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ABSTRACT     

The electrical resistivity along 500 A thick carbon films

. has been measured from 1.2 to 1100°K. The electrical resis-

tivity measurements at high temperature indicate a change in

the structure of the film beginning at about 6700K. In the

theory of non-erystalline solids by Mott, the temperature de-

pendence of the hlectrical conductivity a, at low temperature,

is given by ln a=A- BT-4 where A and B·are constants.

Whereas previous investigators have shown general agreement

with Mott's relation, the present result at low temperature

\         -4 ,.

shows deviation from thea ln c a T relation.
.\
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1.  Introduction
t

Evaporated carbon films are particularly useful for studying

electronic conduction in disordered systems because of their

highly amorphous character.  At high temperatures, electrons can

be excited across the forbidden gap, thus exhibiting non-localized

electronic conduction.  At low temperatures conduction may occur

by thermally assisted tunneling through potential barriers separat-

ing localized states.1  The process of conduction in non-crystalline

2
materials has been investigated by Mptt. He finds the temperature

dependence of the electrical conductivity to be given by
\\

....\
-41 n a  = A-B T (1)

where A and B are constants. This behavior is most favorable at

low temperature.

Experiments have previously been carried out on carbon films
34for temperatures as low as 5 K. ' In those experiments, the

electrical conduction has been found to follow Mott's relation.

The purpose of the present study is to investigate the character

of electronic conduction along carbon films  at high. temperatures
  and in the temperature region below 50K.

„

2.  Experimental Techniques

Carbon films prepared by arc-evaporation of highly pure

graphite· onto a glass substrate (vacuum < 10- 5 torr, growth rate
0

on the order of 5 A/sec, and temperature of glass during deposi-

tion about 30OaK) were obtained from MicroMatter Co. Blue and

Danielsons have reported non-reproducibility and a strong increase
0

in   resistivity for films    less    than    500 A thick. There fore, films
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with a nominal thickness of 500 A were investigated.  The carbon

films used had a uniform brownish color with room temperature

resistivity of the films varying from .02 ohm-cm to 1 ohm-cm.

After high temperature  heattreatment (7500C for 2 hours), all

films had about the same room temperature resistivity (e 0.030-cm).

We attribute the differences in initial resistivity to differences

in the amounts of gases trapped in the films during growth.  Heat-

treatment causes the gas molecules to diffuse out of the films

leaving them with acceptor type regions which are a source of

holes.  Therefore, the resistivity decreases as the gas molecules
''.\                                          6

are removed.  A similar phenomenon is obterved in bulk carbon.

Measurements were taken on the low resistivity samples (b

.020-cm at room temperature) in a range 1.2 to 11000K.  Typical

room temperature resistivity values for other investigators range
0                                                           0

from 0.10-cm for 700 A thick films3 to about 20-cm for 500 A
5

thick films. Due to the geometry of the samples we have measured

only planar resistivity.

A standard liquid helium cryostat was used for reaching tem-

peratures down to 1.2'K while a Lindberg three zone furnace was

employed for achieving .'temperatures  as  high as 11000K. Tempera-
\\

tures below room temperature were measured with a calibrated car-

bon resistor and an a.c. bridge.  Temperatures above room tempera-

ture were measured with a chromel-alumel thermocouple.
1

Low temperature measurements were made with the carbon film

on the original glass substrate.  Copper or gold foil strips, ,.

with a layer of uncured Epotek silver epoxy, were used to make

electrical contact with the carbon films. To eliminate the effect

of contact resistance, a four terminal method for measuring resis-

1
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tance was used.  For high temperature measurements, the carbon
I .

films were floated off the glass substrates and transferred to a

quartz plate.  Gold foil strips coated with a thin layer of Aqua-

dog were used for resistance measurements above room temperature,

agdin with the four terminal technique employed.

In · order to verify the amorphous structure  o f the carbon

films, back reflection x-ray Laue photographs were taken of

several films. The photog raphs indicated the absence of signifi-

cant crystalline structure.

\\
3.  Results

3.1  High temperature

*              Figure  1  shows  the  Change in resistance  of a typical  film

(MS-17) without previous  heattreatment, being heated rapidly from

300 to 10000K.  For this sample the room temperature value is           -

0.020-cm.  There is a change in resistivity by a factor of 10 in

going from room temperature to 670°K.  Above 6700K the change in

resistivity is small. The log of the reduced resistivity of the

same sample (MS-17) shown in Fig. 1 is plotted as a function of
'

1/T in Fig. 2. Below 55 0K
the slope of the curve varies with

temperature. Between 550 and 6500K, however, the curve has a

constant slope,.(El).  Above 6709K the slope has a different

constant value, (E2).

The above observations are interpreted in the following way.     -

During evaporation of the carbon films, gas molecules are trapped

inside the sample.  As the film is heated, the gas molecules

gradually diffuse out from the sample, resulting in the formation  

of free valence bonds with nothing to.attach to and thereby be-

\
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coming traps for electrons. This behavior, along  with  the   in-

fluence of impurities   in the sample, causes the initial iricrease

in conductivity with temperature, and, correspondingly, a drop

in resistivity from 300 to 550°K.  From 550 to 670'K, the log of

R/R vs. 1/T has a constant slope, (El).  Above 6700K, the300

slope is smaller, (E2).  Initially, one might associate the re-

gions of constant.slope with an activation energy for the film4

This apparent activation energy determined from the slope El in

the temperature range 550-6500K would have a value 0.34 ev. We

-                                                                                                          0.

note that Mizushima's optical data show a band gap for a 460 A'

thick carbon  film  to  be  0.69  ev, just twice the apparent activa-

tion energy.  This interpretation may be buspect, however, siAce

the material is being heattreated, thereby changing its structure

and the constant slope in Fig. 2 may be due to the combined effects

of some gas molecules migrating out of the specimen and the re-

ordering of the crystallite structures. In the.region above 670°K

the carbon film begins to recrystallize,e  - . :. __ t.-z.1,59 : 1.

I. .
.. -   3 '-. 3... A. Debenyl ·   '· :f .C

et al.8 reported a change in structure of amorphous carbon films

.mainly between the temperatures of 500 and 7000K. They suggested

that heating to these temperatures results: in a transformation to

a more ordered, polycrystalline.type of state with ordering con-

tinuing up to 15750K.

The effect of heattreatment of the carbon film is shown in

Fig. 3.  A sample (MS-21C) was held at the temperature of heat-
\

treatment indicated until there was no noticeable change in resis-

tance (2 hours).  The fractional change in room temperature resis-

tance before (Rb) and after heattreatment (Ra) is indicated.  The

largest effect occurs between 500 and 7000K.  At about 11000K the

heattreatment process is essentially completed.

1



:·'                          6

3.2  Low Temperature
I

According to the theory of conduction in non-crystalline
2materials by Mott , the temperature dependence of the electrical

conductivity a should be of the form,

-41n a = A - BT
9

where A and B are constants.  This relationship applies to the

case where the localized states are overlapped sufficiently and

the temperature is low enough to have tunneling between adjacent

localized states.  Resistivity measurements along carbon filmsr
\\                                          3for temperatures as low as 50K have ·beed'taken by Morgan.   A

linear relation between resistivity and T-4 is observed between

5 and 70K.

For higher temperatures and high fields, Hill  suggests a
-1/3 -1/3

T     dependence for 1na.  A T dependence is reported by Mor-

gan3 in the temperature range 7 to 500K.  Electrical resistivity
0                                             ·

measurements along a carbon film 1600 A thick are also reported

by  Adkins  et al.4 These latter authors find general agrieement

with the T-4 dependence for electrical resistivity measurements  .,

between 10 and 250K.  ··
0

The resistance of two 500 A thick films, one heated at 2000C

for two hours, the other one not heated at all, has been measured

as a function of temperaPure from 1.2 to 3000K. These low tempera-

ture data are reproducible if the samples have not  been warmed

above room temperature.  Figure 4 shows the·results of these  . 

measurements.  In orderto compare the data with Mott's theory,

the  log of reduced resistance is plotted  as a function  of T as-4

shown in Fig. 5.  A linear dependence is predicted at low tempera-

,.
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tures and is observed in this plot between 20 and about 40K, in

general agreement with other investigators. Below 40K the resis-

tance is larger than the value predicted by Mott's relation, Eq.

1, for both samples before and after heattreatment. The devia-

tion  from  Mott' s relation begins  at  the same temperature  for  both    i

samples.

The deviation observed cannot be explained in terms of leakage

current or surface conduction as these effects cause the observed

value of the resistance of the film to be lower than its actual

value.
\

i,

4.  Summary
0

The electrical resistivity along 500 A thick carbon films

has been measured .from 1.2 to 11000 K.  A plot of the log of resis-

tivity vs. T-1 indicates a structural change in the carbon films .

beginning at about 6700K. Although carbon films are not intrinsic

semiconductors, the films behave in the temperature range 550-
apparent

6700K like a semiconductor with anAactivation energy of .34ev.  Mott's

theory of non-crystalline solids predicts that at low temperatures

the temperature dependence of the electrical conductivity a, to

be  given  by  ln  a  =  A  - BT-4 where  A  and  B 'are constants .     In  the

region  20  to. 40K, this relation is verified  by .the present measure-

ments but below 40K there is a significant deviation from Mott's

relation.

"
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Figure Captions l

Figure 1 - Reduced resistance versus temperature for rapid heating
of a typical carbon.film, sample  MS - 17.

0
Figure 2 - Reduced resistance versus 1/T for a typical 500 A thick

carbon film, sample  MS - 17.

Figure 3 - Fractional change in room temperature resisgance versus
heattreatment  temperature for typical 500 A thick car-
bon film, sample  MS - 21 - C.

Figure 4 - Reduged resistance versus temperature for two typical
500 A thick carbon films. Sample  MS - 13 is heat
treated at 2000C for 2 hours,5and sample MS - 15  is"

not heat treated.             '

Figure 5 - Log gf reduced resistance versus T-4 for two typical
500  'A thick carbon films. Sample  MS - 13 .  is heat
treated at 2000C for two hours, and sample  MS - 15  is
not heat treated.
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