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ABSTRACT

This is a summary of work done on NASA {Marshall Space Flight Center)
purchase order H-92167A concerning Carbon Thin Film Thermometry. Opti-
mum film deposition parameters were sought on an empirical basis for maxi-
mum stability of the films., One hundred films were fabricated for use at the
Marshall Space Flight Center; 10 of these fillns were given a precise quasi-
continuous calibration of temperature vs, resistance with 22 intervals between
5 and 80 K using primary platinum and germanium thermometers, Sensitivity
curves were established and the remaining 90 films were given a three point
calibration and fitted to the established sensitivity curves. Hydrogen gas-liquid

discrimination set points are given for each film,

Key words: Calibration; carbon films; low temperature; thermometry; vacuum
deposition.
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INTRODUCTION

Thin film thermormetry has attracted attention for a number of years,
primarily from the desire to know true surface temperatures under transient
conditions. Also, thin film sensors have the advantage that they can be fabri-

1, 2]

films can be used to give a high level signal in gas-liquid discrimination at

cated quickly in large quantities., Previous work has shown that carbon
cryogenic temperatures; also, the resistance calibrations at the boiling points
of helium, hydrogen, and nitrogen and at room temperature suggest that the
resistance vs. temperature characteristic is nearly linear on a log-log scale.
This suggests that the carbon films could have useful thermometer properties

for the entire cryogenic range.

The purpose of the present work is to invéstigate and develop the
thermometry properties of carbon films particularly in the difficult range
from 14 to 20 kelvins and to provide MSFC with approximately 100 useful
sensors for further use and evaluation. The areas of effort include the optimi-
zation and refinement of the thin film deposition process, precision calibration
of ten of the carbon film sensors and three point calibratioﬁ of the other 90

films.
THIN FILM FABRICATION

The carbon films are fabricated in a vacuum system with pressures
-6 -8 , . : C oy .
between 10 ~ and 10 = torr. The carbon is vaporized by a high intensity
electron beam and the carbon vapor is condensed on an insulating substrate;

most commonly, this substrate may be quartz or pyrex glass,

The physiéal and electrical properties of the {ilm are highly dependent
on the deposit.io-r.l parameters; namely, deposition rate, substrate température,
film thickness, background pressure, and the nature and cleanliness of the
substrate., The optical appearance of the films may range from a dull opaque
black to a shiny translucent blue. The surface adhesion of the films also vary;

some films may rub off easily and others are difficult to scratch with a steel



point. The electrical properties, resistance vs temperature, also vary; some
fillms are more sensitive to temperature than others. For some films, the
resistance is stable on thermal cycling to cryogenic temperatures; other
films are not stable. Most films seem to have an upward drift in resistance
due to aging at room temperature although there have been some films where
the drift is less than 0. 001 percent of the total resistance for periods of 15

[1]

months or more.

It is known that the crystal structure of the films can take various
3
forms. -Gjonnes[ ] has found by electron diffraction studies that the film
structure contains a mixture of 6-ring and staggered 8-ring structures similar

[4]

to those found in tetraphenylene. On the other hand, Jenkins, et al. have

found mixtures of graphite and diamond crystalites on the order of 25-50 A dia-

[5]

meter. Also, Fischback reports a definite role of the substrate surface

condition in determining the crystal structure.

Presumably, it is the variety of possible crystal structures which
causes the great variety in the physical and electrical properties of the films;
and the great latitude in the film fabrication and vacuum deposition parameters
which makes such a variety possible. It remains to find those fabrication and
deposition parameters which will produce films with a useful temperature
sensitivity, which are stable on thermal cycling, and have no long term drift

due to room temperature annealing.

To relate these desirable properties to a particular film crystal
structure is beyond the scope of this present work; rather it was our task to
see if there is a semi-empirical relationship between the film deposition
parameters and the electrical properties of the films and to produce some

useful films (approximately 100) for further testing in NASA facilities,

_ At the request of NASA, a joint effort was arranged with an independ-
ent contractor ander NASA contract NAS §-25097 to fabricate the carbon films;

testing, calibration and evaluation were done at NBS,



Films were deposited under various depostition rates, thickness
and substrate temperature. It was found that the substrate tefnperature is
the primary factor in determining the temperature sensitivity; lower
substrate temperatures produce more sensitive films. The film deposition
rate seems to be the primary factor determining stability oﬁ thermal cycling;
high deposition rates tend to produce films which are unstable and often are
seen to crack and peel frﬁm the substrate. The condition of the substrate
also seems to be important in stability and drift, however, at present, there
is no clear qualitative guideline. The thickness also plays a role in stability

and sensitivity; the thicker films seem to be less sensitive,

The thickness of the films ranged from a few hundred to a few thousand
Angstroms; the deposition rate ranged from | to 20 Angstroms per minute;

and the substrate-temperatures ranged from 100 to 300 centigrade,

The first parameter which was optimized was the substrate temperature
at or near 200 centigrade. This was chosen so that the sensitivity of resistance
vs temperature is useful in the cryogenic range between 4 and 80 kelvin; if
the resistance ratio between room temperature and boiling nitrogen is on the
order of two, then the resistance vs temperature is nearly linear on a log-log

plot. ..

Secondly, the deposition rate was optimized. Initial efforts were con-
centrated at low deposition rates on the order of 1 Angstrom per minute since
it was knowﬁ“j that at low deposition rates the films were more stable; however
at these low rates it was difficult to obtain reproducible results from run to run.
This is possibly due to the effect of background gases in the deposition system;
the rate of impingement of gas molecules being about 300 times the carbon
at these rates. At slightly higher rates, from 3 to 10 Angstrom.s per minute,
fairly reproducible results could be obtained in the film resistance and sensi-
tivity from run to run, and also among the samples in the same run,; however,
it appears that there is some sacrifice in stability and drift in some of the films,

It was felt that reproducibility was the first achievement which should be made



in order to study the semi-empirical relationship between deposition parameters

and electrical properties of the films.

Accordingly, eight deposition runs were made as production runs; the
deposition parameters for each run are listed in Table 1. The substrate
temperature was held at 200°C except for runs 001 and 002 which were heid
at 155°C. The deposition rates were at 8 and 17 Angstroms per minute and
thicknesses ranged from 2300 to 8700 Angstroms as indicated in Figure 1. The

backgroundpressures during deposition were about 3 x 10—6 torr,

Figures 2, 3, and 4 show resistance vs temperature plotted on a log-log
scale with the resistance normalized to the room temperature value. The curves
are smooth lines connecting data points at room temperature and the boiling
points of nitrogen, hydrogen, and helium respectively. The brackets indicate
the spread among sensors deposited in the same batch. Figure 2 shows the
effect of substrate temperature on sensitivity and also the effect of deposition
rate at 155°C. Figure 3 shows the rate effect at 200°C; and Figure 4 shows

the effect of thickness,

Thirty three sensors were deposited in each run. The substrates were
modified transistor headers consisting of ground pyrex glass with Kovar pin
feedthroughs for electrical contact, Twenty five of the most stable sensors
were chosen from each of the four runs labeled 003, 005, 006 and 008 for a
total of 100 sensors, From each batch of 25, two sensors were chosen for
detailed calibration; they were designated 3-1, 3-2, 5-1, 5-2, 6-3, 6-5, 8-1
and 8-2. In addition there were two cylindrical samples 7-B and 7-C which
were calibrated; these two samples were deposited previous to the present

work and were included for general interest,



TARL

T

Carbon Film Deposition Paraneters

Batch (1) Temp Pressure Natea I Time Thickness (2)

°c Torr Honitor Suhstr;%%‘ ‘Hours ‘ Monitor'Flat Cone

Hz/Min | Flat [Cone Hz | & | A
_ ;&/f-lin ;./Z-h'_n

001 155 3X10°° 11 17| 5.5 {£:00 4700 |7300 | 2300
002 155 | 2x1078 5.5 8.51 2.7 18:28 2725 14200 | 1400
003 200 ar107° 11 17] 5.5 {7:35 .| 5600 |8700 } 2800
004 200 31070 5.5 B.5 1 2.7 |7:45 2600 |4000 | 1300
ons 200 ax107° 11 17| 5.5 |7:47 5450 18400 | 2700
006 200 37107° 11 17 | 5.5 1 &:00 2725 |4200 { 1400
008 200 | 3x:07° 11 17§ 5.5 [2:30 1500 {2300 ! (3)
079 200 | 3x207° 11 17 5.5 Lis1s 2750 |4300 | 1400
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THERMOMETER CALIBRATIONS

It is seen in figures 2-4 that the three point calibrations suggest that
the resistance vs temperature is almost linear on a log-log scale if a smooth

curve is drawn through the three points,

Until this present work, there has been very little data {(and no precision
data) at temperatures between the cryogen boiling points. Precision thermom-
etry requires that intermediate points be known and that there be good interpo-
lation formula between calibrated values. Also, from a qualitative point of
view, the thermometer engenders more confidence in its use if there are no

bumps or wiggles in the calibration curve.

With these points in mind, a precision calibration was obtained for 10
of the carbon films for temperatures between 6 and 80 K. Special attention
is given to the range 13-20 K which is approximately the interval between the
freezing and boiling points of hydrogen, It was expected that the carbon films

would be particularly useful in this range.

The calibration was done in the cryostat used for the NBS thermocouple
calibration program, This cryostat is described in detail in NBS Monograph
124 by Sparks, Powell, and Hall and is shown schematically in figure 5, A
very basic sketch of the system wiring is shown in figure 6, The carbon re-
sistors were thermally connected to the variable temperature block by imbed-
ding the resistors in a copper ring which was in turn clamped to the variable

temperature block.

The primary thermometers used to determine the temperature of the
variable temperature block were a capsule type platinum resistance thermometer
for temperatures above 20 K and a germanium resistance thermometer for tem-
peratures below 20 K, Temperatures above T = 20 K are based on IPTS-68
while those below T = 20 K are based on NBS P2-20 (1965),

All measurements of resistance {primary and carbon thin film thermom-
eters) were made using the standard four terminal method. The voltage mea-

suring device was a Fluke model 8300A digital voltmeter, The mininum input

10
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resistance of this device on the ranges used is 100 mega ohms; this high

input impedance allows this instrument to be used as a potentiometer in that
essentially Kno current flows in the measurement arms. The general approach
used in making all measurements was to pass current through a standard
resistor and the specimen and measure the voltage across each, A similar

set of voltages were taken with the current reversed through both the standard
resistor and the specimen. The average of the forward and reverse voltages
and knowledge of the resistance of the standard resistor allow the carbon thin
film resistance to be computed. Several runs were made at a given constant
temperature with different carbon resistor currents being used. No appreciable

current dependence was detected.

The results of the calibrations and also other data for the films are

contained in appendices to this report:

Appendix A contains the graphical representations of the data for the
10 calibrated films,” The circles represent the data points and the line repre-
sents the fitted curve which is an express-ion oflog T Vas a polynomial in log R,
Appendix B contains the coefficients of the polynomial and a comparison of the
calculated values with the experimental values, It is seen that the residuals
are on the order of a few hundredths of a degree which is ab;:)ut the same order

of accuracy as the calibrations.

Appendix C contains the three point calibrations for the other 90 films
as well as some data on the long term drift for each of the runs. This data
was taken over a period of 10 months, Appendix D contains information on the

hydrogen gas-liquid discrimination set points.

13



CONCLUSIONS AND RECOMMENDATIONS

The calibrations show that the carbon film resistance vs temperature
curve is smooth with no noticeable bumps or wiggles in the entire cryogenic
range between 6 and 80 kelvin, The films are sensitive in the subcooled
hydrogen range making these films useful for hydrogen slush applications,
The film deposition process has been refined to the point where reasonable

reproducibility and stability of the films may be achieved.

The empirical approach to carbon film fabrication has produced a
film which should be useful for many temperature and phase sensing appli-
cations. It is felt that further refinement of the processes for precision
thermometry should be pursued in order to obtain films which are consistently
stable and free of drift; improvements could possibly be obtained by a study
of the film crystaline properties as obtained by electron diffraction and micro-
scopy and relating these structural properties with the electrical properties;
a study of this nature has been beyond the scope of this project. Fundamental
research along these lines seems to be justified since there have been several

fr]

able long term drift, It is also possible that further semi-empirical variations

films produced ""accidently"” which are completely stable and have no measur-

of the deposition parameters may produce these desired refinements; however,

it is our present view that a fundamental study at this point would be

more productive.

14
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APPENDIX A

GRAPHICAL REPRESENTATIONS OF THE CALIBRATED FILMS.

The following graphs show the resistance vs temperature for each of
the ten calibrated films. The dotted circles represent the data points and the

solid lines is the mathematical fit described in Appendix B,
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APPENDIX B

DATA AND CURVE FITTING FOR THE CALIBRATED FILMS

The following tables give the measured values of resistance and tem-
perature as well as the coefficients and calculated values of the temperature

in terms of

| 5
log T = A+Blog R +C (log R)Z + D (log R)3 + E (log R)4 + F (log R)
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APPENDIX C

DATA ON LONG TERM DRIFT AND THREE POINT
CALIBRATIONS OF THE FILMS

Figures C-1 and C-2 show examples of data on long term drift and thermal
cycling of the films between room temperature and the boiling point of liquid nitro-

gen (LN,). A total of 109 such data sheets were delivered (along with the films)

2
to the sponsor.

In addition, three point calibrations of the films at room temperature and
the boiling points of liquid nitrogen and liquid helium were obtained for 100 films

and delivered (along with the films) to the sponsor,



Date #

1-9-73 P
Lg. Temp.,

1-17-73 A,

2-2-73 A

6-13-73
6-14-73

6-15-73

Room

. 06567

227

06615
8. 5°

. 06630

227

. 0684
. 0682

. 0678

MP0OO3(1)
. Kl Readings
2 3 4 5
LNz Room LNz Room
.12012 . 0658) . 12018 | 06572
21- 20°
. 11605 , 06625, 11627 , 06647
87 7. 5°
. 11950 , 06671 . 11959 | 06687
20° 18
. 1242
. 1243
. 1243

. 11878

. 11637

. 11969

Figure C-1.

Pins 3,4 Voltage and Current
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Date #

1-9-73 P
Lqg. Temp
°C

1-17-73 P,

2-5-73 P

6-13-73
6-14-73

6-15-73

I

Room

. 07048

20°

06794
90

. 06929

157

. 0702

. 0697

. 0695

MPO0O3(2)
K{: Readings
2 3 4 5
LN; Room LNy Room
. 14088 . 07062 . 14147 |, 06870
20° 19¢
12096 06799, 12136 |, 06835
()o 80
12550 . 06970 . 12586 . 06978
14- 13°

L1293

. 1296

L1294

L 12779

. 12185

. 12573

Figure C-2.

Pins 3,4 Current and Voltage



APPENDIX D

LIQUID-GAS DISCRIMINATION SET POINTS

The liquid-gas discrimination set point is based on the transient
response of the carbon film to a constant current pulse of amplitude, I .

A differentiating circuit measures the initital voltage transient av

at given by

av dR

.—.—.._..._.I —_—

dt ~ o dt

It is large in gas and small in liquid, and the set point is some tnter-

mediate point which can be set in an electronic comparator,

For peak voltages on the order of 20 V the liquid initial transients for
all films at 20 kelvin is on the order of 10 vol’cé/sec; and in gas just above the
boiling point the initital transients are on the order of 1000 volts/sec; therefore
a sufficient set point for all the films anywhere near 100 volts/sec will give

rapid liguid-gas discrimination using circuits outlined in reference f2].

D-1
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