P

min. “. We have found that the highest temperature under wihich our noise B

measurenents could be done reproducibly was 55%C. At higher temperatures the .

overall fluctuations were too violent, and samples were destroyed too quickly.
. The autospectral density of corroding silicon oxynitride was found to be
stronzly depencent on temperature, (Fig. 2a) and on mass transport (Fig. 3a).

The most surprising result of this work has been the strong correlation
between signals from the gate A and the gate B (Fig. 1, Part 1) during
corrosion conditions. As a matter of fact, the cross power spectral density
-
] and auto power spectral density calculated for the same corroding sample are
- almost identical. Consequently, the coherence function, yz, (Part 1) has

a non-zero value over broad range of frequencies meaning that there is a

i strong correlation between these two signals. Thus, coherence is again
strouzly dependent on temperature (Fig. 2b), and on flow-rate (Fig. 3L). The

: Gata in Figures 2 and 3 are presented on different fregquency scales in order

to highlight the shapes of these frequency dependent functions.

It has heen found that the coherence function measurecd under mildest

L

- . Ce o 0. . .
etching corrosion conditions (30-387C) slouly shifts towards lower
. S e O, v
frequencies with time. At teuperatures above 45 ¢ such shifts have not been
onvserved. The tine-dependent surface conductivity has been suspected to e
.

N the cause of this behavior. In corder to verify this hypoathesis, the tollewing

expoeritental sequence has been tried.  The saple was tirst placed in the
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etching solution at 25°C. Under those conditions no coherence occurs in the
frequency range accessible to our measurements (0.8Hz - 25kHz) (Fig. &4, curve
1). Without interrupting the flow of the etching solution, the heater was
turned on and the temperature of the etching solution was raised to 38% (Fig.
4, Curve 2). After 4 minutes the coherence has decreased gradually (Fig. 4,
curve 3). The heater w.s then disconnected for four minutes and the coherence
at 25°C was again wmeasured; it had returned to near zero value. After &
minutes the tempecrature was azain raised to 38°C. The coherence function has
reached lower value than that obtained during the first cycle (Fig 4, curve 4)
and azain gradually decreased with time. This behavior is consistent with
formation (25°C) and removal (38°C) of surface conductive layer which is
necessary for the non-zero value of the coherence function. It must be
pointed out that zero value of coherence at 25°C does not imply the absence

of surface conductive layer. It can mean the absence of the common correlated
source of fluctuation i.e., the corrosion process, or it can nean that the
surf.ce resistance is so high that the coherence is shifted to frequencies

below 0.8Lz.
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DISCUSSTON

There are two significant results of this study: the ability to
investigate directly the electrochemical corrosion process which is taking
place at the insulator/solution interface and the finding that the entire
surface of the silicon oxynitride becomes conductive during wet etching. The
latter result, unfortunately, makes the interpretaticn of the fluctuation
phenomena difficult, at present. The time record of the corrosion process
(Fig. 1) reflects the nature of the physical process itself. Each current
excursion corresponds to an instantaneous charge imbalance at the pate
capacitor. This can be due to random interaction of ions (both positive and
necitive) with the silicon oxynitride surface, ion exchange, or physical
removal ot charged material from the surface (etching). Any or all of these
processes taxe place at the entire surface of the transistor chip. The
original hypothesis has been that only the interactions talking place directly
over the gate area A and ¥ would be contributing to the fluctuations in those
respective channels and be uncorrelated. This situation is in direct contrast
to the experimental conditions for the corrosion study ol aluminum (Part 1) in

wilich the electrochemically generated fluctuations were made intentionally

correlated to hoth gates throush a common, metallic connection.

The prescnce of strongly correlated fluctuation source in the case of
silicon oxynitride points to the existence of a conducting laver which is
spread over tn2 entire silicon oxynitride surface. Since this surface is
laterally Tonos eneous cheriically, it is reasonable to expect that the
corrosion and hence tre source of fluctuations is distributed uniformly over
the entire surtace. e process can be, therefore, =wdeled as a distributed

Popoecance as oo in S Ha.e In thils medel the whole surface of the chip i

‘

st wivided inra elecentary co plex dmpedance cells (Fixe 3000 In the (irvs:

TV WY A




drproxtcation it is assumed that the conduction takes place in a two-

dimensional conuucting plane array of the elements ij. It is further assumed ]
that the clementary fluctuation sources, Sjk are connected to the center of s
each impedance element Zj“ (Fig. 5b) and that the interconnections between S
t . - -
- <
neighboring elerents are only orthogonal. Through this two-dimensional ®
networ: each noise source anywhere on the chip surface contributes to the ]
4
tluctuations measured in channels A and B, 1
The experinent described in Fis. 4 allows us to speculate about the e
I 7 =0 . |
nature of the plane conductor. At high temperature (> 45°C) rhe coherence :
;
function has a non~zero value which does not decrease in time. This means :
b
o : {
that the surface conductor is beiny formed continuously. At 3387C the auto [ !
spectral density is high., meaning that the corrosion related fluctuation C
source is operative but the coherence function gradually shifts to lower .
)
. . e
frequencies (rig. 4%, curves 2, 4, 5). This is consistent with tie increase of [ J y
the resistance value in the iapedance element (TFig. 5b) which would ]
eftectively tilter out tne hisher frequencies of the coherence function. et
. - . . . . N . . . -. . V“‘i
feriods 1, 3 and 0 in Fig. &4 represent time intervals in which the [ J 4
surface conductor can re-forn. #igh values of the coherence function in the 1
intervals 2, 4 anc 5 sunpere this hynothesis. )
So far, we ifave been ceonsidering only a two-dimensional planar conducter ®
- - 1
whica is fornwed cheically.  There is other evidence which sugjests toat this R
cerouctor is a three ditensional layer of finite thickness. In that sense tive K
. . R . . . ' . . i .‘
observed chanes in the resistance as inferrec fron the time dependonce of the ® !
coherence functicn can be duc to the chances in the ceovetry of the laver o :>_j
4
s . . . . . . . SRR
(thicuness) ana/or of the voluse sensity of chare carriers in that laver. 1 e d
i T
sresent, tais restion cannot e resolved on the basis of experisent.al ® |
eviconee aveilaale o us,
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X The other supporting araument for the existence of the active surface

E. layer comes from the analysis of concentration profiles of silicon oxynitride

l

k which has been done by both Auger spectroscopy (0,7] and by ESCA [8] combined

N

) with argon ion sputtering. An oxyuen rich layer approximately 50 A thick has
been found to exist on the surface of silicon nitride. This layer re-forms

] spontdneously upou exposurc to air at room temperature. This process
reseroles the foriazion of the passivation layer which is common to most

[ﬂ cwotals and semiconductors.

It is well documented _Y1 that silicon oxynitride surface exhibits a

lincar pi. sensitivity over a broad range of values (1 - 13pl). Some authors

}. ave ascribea tnhis sensitivity to ionization of silanol groups located in the
strface plare.  The linear character of the pi dependence would dictate the
existonce of at leasr thirty acid dissociation constants uniformly distributed

over T is ¢t oranre.  The more likely explanation of the linear pli sensitivity
is the exisrence of a hvdration laver analogous to the one whiclk for:is on a

slass i electrede et rane D100,
The hvdrated silicon oxynitride interface exhibits a tynical non-
colarized Hefvavior (11; it dees not respond to adsorption of polyelectrelstes

ant is inseasitive to the motion of the solution. This is again consistent

ot e existence of o osenarate phase (hvarated laver) which has the boundary

porential deter: ines by the ion exchanae orocess onlyv.

Finallv, our previous study has shown taat silicon oxynitride allows R

ioraticy of © oaroe waen exposed to water 1200 The conduction propertics of

silicon nirrice Gove Seen tound to be stron-ly doneident on the deagree of

eerness"e o wcile vors sarface woula nor aliow chare cdaration for severald Ty
TOuro wet sariaee alssinates charge tre s electrically tloating transistor 1
“

e dn o atter of seconcs.s Froo the tine dependence of tais caare




;

migration the surface resistivity of 10161). square-1 has been found for a
fully encapsulated transistor chip which has been immersed in water for
several days. In contrast, the surface resistivity of the chip under etching
conditions at 38°C is oniy IOI{IL squalre-1 as estimated from the frequency
dependence of the coherence function. The lower frequency roll-off of our
experimental set up does not allow us to estimate the surface resistivity of
silicon oxynitride under equilibrium conditions. However, the results of this
work and of the charge migration studies which were mentioned above, point to
a potentially serious problem due to the cross-talk in silicon oxynitride
devices which would be used under aqueous conditions. It must be pointed out,
however, that silicon oxynitride is a perfect insulator, for CHEMFET
applications, in direction perpendicular to the surface as has been confirmed

by repeated leakage tests done throughout this study.
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LEGENDS

Figure 1.

Figure 2.

Fizure 3.

Fijure 3.

Time record of the drain current fluctuations under (a) equilibrium

(buffer) and, (b) corrosion (55°C etching solution).

The effect of temperature on corrosion of silicon oxynitride. (a)

Auto spectral density (b) coherence function.

The efiect of mass transport on corrosion of silicon oxynitride.
(1) Low flow rate, (2) High flow rate. (a) Auto spectral density

(b) coherence function.

Tirme dependence of the current spectrur: (a) and coherence (b)

todel of the transistor chip covered with silicon nitride under
corrosion conuitions. (a) Distributed impedance superimposed on

chiannels A and B; (b) model of the impedance cell Z, | with the
3

o~

fluctuation scource $ The reference point of the cell numbers

Jak°

is arbitrary.
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