bY

University of California

TOTAL EMITTANCE MEASUREMENTS OF THIN METALLIC FILMS AT CRYOGENIC TEMPERATURES*
G. R. CunningMIandG. A. Bell
Lockheed Palo Alto Research Laboratory
Palo Alto, California
and

B. F. Armaly** and C. L. Tien
University of California
Berkeley, California
ABSTRACT

andysie of size and skin effect, a t cryogenic temperatures
has recently been done by Armaly and Tien. (13)

emittance of thin gold
in the range from
Lm thickness on the emit60 to 300'K.
rison of data for
etallic films. It is
l!c films used in
the emittance of these
nt on the film thickness
present experimental
cal values and also with
experimental results of other investigators.

The purpose of the present work is to report the
experimental results of tot 1 hemispherical emittance of
several thin (-400 to 600 ) and thick (- 2500 to 4000dj)
vacuum deposited high purity gold films on plastic and
metal subetratee over the temperature range of 60 to
300°K. Effect of film thickness on total hemispherical
emittance ie demonstrated and comparisons are made
between experimental and theoretical results for both
thickness effects and absolute values of emittance.

I. INTRODUCTION

The calorimetric emittance apparatus consists of a
2-1/2411. diameter by 3/16-in. thick aluminum, brass,
or copper sample substrate mounted to a liquid nitrogen
or liquid hydrogen cooled vacuum chamber. (See
Figure 1.) Sample temperature is controlled from
cryogen temperature to 300°K using a spiral wound
heater imbedZed in a 2- 1/4-in. -diameter copper heating
block, Temperature readout ia provi
mount Engineering Company 104 AH1 platinum resistance
thermometer.
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etics of highly reflecemperaburers have
beco
development of thermal
ic applications(1) and
in the area of thermal control of spacecraft(2) and
ncreasing use of the
planetary experiments.@)
placed particular impormultilayer type of inmfati
tance on the howledge of
e r m d radiation properties of thin m e t a l ~ cfilms (-400 to IOOOA)on plastic
substrates .(4) The most efficient multilayer insulation
reflective shield oncept u s e s vacuum deposited gold or
aluminum ( 501s on a very thin plastic sheet (0.15 to
0.25 mils thick) such as Mylar o r Kapton which greatly
reduces system weight(5) and thermal anisotropy(6) of
the insulation over one using metal foils. For the
?dveheat transfer in the cryogenic temit is important to know the total hemince of the film 88 a function of temperaemittance varies with film thickness.
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EXPERIMENTAL APPARATUS AND PROCEDURE

Radiated sample energy is collected using a b!ackbody absorber mounted to the cryogenically cooled
supporting structure within 30 mils of the sa
face. This absorber consists of a series of
metal tubes (3/16-in. 0 . d . b 0-mil wall by l-in. OR^)
fitted ta the interior of an al
num ehell. The inside

1)

The first theoretical work on the radiation propertallic fflms(7) was based upon the Drude
1 electron @SE) theory of optical coner , it later became apparent that
a l a s skin effect (ME)theory@) should be used
than the DSE theory for the cry0 nic temperature
showed that th
The recent work of Darnoto et
dieted values of total hemispherfcal emittance based upon
the M E theory could be @,n order of magnitude greater
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Thus, Q has been defined with a radiating sample
present, and with a calibration heat input Qc; so, for
corresponding blackbody temperatures we have by comb i n W E q s . (11, ( Z ) , and (3):

e of blackbody temperature
e blackbody can be generated.

eproducible curve
and all the leads ki the
face are thermally
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Emittance Calculation8
Nomenclature:

to blackbody thermal link
calibration power Input

‘bas
- A ~ ~ ;1F
- F (l-Eb)(l -as)

- ys

ple and abeorber frontal area
t m a m 1 s constant

(4)

.

rature during calibration
20°K or 77°K

sample temperature
blackbody absorber temperature
sample to blackbody view factor = blackbody
to sample view factor
sample emittance at Ts
blackbody absorptance 0.98
blackbody emittance at T,, a 0.98
sample absorptance for blackbody radiation at
Tb and sample at Ts
blackbody radiation exchange with wall during

-

The second term on the left-hand side and the
second and third terms on the right-hand side of Eq, (4)
can-all be neglected since T << T, . This introduces
an e r r o r estimated a t less t&n 1%. Also, Yc = Ys
and thus
4

Q, = AScrTsF

sample run
sample hsorptance for blackbody radiation et
Tb and sample a t Tc
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(5)

The emittance es can now be calculated since all
the terms in Eq. (5) a r e known including a b , which can
be calculated using an iterative process and data
obtained by substituting a blackbody radiator identical to
the blackbody absorber for the sample. The emittance,
o r absorptance, of the blackbody from 80 to 260°K was
found to be 0.98 i 0.01.

blackbody radiation exchange with wall during
calibration
With a radiating sample present, the heat flux
reaching the blackbody thermal link is equal to the
radiated sample energy, which is absorbed by the
blackbody, minus the radiated blackbody energp, which
is either absorbed by the sample ar the chamber walls.

Error Analysis
The probable e r r o r s listed with the emittance
values found in Table 2 were calculated a s follows:

Therefore:

+e)+ ( - )
2

Table 1 summarizes typical emittance measurement e r r o r s at sample temperatures of 6 0 , 100, and
300°K. As shown in this table, measurements at the
lowest sample temperature are subject to the greatest
uncertainty, principal y because the A T between the
blackbody absorber and the cryogen bath is approaching
the same order of magnitude as the barometric pressure shifts at cryogenic liquid temperature. At the
higher sample temperatures, the principal source of
e r r o r ie attributable to the ATIS across the 2-1/2-in. diameter sample.

*:

aqd during calibration the heat flux reaching the link

where:
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A murce ~f error which was not listed in Table 1
but which can ‘be very significant, is heat transfer to
or from the blackbody absorber due to residual gas
conduction. In the present experiments, great care
was taken in designing and fabricathg the experimental
vacuum chamber so that pressures less than 10-8 Torr
h- - - - * r
*
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of the agreement between low temperature data of two
independent investigators (Lockheed and Berkeley) and
the agreement among room temperature data of three
independent investigations (Lockheed, Berkeley, and
that of Ruccia and Hinckley). The experiment of Ruccia
and Hinckley(lS) was limited to room temperature. The
measured effect of film thickness is not as pronounced
as that predicted by the theory, as is shown in Figure 4.
However, their study as well as this one clearly demonstrates R noticeable effect of film thickness on the total
hemispherical emittance and, in addition, confirms the
predicted trend of this effect. (13)

i t can be shown that heat transfer by residual gas conduction is of the same order of magnitude as heat transferred by radiation if the chamber pressure is of the
order of
Torr.
Preparation of Swcirnens
Total hemispherical emittance measurements were
perfoyed over the temperature range of 60 to 300°K on
deposited gold films on plasspecimens of vacuum deposited
strates. The three gold on
Kapton specimens were taken from
commercially.prepared metallized materials; the Mylar
specimens were metallized on both sides and the Kapton

It is interesting to note that the substrate material
(i. e. , plastic o r copper) does not appear to have a
significant influence on emittance of the gold surface,
even in the thin film data shown in Figure 2. This
implies that gold films of thickness 400A a r e nearly
opaque for the primary wavelength range corresponding
to the sample temperature. Therefore, the effect of
film thickness on emittance is not due to the change in
transparency but rather due to the restriction of electron
free paths at the boundaries.
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1OOOA of copper was deposited. The 2500A specimen*
glold of 99.999% purity; chambpr
was prepared u s

pressure was IO%Torr; deposition rate was 180A/sec.
No determinations were made of the composition of the
"as deposited" films.

The present thick-film data are limited to those of
The size effect for films of
thickness greater than this range should be negligible
since the film thickness will ,become much larger than
the electron mean free path. f r 3 ) For instance, at room
temperature the electron mean free path for gold is
approximately 600A and the size effect becomes neglible for films of thicknesses larger than 1500;
This
fact is further confirmed by the experimental result
shown in Figures 3 and 4.
2500 and 4000A films.

Metal film thickness measurebents were made for
the three coated Mylar specimens and three of the goldcopper specimens. These were performed using ?t proton transmission technique which measures transmission
of a proton beam through the gold film as a function of
the incident proton energy. The film thickness is determined from accurately calibrated energy versus thickness relationships for a proton/gold system.(14) This
methpd itself yields thickneeaes that are accurate to
* 50 A; however, the actual emittance samples were not
used to make the measurements. The measurements of
the Mylar specimens were made using an adjacent piece
of the same section of film from which the emittance
samples were taken. Since thicknesses across the
section have been observed to vary by 200 A or more,
one should be careful in drawing conclusions concerning
film thickness versus emittance on films whose thickness
difference is less than 200A. For the 400, 520, and
4000di gold on copper specimens, film thickness was
inferred from rneaeurements made on quartz plates
placed on two sides of the substrate during the deposition
process. As these were immediately adjacent to the
emittance specimen, i t is believed these thickness values
a r e representative of the actual emittanc specimen.
Thicknesses for the Kapton and the 2 5 0 0 1 gold on copper
specimens were provided by the supplier.

Another set 0" low-temperature emittance data for
gold has been reported by Caren, (I6$ but his data are
much higher than those reported here. The gold used
in his experiment was chemically deposited and no
thickness was specified. The large discrepancy is
probably due to the quality of the film used and possible
differences in the experimental procedure.
With regard to the quantitative comparison between
theoretical and experimental results, the present data
a r e a b u t 50 or 100% higher (room temperature and
60°K cases, respectively) than the predicted values.
This difference which is much larger than the experimental e r r o r s of 3 tQ €396, must be due to factors other
than the thickness of the film. Qne factor which is most
likely to affect the results is the kpality of the film used
for testing, It has been shown by Bennett and Bennett(l7)
that the spectral emissivity of metallic films is very
much dependent on the quality of the surface, the quality
and type of the substrate material, the purity of the film,
and the vacuum and the rate under which the film was
deposited,

III. DISCUSSION OF EXPERIMENTAL RESULTS
Table 2 and Figures 2 and 3 present the total hemispherical emittance versus temperature data for the
eight specimens investigated. Measurements on the
400A film on Kapton and the 2 5 0 0 i film on copper specimens were performed at the University of California,
Berkeley, California. All other data were obtained at
the Lockheed Palo Alto Remarch Laboratory. While the
experimental data seem to deviate appreciably from the
theoretical results (possible causes for this discrepancy
will be diecussed later), it should be noted that the general trend as exhibited by the experimental data does
eiy with the prediction and the data are
nt among themselves. The consistency of
mental data b ~ indeed
l
very impressive in view

The effect of the first three items could be nqglected
when discussing the total emissivity for the 2500A thick
sample, The smoothness and the flatness of the film
surface and the substrate will affect t
urements much more than the total measurements.
P 160, the ratio of the len th characterizing the roughness of the eurfaee to the characteristic wavelen* of
the incident radiation will decrease rapidly as the ternperature decreases.
UB, the effect of roughness is
usually negligible at cryogenic tempratures. The
effect of sample purity, for puritiea higher than
as also found to be negliw'ble. (17) The
item i. e. the V W U M ~ and the rate at
I

*8ample su@lfed by Alan P. Bradford, Department of the Army, Night Vieion Laboratory, Fort Belvoir , Virginia.

a

"Tien, C. L. a Armaly, F. G . , ana Jagannathan,
P. S. , V h e r m a l Conductivity of Thin Metallic Films
and Wires a t Cryogenic Temperatures,'' Proc. of Eighth
Thermal Conductivity Ccnference, Plenum Press, New
York, 1969, pp. 13- 20.

s deposited is also an impore rate of deposition, the
film. Measurements determinate on the film emissivity,

12Dingle, R. B., "The Anomalous Skin Effect and
the Reflectivity of Metals, IV, Theoretical Optical Properties of Thin Metallic Films," Physica, Vol. 19, 1953,
pp. 1187 - 1199.
13Armaly, F. G. and Tien, C. L., "Emissivities of
Metals at Cryogenic Temperatures, 'I to be presented at
the International Heat Transfer Conference, Paris, 1970,
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Table 1 HEMISPHERICAL EMITTANCE DATA - PROBABLE ERR(3
VARIOUS SAMPLE TEMPERATURES

Gold on Mylar
550 d; (a)

470

E
0.0109 f 8.3%

0.0119 * 3 ($3
0.0131 f 3 (3&

€

61
88

0.0114 f 8.3%

91
129

3

253

0.0154 f 3

%

162

5%

253

0.0212

0.0220* 3

%

307

0.0244 f 3

f

400
E

G.0102 f 3 ?€

0.0129 f 3 %

0.0203 f 3

€

149

%

520

Temperature

0.0083 f 8 . 3 %

0,0152 * 3

%
0.0156 + 3 %

129

63

3 02

%
0.0132 * 3 %
0.0175 f 3 %
0.0210 f 3 ?6
0..0120f 2

"i(d)
Temperature

4000
E

259

i'd)
P

Temperature
(OK)

2500 A

I

Notes:
(a) Thickness measured on film samplea, adjacent to emittance spectrnen 200 thickness varia
observed across sheet, f 100 A.
(b) Thickness meaeured 0111-in. square area from center of emittance specimen;. i50 A.
(c) Thicknesg per supplier, measurement method not known.
(d) Thickness measured an monitors adjacent to emittance specimen, f 50 A .
~
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Table 2 CALORIMETRIC TOTAL HEMISPHERICAL EMITTANCE DATA OF VACUUM
DEmSITED COLD FlLI
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EX PERMENTAL
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-

V 5 2 0 i GOLD ON COPPER
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Figure 2. Total Hemispherical Ernittmce Versus
Temperature for Thin Gold Films on
Mylar and Copper
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Figure 1. Calorimetric Emittance Apparatus
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Figure 3. Total Hemispherical Emittance Versus Temperature for Thick Gold Films on Mylar and
Copper

Figure 4.
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