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l. Introduction

This report summarizes the first phase of a research effort devoted

to the development of a thin film solid-state gaseous HCL sensori, The
principle of transduction involves the adsorption of HCl onto the surface
of a thin semiconducting film which results in a change in surface conduc-
tivity of the film. Assuming the film thickness is properly chosen the
modulation of surface conductivity can be observed as a terminal character-
istic thru an electrical measurement.

To achieve a thin film sensor for HCl vapor the matters of primary con-
cern are the preparation of thin films with suitable physical and chemical
properties and with electrical properties which exhibit an enhanced
electrical response when HC1 is absorbed om the surface of the thin film.
The term enhanced should be contrasted with the word specific. Our objective
has been to seek methods of enhancing the response of a thin film to HC1
and may or may not provide specificity (response is greater for HCL
than for other gases). The techniques investigated for enhancement have
included the conditions for growing films, adding impurities to the film,
changing ambient light intensity and altering the ambient temperature
of the sensing element. The criteria for choosing the materials used
in this study were:

l. The thin films must be relatively easy to fabricate by wvapor

deposition technologies.

2. The resistivity of the film may be altered by changing deposition

parameters, by introducing impurities or by changing the ambient
light intensity and/or ambient temperature of the fabricated

film.



4,

The resistivity of the vapor deposited semiconductor films can

be dominated by wvacancy diffusion of a principal molecule of the
gas to be monitored. (Silver is the mobile gpecies in AgCl, however
it may react with free chlorine at the surface).

The resistivity of the vapor-deposited £ilm should be relatively
high.

The environment should not etch the film or form stable chemical
compounds on the surface.

first phase of the research has focused on the following:

Vapor deposition of thin films of wide-band gap compound semi-
conductors principally oxides and chlorides that are chemically
stable. in an HCl enviromment,

Determination of electrical and physical properties of evaporaked
and sputtered thin films to’obtain conductivity modulation by
chemisorption of HCI,

Exposure of thin-films to various concentrations of HCl in a
controlled enviromment and determination of changes in conductivity
with changes in HC1l concentrations,

Characterization of operating conditions such as sensor temperature,
apélied voltage and gas flow rate necessary to obtain suitable
response.

Identification of interferrence effects from water vapor and oxygen.



2. Measurement Systems and Gas Delivery System

The nature of the materials which have been examined in the current
research effort have required both ac and dc measurement systems. The de
system was used primarily for materials which exhibited electronic
conductivity, while the ac system, although applicable to both types of
conductivity, was used for the AgCl work where ionic conductivity
dominated electronic conductivity. " This section describes +the systems,
presenting schematic drawings of each. It concludes with a desceription
of the gas delivery system and the method used 40 ascertain HCl concen—
trations.

2.1 The DC Measurement System

The dec measuremeni system was used during the examination of Zn0,
CdS, and SnO2 materials showing eleclronic conduetivity and for the
early work on AgCl. Because of problems discussed in Sec. 3.4.1a, the
AgCl work required transition to an ac system. A diagram of the dec system
is shown in Fig. 2.1.

The dc system was composed of a battery bank (Duracell, L.05v,
Mercury) connected in series so that potentials in =LV increments could
be applied to the sample films. The polarity reversing switch was used
to che;k the ohmicity of the film conbacts in the range of -20 to +20
volis. The current was measured with a Keithley Model 602 Solid State
Electrometer, the results being recorded on a Varian Model G L40QO Strip
Chart Recorder. The position of the electrometer in the circuit was found
to be important and was placed in this particular configuration to minimize
the measurement of battery leakage. With the circuit, as shown, satis-
factory measurment was achieved for current levels on the order of 10—10

amps (this corresponds to film resistances of L-20x101° ohms ).

3
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2.2 The AC Measurement System

‘As mentioned earlier, the ac system was more versatile becausa of
its capability of accommodating the electronic— and the jonic-conduc-~
tivity dominated materials. It also measured the film capacitance
values directly. The system design is shown in Fig. 2.2,

The key to the system is the lock-in amplifier. A 1.6Hz signal from
the function generator (600 ohm ocutput impedance} is applied to the
sample and reference resistor (1.07 Megohm, 1%). The voltage across the
-gtandard resistor. was measured by the lock-in amplifier (nominal input
impedance of 10 megohm shunted by 20 pf - manufacturer's specificiations).
The amplifier. reference signal was taken from the function generator so
that the-phase shift between the function geperator voltage and the
measured voltage was read from an amplifier panel dial {accurate to within
"5% or 5°, taking the smaller values - manufacturer's specifications).

We feel that this is a more convenient measurement systeﬁ than the use of
a capacitance bridge, the prevailing method for materials such as AgCl.

The circuit analysis follows:

ORIGINAL PAGE I8,
OF POOR QUALITY .

Figure 2.3. Phasor Diagram for Measurement Circuit Analysis
{(not drawn to scale).
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function generator source voltage,

vy = measured voltage,
v, = voltage across sample,
¢ = measured angle between Ve and Vis
IS = total current through sample,
Ir = gample resistive current {also system leakage), and
Id = gample displacement current (alsc includes any system displace-
ment leakage).
It is obvious from Figure 2.3 that
Vlsina
tan B = —/————— (2.2-1)
v _-V.COSC :
s 1
and therefore
V. sina
_ -1 1
g = tan [v—zvjzigg (2.2-2)
s 1
Since
VS—Vlcosa :
for small § values (less than 26° where cos B = 0.9) and for Vl<<VS
Vz = VS. (2.3-3)
Considering the current IS in Figure 2.2
I, = V,/1.07 M@ || 10 e (2.3-4)
= V1/1.07 M2, (2.3-5)
and from Figure 2.3
Ir = IS cos{a+B), . ' {2.3-6)
or for small B,
I =1 cos O, : (2.3-7)
T s

In equation (2.3-4) the 20 pf shunting capacitance of the lock~in

amplifier is ignored because at 1.6 Hz it offers an impedance in the range

7



of 109 Ohms. By open circuiting the sample path 21l measurable leakage

was found to be displacemgnt current, implying Ir is the actual value of
resistive current in the sample.

I% should be pointed out that the selection of the ground point is
guite important in minimizing stray pick-up and leskage measurement.
This systems ground point was chosen in according with suggestions in

Morrison's Grounding and Shielding Techniques in Instrumentation [1].

. . . 0 . .
With the ac system, resistances in the ].O:L -ohm range were reliably

measured. The limiting factor appeared to be system noise and leakage.

2.3 Gas Delivery System

The gas flow system was relatively simple (Fig. 2.4). Inlet ports
for HC1 and N2 {or air) are provided with the flow controlled by rota-
meter-type flowmeters. Two sources of HCL were used. High concentrations
(0.1% and up) were achieved by dilution of the pure gas, and lower concen-
trations (=0.01% and down) were achieved by dilution of a commerically
prepared 84 part per million HCl/N2 mixture. Two small volume mixing
chambers were provided to assure as homogeneous a mixture as possible.

The gas outlet emptied into a base-filled bubbler for neuwtralization
burposes. Figure 2.5 shows details of the test chamber.

Knowing the HCl concentration arriving at the sample during a given
measurement is obviously important. A gravimetric analysis was chosen to
determine the relationship between gas flow ra%e into the system and HC1
concentration at the sample. A 10% (weight-to-volume) solution of silver
nitrate (AgN03) was prepared. BSelected values of HC1l flow (determined by
flowmeter) were dilutted with 0.2 /min. N2 flow. These mixtures were

bubbled through a network of three cascaded bubblers, filled with the

AgN03 solution, for a known length SFf time. The traditional reaction

-

AgNO, + HC1™ AgCl + HNO,

ORIGINAL PAGE IS
OF POOR QUALITH 8
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took place entirely in the first bubbler, as there was no evidence of
any precipitate in either of the other two bubblers. The AgN03 from
the lst bubbler was worked-up in a manner described by Skoog and West,

Analytical Chemistry {2]. Several drops of nitric acid were added,

and the solution was heated to near boiling for five minutes and was
allowed to stand overnight in a darkened place. The precipitate was
filtered, washed, dried (=100°C at reduced pressure for two hours), and
weighed. From the weight of the recovered AgCl and the known length of
bubble time, the actual flow rate of HCl was determined and the flowmeter
indication was correlated to the determined value. This correlation is
shown in Fig. 2.6.

A second concern which the AgNO3 was useful in alleviating was the
question of the length of time required for HCl to actually get to the
sample. It has been reported that due to absorption of the walls of the
gas delivery system, the gas arrival time may be hours. In our work
we have not encountered this problem, and by monitoring when precipitatiom
begins to appear in an AgNO3 bubbler connected to the system outlet, we
have determined "worst-case" times for HCl to get to the sample. For the
84 ppm mixture flowing at 0.1 &/m, precipitate was observed in a 12-18
minute time range. But it should be noted that this time is quite obviously
a function of flow rate and gas concentration. For example, extrapolation
to a flow rate of 0,01 &/min with 2 concentration of 10 ppm, yields a time

lag of up to 24 hours.
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3. Materials Examined

This section deals with the materials which have been examined in
the course of the project. Sample preparation is described, along with the
the nature of the metallic contacts. Reaction or regponse to HC1l is

indicated,

3.1 Zinc Oxide (Zn0)
Zinc Oxide was tested in this 1a£oratory as a sensor for oxygen. As
a result_of that investigatiom, there was a sputtering target avaiiability.
Films were RF sputtered onto Corning #7059 glass substrates, a glass
specially prepared for this type work. Films of 3700R were sputtered at a
rate of 7R/sec; leOOR gold contacts were vacuum deposited onto these
sputtered films. These contacts were found to be ohmic, as were aluminum
contacts, in the range -20V to +20V. The sample films were annealed at
350°C for 30 minutes, and thicknesses were determined by optical interferometry.
There did appear to be a slight response of these films to high

concentrations of HCl. The response of two samples is indicated in Table 3.1-1.

Table 3.1-1. Response of Zn0 to HC1

Eilm Thickness (A) Ro(ohm) AR (ohm) Zchange  T(°C) ZHCL

3700 4.5x10%  +1.2x10°

27002 2.3x10°  +1.6x10°

+26.7%2  130° =50

+69.6Z  160°. =50

aSample received from H. K. Sarin of this laboratory.

It was noted with both of these films that the resistance value never
returned to the pre-exposure value, Ro’ always remaining higher., Because
resistance is inversely proportional to the film thickness, it was
speculated that the surface of the film was being etched by the HCI gas.

This could be accounted for by the following reaction:

i3



Zn0(s) + 2 HCl(g) ZnClz(s) + Hzo(g)u (3.1-2)
The standard free energy change for this reaction (AG;) is -21.3

kecal/mole (thermodynamic data frem Lange's Handbook of Chemistry [31),

indicating a suitable driving force for a spontaneous reaction. To

verify that this indeed was occurring, a film surface was photographed
before and after exposure to *20% Hel in N2 at 230°C. These photographs
(see Fig, 3.1) showed significant surface reaction. Also in Fig. 3.1

is a photograph of a second sample from the same sputtering 'run' exposed
to the same HCl concentration at a temperature of 300°C; it reveals more
intense reaction and surxface damage and some deterioration of the aluminum

contact. Recause of the surface reaction and relatively small resistance

change to such a large HCl exposure (see Table 3.1), Zn0O was abandoned.

3.2 Tin Oxide (SnOz)

Because the Zn0 has responded to the HCl, the possibility of finding
another oxide with a larger response to HCl seemed an appropriate course
to follow. To that end SnO2 was investigated. Because Sn shows a
tendency to form tetravalent h;lides [4], the following reaction could be
peostulated which might give surface deterioration:

$10,,(s) + 4HCL(g) + $aCl, (1) + 2H,0 (1) or (g) (3.2-1)

The AG; for, the reaction depends on the temperature and whether water or
water vapor is formed, giving -3.3 kcal/mole or +0.8 kcal/mole, respectively,
The entropy term for this reaction is relatively large due to the random-
ization of the liquid and gaseous reaction products; this indicates that
temperature modulation should be exercised,

Films of 3500 R thickness were prepared by RF sputtering with an argon
plasma. Aluminum contacts (ﬁlOOOK) were vacuum deposited. Thése contacts
were found to be non-chmic near zero de bias but were linear from the range

of 8-20 volts {(dc). Therefore, a 16 volt bias was applied to the

: 14
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Figure 3.1.

The effect on Zn0 films to brief exposures to
10% HC1 in Ny concentration at 230°C and 300°C.

(a) before HCl exposure, (b) after HCl exposure
at 230°C and (c) after HCl exposure at 300°C.



samples considered. Initially, it was decided to check for surface reaction

in the 100°C-200°C temperature range. The initial exposure at 150°C to
=10% HC1l in N2 yielded a significant response. Repeared exposure yielded
smaller and smaller responses and deviation of the resistance from the
pre-exposure value was again noted. This was repeated with a second sample
under the same conditions. Microscopic examination again shows extensive
surface reaction. A third sample was exposed briefly to =1%Z HC1l at 200°C
and resulted in significant surface damage. Finally a sample was exposed

at 350"C to 1% HC1l, with the SnO, disappearing almost immediately, pre-

2
sumably via equation (3.2-1), with the SNC1, boiling off (bp = 113%C).

This concluded the SNO2 investigation.

3.3 Cadmium Sulfide (CdS)
As an alternative to the metal oxides of previous investigations CdS

was examined although the following reacticn

ZHEL + €45 + CdCl2 1 H20 (3:3=1)

has a AGE of -7.7 kcal/mole. Films of <2100 A were RF sputtered and
1000 R indium contacts were vacuum deposited. These contacts proved to
be ohmic.,

A sample was brought to equilibrium at 140°C and indicated an R0
valué of l,7x108 ohms. This sample was exposed to 10%Z HCl and the

resistance increased to 2,2x108 Q (%B x 100 = 30%) in 45 minutes. After

exposure the resistance returned to 22,0x10+8 ohms. In an effort to
photodesorb (films are photosensitive) any remaining HCl, the film was
illuminated with a tungsten-iodide lamp. After illumination the dark
resistance was still 22x108 . Microscopic examination showed
surface etching.

A 500 Z sample (R.F. sputtered) was secured from Mr. J. T. Oakes

of this laboratory to examine the response orf thinner films.

16



Exposure to 10% HC1l at 140°C caused an increase of #60% in the R, pre-

exposure resistance value of ?3108 ohms. Microscopic examination showed
severe etching of the film on contact and is the prcobable explanation for
the films failure to decrease from the higher resistance value after the
HC1l was removed (See Fig. 3.3-1). Because of the surface reaction and the

length of time involved in abscrption (greater than 1 hr.) CdS was abandoned.

3.4 Silver Halides

It has been the experience in this laboratory that Zn0 responded to
oxygen and CdS responded to Sozn By using these cases as examples, it was
decided to investigate the metallic halides. In particular, silver halides
were chosen as the initial material of investigation due to their insolu-
bility in water and the extensive research devoted to characterizing their

electrical and chemical properties (owing to importance of photographic

/

industry). e 5
TINAT, PAro v
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3.4.1. Silver Chloride (AgCl)

The work with AgCl can really be divided into two phases — early

attempts to make dc measurements and later ac measurements.

3.4.la. Film Preparation and Study Using DC Measurements

Initially the films were to be prepared by both RF sputtering and vacuum
evaporation. However, a problem was encountered with the sputtering target.
It appeared that the AgCl target did not adhere well to the support plate
(the AgCl target is connected to the support plate with a heat-conducting
silver epoXy), and it had to be returned to the manufacturer twice for
re-bonding. When the target was returned, the target again separated at
sputtering powers of 50 watts or less. Theretore, with the supplier
seemingly unable to solve this bonding problem, the bulk of the AgCl
films were prepared by evaporation. Gold contacts were used as they had

been reported to be ohmic by Baetzold [5], and this was verified.

17



o
Figure 3.3-1. Surface damage to 500 A CdS film after
exposure to 10% HCl1l in N2 at 140°C.

JRIGINAL PAGE 8-
¥ POOR QUALITY i ¢
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Some films prepared by RF sputtering onto Corning #7059 glass sub-

strates appeared tc be silver rich (evolution of chlcrine during the sput-
tering process), being purple-ish in coler and cnly partially transparent.
Baetzold[5] has reported that the films do not become continucus until they
are close to 1000 A, In acceord with this cbservation, 850 A films
(thickness determined by optical interferometry) were prepared and studied.
The film-contact geometry used on all samples in this study is shown in

Figo 3.4-1.:

——ped

I

l"

16 2 NRIGINAL PAGE IS
* POOR QUALITY]

o] w
(-

s=u_ _contacts

Cakr
i

<—— gubstrate

[

film

Figure 2.4-1. Sample Geometry

Silver Chloride is different from the materials previously reported
in sections 3.1 through 3.3 because the conductivity is ionic in nature
with the positive ion being the mobile species[6]. The conductivity (o)
should be a function of temperature (T) of the form.

Mg, 1 008 (3.4-1)

Oy
o

where Ea is the activation energy and k is Boltzmann's constant. In
order to characterize this temperature — resistivity (reciprocal of
conductivity) relationship, one of the 850 A films was heated in 25°C

19 -



increments in the atmosphere with a +20 bias applied to the samples. The
results of this process are shown in Fig. 3.4-2. The important feature of
this graph is the very sharp kink in the curve. This indicates two
mechanisms of conductivity, one at low temperatures and one at higher
temperatures, with the break point occurring at about 112°C. This is the
same type behavior reported by Mott and Gurney [6] and Lehfeldt [7], and
these conductivity values are almost equal in magnitude to the values
which they reported.

In order to determine if atmospheric oxygen influences the conductivity
of the samples the same process yas repeated with a second 850 Eesample
under a .15 1/m flow of nitrogen. These results are shown in Fig. 3.4-3.
The same pattern seemed to repeat with separate, temperature-dependent
regions of conductivity; however, under nitrogen the resistivities are
approximately an order of magnitude higher than the corresponding atmos-
pheric environment. This can be ascribed to either a depletive surface
effect by the nitrogen or displacement of accumulation inducing surface
oxygen by the pure nitrogen environment.

A second major feature of this experiment was that, on cooling, the
resistivity remained over an order of magnitude higher than it had been
prior to heating. This led to the microscopic examination of these
samples, and revealed structures extending from the cathode electrode of
both of these films (See Fig. 3.4-4). Mott and Gurney [6] have reported
that AgCl when subjected to dc potentials will form random dendritic

structures of Ag, through the following cathodic reaction
+ -
Ag + e > Ag (3.4-2)

This did appear to be the case, as qualitatively the effect did not seem
nearly as severe at lower film bias potentials. If the ionic mobility

is assumed to remain constant, an interesting situation develops. .-On
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Figure 3.4-2. Resistivity of 850A AgCl film vs. temperature in
atmosphere with 20 volt dc bias.
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Figure 3.4-4. Example of cathodic dendrite growth on
AgCl film with 20V dc bias.
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one hand, the reduction of interstitial charge carriers should be increasing
the sample resistance, and on the other, an effective reduction of the
contact separation due to the silver dendrites should be decreasing the
sample resistance. It appears that the latter trend is dominant with the
silver rich sputtered samples. The most important consequence of the
dendrite formation is that the reproducibility of data is very difficult.
We determined that we had very good film growth control by wacuum
deposition of the AgCl, as opposed to R.F. sputtering. The evaporated
films were quite transparent and colorless and thicknesses were reproducible.
A set of 850 R AgCl films was prepared and 1000 R gold contacts were deposited.
To determine if these films respond to HCl one of the 850 Z films
(vacuum deposited) was exposed to concentrations of HCl in N, of 1875 ppm
11

to 30000 ppm. Before the HCl was added, the sample resistance was 1.4x10

ohms at 50°C under an N, atmosphere. This was about the same value as the

2
850 ; sputtered film under the same conditions (2x1011 ohm for sputtered
film). The results of the HCl exposures are shown in Fig. 3.4-5. A 20
volt bias was applidl to the sample. The difficulty in plotting this data
is that the Ro (and therefore I ) value changed with the changing conduc-
tivity value. What is plotted is AI/Ié , where I; is the value to which
the sample returned from the previous exposure. Thus data is rather
scattered, and it cannot be determined to be linear. However, it would
appear the absolute lower limit of sensitivity would be about 400 ppm,
and more likely, above 1000 ppm.

The randomness of this data point out the need for stable film test
conditions which were achieved with the ac measurement system. This
need was further amplified by the lack of any consistent patterns in the
data collected with the dc system. An example of this inconsistent sample

-]
behavior can be seen in Table 3.4-1 where a single sample of the 850 A
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gévaporated film was cycled twice between 30,000 ppm and 15000 ppm HCl at
g tenmperature of 150°C. After each exposure the sample temperature was
raised to 175°C for 10-15 minutes to desorb as much as possible, and the
samples’ were allowed to come to equilibrium on cooling to 150°C.

Table 3.4-1. Two Cycles of HCl exposure of 850 A sample at T-150°C.
A ecycle consists of exposure to 1.5% thru 3.0%.

Exposure I;(A) T(°C) AI/IéxlOO : FHCL
1 4.6x10 ° 150° 13% 1.5%
9 cycle #1
2 5,8%x10° 150° 19% 3.0%
3 1.0x10°8 150° 20% 1.5%
g cycle #2
4 2,0x10 150° 15% 3.0%

Studies: ot a thinner sample of AgCl were also conducted. Films of
[+ Q
=400' A were deposited, and 1000 A gold contacts were placed on the film.
These films were brought to equilibrium under a comstant 0.3 1/m flow of

nitrogen., The exposure data is shown in Table 3.4-2.

Table 3.4=2, Exposure data for 400 A AgCl films at room temperature.

ZHCL I;(A) AI/I& x 100
3 "'9
1% 8.5x10 276%
15% 8.5%10 > 9300% cycle #1
-9
1% 4,3x10 30%
6% 4,310 1700% cyele #2
3% 4.5x107° 1122% cycle #3

Again there does not appear to be a clear pattern to the dataj it is
importdit tliat the magnitude of the current change is much greater than for
the case of tlie 850 R films.

It becdifie more and more evident Fhat the problemé with non-predictabil-
ity and reproducibility of the samples response using dc techniques could
riot be readily solved. However, several important features were recovered

from the dec work.
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1. In going from atmospheric enviromment to pure N,, the film

2’

resistance rose ‘at least an order of magnitude.

2. Contrary to the data of Baetzold [3], we did appear to have

conductive films at 400 A, This laid the groundwork for very thin films.

& Do
3. The gensitivity limit for the 850 A films wase =400 ppm.

5]

4. The sensitivity of 400 A films was much greater than the 850 A
films. To switch to the ac measurement system of Fig. 2.2-1 proved quite

T
gasy; the ac work will be described in the next section.

3.4.1b. AC Measurement Work

As had been the case with dec measurement the initial aim was to
characterize the conductivity {(or resistivity)‘of the sample films. A
set of films was carefully prepared by vacuum evaporation. These films
had thicknesses of 1100 R, 2200 Z, 3300 E, and 4400 ;. Gold conrtacts
(1000 R) were deposited. Half of the samples of each thickness. were
annealed in vacuo at 120°C for 30 minutes and the other half were not.

Since resistance has the same functional form as resistivity

R = R e"a/KT

(3.4-3)
it can be seen that the plot of the logarithm of R vs. 1/kT is theoretically
a straight line with slope equal to the activation energy. In order to
eliminate surface effects, these resistances were measurad in a vacuum.
Figure 3.4-6 shows the variation of resistance with temperature for the
unannealed 3300& AgCl film. Similar variation in resistance with tempera-
ture was obtained for f£films of other thicknesses. The values of activation
energy Ea and Ro for these films are shown in Table 3.4-3. The values

of Ea in Table 3.4-3 are somewhat lower than the values given by Baetzold
[5]. Baetzold's values ranged from 0.33 eV to 0.66 eV and were dependent

on the substrate used.
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Figure 3.4-6. Resistance vs. temperature in vacuum for unannealed 3300A
evaporated AgCl film. e - heating cycleiroom temp. to
100°C; x - cooling cycle:100°C to room temp.
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Table 3.4-3, Results of Ro and Ea measurements

Film Thickness (R) Ea(eV) Ro(ohm)
- 1100 - Unannealed 0.27 5,2}:104
1160 - Annealed 0.27 638x104
2200 - Unannealed 0.24 7.,8x104
2200 ~ Annealed 0.21 3.0x10°
3300 - Unannealed 0.20 ’ ln3x105
3300 - Annealed 0.28 7,,5x104
4400 - Unannealed 0.22 7.0x104
4400 - Annealed 0.23 7..0x10
Average values 0.24 l.OleO5

Therefore, we feel that these values are not all unreasonable. (Baetzold
did not use glass substrates). These films were quite stable for long
periods of time in the vacuum at room temperature, but did show a slight
decrease in resistance (about 5% per 12 hrs.) if stored at 80°-100°C
under reduced pressure. Whether this is a temperature effect, pressure
effect, or simply aging of the film has not been determined. This mild
drift in film resistance was also noted for samples heated for a long
time under nitrogen. ‘

The next step was to expose films to HCl. Three fresh sets of
2200 R, 700 R and 300 R films were deposited, and contacts were placed
on them in the usual fashion. The frequency of the test system was set
at 1.6 Hz, and the reference voltage was set at 0.7 volts rms. The -
exposure data of these films are shown in Table 3.4-4.

The 300 R films had very high resistances and apparently the exposure
to 84 ppm caused the resistance values to exceed thus increasing the noise
level of the sample above the noilse level of the measuring system. The

signal from two separate films became very erratic when exposed, and the

temperature had to be kept at 400°K to get measurable signals.
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Table 3.4-4. Exposure data for (a) 2200 A AgCl films, (b) 700 A AgCl films,
and (c) 300 A AgCl £ilm (HCR in Np ambient)

o

() 2200 A

T N,
300°K 0.3 1/m
335°K 0.3
340°K 0.3
350°K 0.3
350°K 0.3
383°K 0.3
420°K 0.3
420°K 0.3-
338°K 0.3
() 700 A

T N,
400°K
400°K 0%+8 1/m
400°K 0.8
400°K - 0.8
400°K 0.8
400°K 0.3
(c) 300 A

T N,
400°K -
420°K -

HC1
,006 2/m (2%)
2051 (15%)
0Lla (4%)
.008 (2.5%)
.008 (2,5%)
.009 (2.9%)
013 (4%)

.05 (15%)
.003 (1%)

HC1
84 ppm
.003 (.37%)
.008 (1%)
016 (27)
.032 (4%)
.03 (10%)

HC1

84 ppm (.15 1/m)

84 ppm (.15 1/m)

V1

3 mV
10.5 nV
10 mV
4.4 mV
4.4
90
390
390

4,0

v
140 mV
140
137
134
140
133

vy

04 m©
.06

avy AV/leloo
=0.5 mv 16%
-10.4 mv 99%
-7.5 mv 75%
-2.8 mV 647
-2.7mv 61%
=20 mV 22%

no measurable change

~0.95 mv 23%
AVl AVl/lelOO
no meas, change
< 1 mV -
- 3mv 2.1%
- 7 mv 5%
=10 mV 7%
=53 mV 39%

measured signal became
very eratic when HC1
introduced.

The

small to

Thé
there 1is
from the

l.

- 700 A films

showed a very slight response to 3700 ppm, but almost too

be reliably measured by detecting less than 1 mV in 140 mV.

2700 A films yield some useful information. 1t appears that

an optimum temperature in the range of 350°K.

following:

This was determined

At 300°K 2% HCl produces a 16%Z change in the measured voltage.
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2. At 350°K 2.57%7 HCl produces a 60-65% change in the measured voltage.

3. At 383°K 2.9% HCl produces only a 227 .change.

4. At 338°K 1% HCl produces a 23% change.

However at this temperature (350°K) there is a real problem because a

film of hydrochloric acid (HCl dissolved in atmospheric moisture) can form
on the sample and retard any further response, with the system measuring
the conductivity of the acid, as opposed to the sample. The magnitude
response for the 700 E films was much less than for the 2200 E films

which was contrary to the case seen in dc measurements where thinner films
gave greater responses. This has been attributed to the temperature (400°K)
at which those films were operated to avoid the acid coating problem. The
very significant implication is that the response varies inversely with
temperature above the optimum region. This seems to exclude the chemisorp-
tion mechanism. Generally, chemisorption has an activation energy requirement
and is enhanced by temperature.

Even with the ac measurement the response of very thin films (less
than 460 K) was eratic since the noise from the sample expoged to HCl
exceeded the noise level of the measurement system. ‘Electricaliy active
impurities added to the film reduced the resistivity, hence the sample noise.
The doping of AgCl with cadmium chloride (CdClz) to produce additional
interstitial Ag+ has been knovn for a long time and is described in
literature [ 8].

The doping method used was similar to that of Baetzold [5]. Various
thicknesses of CdCl2 were vacuum evaporated onto freshly cleaned sub-
strates. On this layer was deposited various thicknesses of AgCl, and
finally, gold contacts were added. The samples were then annealed at
156° for 30 minutes., Baetzold reported that Auger analysis of samples

prepared by this technique showed no segregation of impurities {[5].



A matrix of films was prepared, with thicknesses being -determined by a
Sloan Deposition Monitor on the vacuum evaporation system. Films of
Cd012 of 25 A, 70 X, and 250 A were pxeparedn_ On these tilms, aAgCl of
100 ;, 400 ﬂ, 800 E and 1500 A thickness was depo;itedo Gold contacts
of =1000 K were then added, and the samples were annealed.

In order to expedite the investigation of these samples, the four
AgCl thicknesses of a single Cd012 thickness were exposed to 307 HCL in N2°
For the one which yielded the greatest response, the other CdCl2 thick~ |
nesses would be examined. In this manner, nine samples could be eliminated.
The thickest CdCl

2 layer was chosen. The results of the exposures are

shown in Table 3.4-5.

=
Table 3.4~5. Response of AgCl films (doped with 250 A CdClz) to
30% HC1 at 400°K

AgCl Thickness R v, AR/RD
1500 20.2 MQ 18.5 mV =2
800 44,5 MQ g mv 7.9%
400 500 MQ .8 mV 170%
100 - : - -

&

The resistance of the 100 A films was too great for the system to
measure and it is assumed that the film wag not continuous. The 400 A
film may not be completely continuous because there is a 10-fold increase
in resistance for a halving of the thickness. This data clearly indicates
that the best films for study were the 400 K films, and the other thick-
nesses were discarded.

The sample with the thinnest CdCl2 layer showed a resistance much
higher than the other two thicknesses. Therefore, it too, was discarded.
The results of exposures of the two remaining films are shown in
Table 3.4-6.
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Table 3.4-6, Exposure data for {a) 400 A AgCl £ilm doPed with 250 A
cdCl,, (b) 400 A AgCl film doped with 70 A CdCl. at 400°K.

2? 2
a) Vl(mV) AVl(mV) T('K) HC1 in N2 Avlfvl x 100
0.88 -0,05 400 35 ppm 5.6%
0-79 —0004 - 400 35 ppm 5907:
0.61 ~0.19 395 0.3% 317
0.62 -0.10 398 3% 167
0.86 -0,05 400 3z 5.8%
0.96 -0.04 400 67 4,17
b) Vl(mV) AVl(mV) T("K) HC1 in N, AVlfVl x 100
18.0 0.9 398 35 ppm 5%
11.6 -1.2 395 0.3% 10%
12,8 1.2 397 3% 9,3%
10.9 ~.8 396 3% 7.3%
9.7 "‘05 397 6% 5o1%

In Table 3.4-6 the larger value of Vl for the films doped with 70 E
of CdCl2 suggests that the resistance of these films was approximately
20 times lower than those doped with 250 ; of CdClzu This is an
apparent contradiction if one assumes that all the CdCl2 simply results
in electrically active impurities. In addition, there appears to be an
aging effect in which repeated exposure of the films seems to decrease
the sensitivity. This is shown by the smaller response of both films to -
6% HCl, than 3%; also, repeated exposure of the same concentration

yielded small respomses.,

3.4.2, 8ilver Bromide {(AgBr)
Samples of AgBr were prepared by vacuum evaporation. These films
[+]
were 700 A thick and had gold contacts placed on them. Exposure to 5%

HCl in N, showed no response. No further work was done with AgPBr.

33



4, TFEASIBILITY OF INSTRUMENTATION
Based on the .results of the work on AgCl films, it is felt that
HCl sensing with these films is possible but several requirements must be
realized. The important parameters which must be considered are (1)
temperature, (2) voltage supply, (3) signal to noise restrictions, (4)
gampled gas flow rate, (5) absorption-desorption time constant, and

(6) responsivity.

4,1 Temperature

The temperature of sensor film (assuming it to be AgCl) must be
maintained to within + 0.5°C. This figure can ge seen by examining
the data of Table 3.4-6, in particular, the first two entries under
Part b. It is seen that a 3 K° temperature change (398°K to 395°K)
produces a change in Vl of = 6mV. The V1 values are about 1 mV for
HCl exposure; therefore, the maximum AT has to be—such that the AVl
caused by AT must be less than AVl caused by HCLl exposure. TFrom this the
value of + 0.5°C is derived., Temperature control is very plausible

for a laboratory prototype but could present problems for a field

instrument.

4,2 Power Supply

The voltage supply would probably be a battery system. Again, since
the AVl values range from 40 uV to 100 uV, the regulation should be such
the power supply variations are no more than one-tenth of the low value,
or 4 V. It would be very difficult to smooth any rectified signal that

much. Therefore, it seems that a battery supply would be required.
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4,3 8ignal to Noise Ratio

Noise considerations pose limitation on both the films and the
measuring system, as both are capable of producing noise. In the
present research the ncise of the measuring system was found to be
the limiting factor for most of the AgCl samples. The open circuit
voltage was about 1 UV with no sample in the system. By considering
Johnson noise associated with resistance or

V = VGKTRAE (4.1)

where k is Boltzmann's constant, T is absolute temperature, R is sample

resistance, and Af is the bandwidth of the lock-in amp, (Af =

1
8 x time const,

with the time constant usually set at 1 sec.}, the
sample resistance can be calculated which will yield a noise voltage
equal to the system noise level. Therefore,

(1 x 1076)2
4(400°K) (.125) (1.38 x 10~ 23 Joule/°K,

R =

0.36 x 10° ohms

This indicates that in order to have a reiiable, measurable signal,
limited by system noise te 1L UV or greater but not limited by noise from
the thin f£ilm sample, the resistance of the film must be 36 megohms or
less. The AgCl films must be doped in order to achieve these resistance
levels. As it turns out this is one of the major problems encountered
in the early course of research which was not fully understood until

the doping experiments were completed.

4.4 Sampled Gas Flow Rate

The flow rate of the gas into the measuring lnstrument should be
considered as it may affect resbonse° However, the gas flow rate did
not appreciably affect the response with AgCl films except that high

flow rates make temperature contrel more difficult.

35


http:4(4000K)(.125)(1.38

4.5 TResponse Time

Since the AgCl must be used with an ac signal to prevent the
cathodic reaction noted previcusly, it is recommended that the battery
voltage be chopped and fed to the sensor, and it is suggested that the
necessary instrumentation be a lock-in type amplifier. The time con-
stant of the lock-in amplifier must be shorter than the rise time.of the
sample being éxposed. Thi; presents no prcblem., A plot of rise time
vs. HCl concentration is shown in Fig. 4.)l. The time constant of the
lock-in amplifier could easily be 30 sec. with film response times of
5 minutes. It is seen that the response time increases with concentra-
tion increases for low concentration regions berween 10 and 30 ppm. -
However, the response is fairly constant between 15 and 18 min. for
concentrations greater than 100 ppm.

Desorption time was typically longer and did not begin until there
had been sufficient HCl desorption from the walls of tubing and the test
chamber. For example, the 5000 ppm exposure had a rise time of about
18 minutes and did not begin desorption until 30 minutes after the HC1
was removed. The second problem with desorption was the gquestion of
complete desorption. The Vi reading did not fully recover to the pre-
exposure value unless the sample was heated briefly (5 min.), at tempera-
tures of 105°C - 170°C., This did seem to drive off any remaining

absorbed HC1.

4,6 Responsivity
To determine the sensitivity of the CdC12~d0ped AgCl films to HCL,
low concentration experiments were performed. These were considered

essential in determining the feasibility of AgCl as a sensof.
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The films on hand were aged two weeks before this sequence of
exposures to try to determine if the aging effect (which had been noted)
had a limiting value of desensitization. All the films which had
shown a 5% response to 35 ppm HCl showed no detectable response to 84 ppm
HCl. Also, the measured voltage, Vl, which had been 16-18 mV (T=400°K),
was 6-8 mV, indicating a two-fold increase in f£ilm resistance. A sequence
of exposures did produce the following results with one of the films

(Table 4-1).

. O o
Table 4~1. Exposure Sequence of 400A Ag(Cl, 70A,CdCl2 film.

(Rise time)

Vl AVl #Change HC1 conc. Time required
1. 3.0 mV -1 mV 3.3% 5000 ppm 8 minutes
2. 3.2 mv -.3 mV 9.6% 10000 ppm 18 minutes
3. 3.0 mV «,1 mV 3.3% 5000 ppm 9 minutes

This data indicates that this film, from the same preparation batch
as the one which had changed 5% with 84 ppm HCl, is roughly 100 times less
sensitive than when freshly prepared and exposed.

To determine if air had any influence on the equilibrium Vl value,
the film, which yielded the data of Table 3.4-8, was exposed to a flow
of dry air for 2 days with Vl rising from 3.35 mV (T=113°C) to 3.4 mV
(T=113°C). Therefore, at this operating temperature there did not
appear to be much effect on the film on going from nitrogen to air
environments. Although no effort was made to quantitatively measure
the amount, there did appear to be some change in Vl in the temperature
range of 250°C - 300°C. This effect was not measured because the films
haven't been operated in this temperature range due to apparent in-

sensitivity to HCl.
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The f£ilm was next opened to the atmosphere. In doing this it was
found that water vapor did not cause drastic changes in Vl but did cause
Vl to rise from 3.4 to 3.8 mV at T=114°C. This seems tc agree with the
dipole-dipole interaction between the film and gas molecules such as
HC1 and 320, which do have strong dipole moments.

o [+]
Fresh films of AgCl were prepared (AgCl 400A, CdCLl, 100A).

2

Exposure data is shown in Table 4-2.

Table 4~2. Exposure Data of Fresh CdCl,-doped AgCl Films.

2
g {Rise Time)
Vl AVl AAShange HC1 cone, Temp. Time for
1 100 Response
v
1
16.5mV  -0.7mV 4.7% 84 ppm 402°K 18 min.
16.8mV  -0.4mV 2.8% 30 ppm 403°K 5 min.
16.4mV  -0.3mV 1.8%2 20 ppm 402°K 5 min.
2.25mV  -0,05mvV 2.2% . 15 ppm 366°K 5 min.

At low concentration on the order of 20-30 ppm the resulté do appear
linear but deviate from linearity with increasing concentration. This
non-linear response agrees with earlier data taken at highgr HCl1 concen-
trations, Fifteen ppm produced about the same percent response at 366°K
as did 30 ppm at 400°K. This tends to support the idea of dipole-dipole,
as van der Waal's interaction, and 350°K has been péeviously guggested
as the optimum temperature range for these films.

One exposure was made with 15 ppm HCl in dry air at 366°K, resulting
in an approximate 2% change in Vl’ as had been noted in the last entry
of Table 4-2. Therefore oxygen having no strong dipole moment, does not

appear to block the response.
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Brief Review ¢f Recent Work with MnO2 Films
o
It is pointed out here that MnO, film of only ome thickness (v200A)
was used in the present work. No detail measurements were carried out,
but a quick survey was made to see the response of the MnO, film to HC1
expogure. A more careful investigation is in order to understand the

behavior of these films.

SAMPLE FREPARATTION

MnO, was deposited by radio frequency (RF) sputtering on #7059

2

Corning Glass substrates. The glass substrates were ultra-sonically

272

by degreasing in Trichloroethylene and Acetone baths and were stored in

cleaned in a solution of 10% H,0, and 80% delonized water, followed

methanol, prior to their use and -were blown dry in nitrogen.

MnO, films were sputtered in an argon atmosphere at 7.75 mTorr

2
pressure and at 50W total target power for 7 minutes. The substrate
was water—-cooled during the depesition. About 200A thick, very light
brown transparent films were obtained on glass substrates. Gold contacts

were thermally evaporated on top., The device geometry is similar to the

one shown in Figure 3.4-1.

RESULTS
The resistance of the film was measured in a nitrogen atmesphere and
was found to be dependent on the nitrogen flow rate, Figure 5.1 show§
the value of the film resistance for varying N2 flow rates at 300°C.
From this figure, incredsing N2 flow rate seems to first increase and

then slightly decrease the film resistance. The film was exposed to

HC1l concentration of 1000 ppm in a 3.0 1/min nitrogen flow., The film

40



film resistance (ohms)-*

10

10

=
o

10

(o]

Figure

3615

=
™

N2 flow rate (1/m)-—

Variation of MnQ, film resistance with N, gas flow
s 2 2
rate at 3007C,

41



55

(ﬁ{“gnihljéﬁ?gilﬁﬁzﬂ .

‘jﬁ'ﬁfﬂﬁ&. C R a . . hei
~résistance showed a large decrease (change in conductance -being almost

.  200%) on this first exposure to HCl. However, subsequent exposures to

the same HCl concentratiom showed successively smaller changes in the
film resistance (successive changes in conductance being only 26.3%
and 9.4%). Along with this change in the response, the film resistance,
upon exposure to HCl, failed to come back to its value prior to the
exposure indicating perhaps a permanent change in the film property or
an incomplete HC1l desozption,

The film response was then studied at an Nz.flow rate of 0.5 1l/min.
First the response to 6000 ppm HCl in N2 background was studied at three
different temperatures. Table 5.1 gives the results of these observations.
From this table, 300°C appears to be a convenient temperature for operatiom
of this detector.

Figure 32 shows the percent change in the film conductance as a
function of HCl concentration in 0.5 1/min. N2 flow rate at-300°C. Here
the film was first exposed to 6000 ppm HCL concentration in N2 and
subsequently the concentration of HCl was increased in the incremental
steps of 4000 ppm. The change in conductance of the film due to the
last twc inceemental steps is seen to be linear. However, the response
to the entire HCl comcentration is not linear. A possible reason for
this, among other things. may be the past history of the £ilm, A change
in film resistance was observed after HCl exposure. Perhaps a long time
for desorption may be necessary in this case. Due to lack of time this
was not investigated. Also, higher temperatures may speed up the desorp-
tion process. However, heating the sample to 325°C for 15-20 minutes
did not seem toc help in the present case.

Figure 5.3 shows the time response of the film after exposure to

6000 ppm HCL in 0.5 1/min. N, flow rate at 300°C. The response time is

2
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Table 5.1. Total and percent changes in the film conductance- as a_fﬁhcé
tion of three different temperatures on exposure to 6000 ppm
HC1 in 0.5 1/m N, gas flow.

Film con- Film con- AG (ohm) —1 Yoy
ductance in ductance in {change in (percent change
Temp. 0.5 1/m N2 6000 ppm HCL film con- in film con-
gas flow in 0.5 1i/m N2 ductance) ductance)
(ohm)~1 gas flow
(ohm)~1
.275°C 4.88 x 1000 1,12 % 1072 6.32 x 10710 131%
300°¢ 1.7 x 102 5,74 x 1077 3.04 x 1072 179%
325°C 5 x 107° 8.77 x 102 3.77 x 1077 75.4%

less than five minutes and may be siightly imprcvéd by decreasing the time
constant of the measuring equipment. Figure 5.4 shows the desorption time
on shutting off 18000 ppm HCLl in 0.5 1l/min. N, flow at 300°C. The value
of the sample conductance before HCl exposure was 2 x iOdg (ohms)'l.

Though not accurately measured, slight increase in sample conductance
was obtained by exposure to 8 ppm HC1l in N2 at 0.5 1/min. flow rate.
However, after the initial response the film did not desorb for a long time

making it insensitive to subsequent 8 ppm HC1 in N, exposures. No detail

2
measurements on the response of this f£ilm to HC1 in a dry air background

were made., However, a slight increase (Vv1-27) in resistance of the sample wass

seen on exposure to 16 ppm HCl in 0.2 1l/min. flow of dry air at 270°C.

System Limitations: With the existing set up HCl concentration between

10 ppm and 6000 ppm could not be accurately obtained for an N2 flow of
0.5 1/min. or smaller. Changes in the flowmeters and the gas flow design
technique are needed to cover the intermittent ranges of importance,

At present, the noise due to the temperature controller is the
limiting system noise and must be‘removed once more sensitive measurements

are required,
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DISCUSSIONS

This work is just an initial phase of a more comprehensive werk

necessary to determine the possibility of using MnO, as thin film HC1

2
sensors. From the results of the experiment carried out here, the
practical application of sputtered Mn02 films as HC1l gas detectors can
be neither confirmed nor denied. The MnO2 surface is definitely
responsive to HCl gas. However, the Mn02—H01 system suffers from the
point of view of repeatability — perhag; arising from the failure of
the Mno,, film to recover to its initial state after being exposed to
HCl. The answer to the use of MnO2 ag a practical sensor may lie in the
understanding of ph&sical phenomena responsible for the above. A more
complete understanding can only be obtained by further experimentation
including annealing studies, Hall measurements in desired enviromments
and response, among other things, as a function of temperature ;nd

thickness of the samples,
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6. Summary and Recommendations

The primazy results of the first phase to develop a thin f£ilm sensor

for’ gaseous HCl are:

1. Thin f£ilms of silver chloride cean be prepared by vapor ‘deposition
whose chemical and physical properties are suitable for an HC1
sensor,

2. thin films of silver chloride do exhibit modulation of surface
conductivity with the adsorption of HCl onto the surface of the
£ilm,

3. the response can be enbanced by controlling the impurities intro-
duced into the film during wvapor deposition,

4, a change in conductivity can be cobserved when the silver chloride
films are introduced to tens of parts per million HC1,

5. the response time (the time for the conductivity reaches a steady
value after the introduction of HCLl) is the order of a few minutes,

6. the measurement of changes in conductivity are not limited by noise
from the sensing element (AgCl thin film}.

Regarding the advisability to proceed to phase two of the development
of a thin film sensor of HCl, there still remains the issﬁe of specifying the
criteria on which the judgment should be based. It is our recoﬁmendation that
phase two be postboned until the parameters of the enviromment in which the
sensor must operate are established. In the absence of this information we
can simply conclude that it appears feasible to build a thin film HCl sensor
which responds reproducibly to gaseous HC1 in the 10-100 ppm range. Interference
effects from water can be negated by operating at an elevated temperature.
Interference effects from gases such as CO and NOX are unknown. Molecular
oxygen does not appear to be a problem.

Should the environmental parameters become available, we are prepared to
undertake a preliminary design of a thin film sensor gystem to be evaluated
prior to entering phase two. Assuming the preliminary design is judged
acceptable we are prepared te proceed with phase two of the development of
a thin film sensor for gaseous HC1l,
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