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Black  Hills 
Summer Conference 

On Transport Phenomena 
(Mainly heat flow and charge flow in semiconductors at elevated temperatures) 

Tuesday 21 August 

Through Thursday 28 August 1962 

South Dakota School of Mines 

and  Technology 

Rapid City, South Dakota 

OBJECT: 

Sponsored by 

South Dakota School of Mines and Technology 

Office of Naval Research 

Visiting Scientists Program in Physics, 

American Institute of Physics 

To bring together theorists and experimenters, especially those 

from laboratories where there may be only one or the other, 

who are especially interested in heat and charge flow in solids. 

EMPHASIS: Mainly on semiconductors at elevated temperatures, although 

related problems in metals and at low temperatures will be 

discussed. Elucidation of current problems and a discussion 

of possible new approaches, theoretical and experimental. 



A conference to bring interested listeners 

together to hear distinguished invited 

speakers, and then to encourage everyone 

to talk, doubt, discuss, challenge, think and 

argue, diverted occasionally by a con- 

tributed paper with new results or a new 

technique. 



PROGRAM 

MONDAY, 20 August 

7:00-9:00 P. M.        Reception  for  ;ill   participants  and   their  wives at home 
of Mr. and Mrs. Robert G. Morris, 2620 Brook Lane. 

TUESDAY, 21 

8:00 A. M. 

9:00 

9:15 

August 

10 15 

10 45 

11 00 

12 00 

1 00 p. M 

2 00 

3:00 

3:30 

3:45 

5:00 

WEDNESDAY 

9:00 A. M. 

Registration (free) -- Mineral Industries Building. Room 
220 (MI 220).    Northeast corner of campus 

Opening remarks and welcome. Mi'.eral Industries Build- 
ing. Room 222   (MI 222). 

SESSION A. MI 222.    G. C   DANIELSON presiding 
Invited Paper Al:    M. J. LAUBITZ, National Research 
Council. Ottawa 

"Measurement   oj  Thermal  Conductivity  at High 
Temperatures' 

Discussion 

Coffee — Late Registration, MI 220 

CONTRIBUTED PAPERS 

Luncheon   at   Faculty   Club,   Liberal   Arts   Building, 
Basement 

Tour of South Dakota School of Mines and Technology 
Museum  of  Geology 

SESSION B. MI 222. GOTTFRIED I. MÖLLER pre- 
siding. Invited Paper Bl: E. STEIGMEIER, RCA 
Laboratories, Princeton 

"Absolute Measurement oj Thermal Conductivity" 

Discussion 

Coffee, MI 220 

CONTRIBUTED PAPERS 

Picnic, Canyon Lake Park. Fish Fry Shelter 

22 August 

SESSION  C,    MI  222.    KEH C.  TSAO presiding 
Invited  Paper  Cl:    R.  W.  POWELL,  National Physical 
Laboratory, Teddington 

"The  Use  oj Thermal  Comparator Methods for  the 

Measurement oj Thermal Conductivity" 



10:00 

10:30 

10:45 

12:00 

1:00 P. M. 

2:00 

2:30 

2:45 

3:00 

8:00 

Discussion 

Coffee, MI 220 

CONTRIBUTED PAPERS 

Luncheon at Faculty Club 

-SESSION D,    MI 222.    R.  DANIEL REDIN presiding 

Invited Paper Dl:    P. G. KLEMENS, Westinghouse Re- 
search  Laboratories,  Pittsburgh 

"The Theory of Electrical and Thermal Conductivity of 
Solids" 

Discussion 

Coffee,    MI 220 

Group  picture,   in   front   of  Mineral  Industries   Building 

Excursion  through  Black Hills and Custer State Park 

Dinner   at   Buffalo   Room,    Mount   Rushmore   National 
Memorial 

THURSDAY. 23  August 

9:00 A. M. 

10:00 

10:30 

10:45 

12:00 

1:00 P. M. 

2:00 

2:30 

3:00 

SESSION E.    MI 222.    SPENCER  MACY presiding 

Invited Paper El:     R. K. WILLARDSON, Bell and Howell 
Research Center, Pasadena 

"Mixed Conduction in Semiconductors'' 

Discussion 

Coffee, MI 220 

CONTRIBUTED PAPERS 

Luncheon at Faculty Club 

SESSION F,    MI 222.    M.   D.   Blue  presiding 

Invited Paper Fl:    W. W. SCANLON, U. S. Naval Ord- 
nance Laboratory. Silver Spring 

"Properties    of    Non-Stoichiometric    Compound    Semi- 
condvetors" 

Discussion 

Closing Remarks:    Summing Up 

Adjournment 



ATTENDANCE: 

PROCEEDINGS: 

LOCATION: 

BANQUET: 

EXCURSION: 

RECEPTION- 

PICNIC: 

Open to all. No registration fee. We would appreciate notice 
of your coming, however, preferably by  15 August 1962. 

Each registered participant will receive a copy of the Con- 
ference Proceedings. Those giving papers are reminded the 
text of their papers is due at the Conference. 

The South Dakota. School of Mini's and Technology is an engi- 
neering and science college founded in 1885. With 850 stu- 
dents, it offers the B.S. and M.S. degrees in engineering 
studies, physics, chemistry, mathematics and geology. Rapid 
City is located on the edge of the Black Hills of South Dakota, 
23 miles from Mt. Rushmore, a few hours' drive from Devil's 
Tower, Caster State Park and Wind Cave. It is on the direct 
route to the Grand Tetons, Yellowstone Park and the Pacific 
Northwest. 

Buffalo Room. Mt. Rushmore National Memorial. Wednesday 
22 August just before S P. M. We shall be seated together 
and order from menu. Dinners from SI.70. Not necessary 
to go on excursion to join  us for dinner. 

By chartered bus from campus Wednesday afternoon, end'ng 
up at Mt. Rushmore for dinner. Bus back to Rapid City 
after dinner.    Fare to be announced. 

Mondaj evening 7-9 P. M. 20 August for all participants and 
wives at 2620 Brook Lane, home of Conference Chairman. 
The street is poorly marked: use map. or phone for directions. 

Tuesday evening at 5:00 P. M. in Canyon Lake Park. Fish 
Fry Shelter. For all participants and their families. Start 
as for 2620 Brook Lane, keep on Jackson Blvd. till park. 
Prices to be announced. 

AIRPORT PICKUP:   Upon  notification of arrival time,  we shall pick up arriving 
participants at the airport. 

INFORMATION: For further information concerning the Conference, hotels, 
aii' schedules and highway travel write or call the Confer- 
ence chairman: 

Robert  G.  Morris 

Department of Physics 

South Dakota School of Mines and Technology 

Rapid City, South Dakota 

Phone:    Area Code 605, 343-1600, cxt. 223 

Area Code 605. 342-6479 

8 A. M. — 5 P. M. MST 

Other hours 



Titles and Abstracts of Papers 
Printed for information of participants only. Do not give reference to following 

work without permission of authors. 

TUESDAY MORNING, 21 August 

Al. (Invited paper, one hour) MEASUREMENT OF THERMAL CONDUC- 

TIVITY AT HIGH TEMPERATURES. M. J. Laubitz, National Research Council, 

Ottawa. 

A2. THERMAL CONDUCTIVITY MEASUREMENTS ON SILICON TO 1000 K.* 

Joel J. Martin and Robert G. Morris. South Dakota School of Mines and Technology, 

Rapid City.—The thermal conductivity of single-crystal silicon was measured as 

a function of temperature from 680 K to 1000 K by means of a series comparative 

method. The method of Morris and Hust was used for this i eriment with modi- 

fications. The samples were 23mm in diameter and 8mm in ickness. The stand- 

ards were of Armco iron and had the same dimensions as the sample. Thermo- 

couples made of platinum and platinum- 10r,' -rhodium wire were cemented to the 

sample and standards with a mixture of sodium silicate and graphite. This cement 

was also used to provide good thermal contacts between the sample, standards, 

and the gradient heater. Radiation losses were educed by using a radiation 

guard sectioned to match the sample and the standards. The rate of change of 

both the ambient temperature and the temperature differences was less than 

0.01 C/min. Subtraction of the thermocouple readings was used to find the 

temperature differences. The thermal conductivity of silicon was found to be 0.53 

watt cm C at 6S0 K and 0.31 watt cm C at 995 K. The low-temperature values 

agree with those of Morris and Hust. The high-temperature values agree with 

those Abeles et al. obtained from thermal diffusivity measurements. A plot of 

1/K versus T (K   )  indicates that  1  K is linearly dependent upon T. 

* This work supported in part by the Office of Naval Research 

A3. THERMAL DIFFUSIVITY MEASUREMENTS ON A FINITE DISK. Paul 

D. Maycock, Iowa State University, Ames.- -A new technique has been developed 

for measuring the thermal diffusivity of finite disk-shaped samples. The radial 

heat flow equation was solved by the method of finite differences. An axial heater 

was turned on and the temperatures at three radial positions were measured as 

functions of time. This procedure determined the boundary conditions necessary 

for the solution of the heat flow equation. By assuming various values of the 

thermal diffusivity, we obtained the solution at the middle thermocouple. The 

value which gave the best agreement between the computed solution at the 

middle  thermocouple  and   the  experimental  curve  obtained  at   the   midpoint  was 



considered to be the best value for the diffusivity. A FORTRAN program which 

calculates the diffusivity from the experimental data was developed and an IBM 

704 computer was used to process the data. Data on Armco iron show that the 

method is capable of giving correct values for thermal diffusivity. 

A4. SPECIFIC HEAT OF ZIRCONIUM BY A PULSE HEATING METHOD. 

A. H. Klein and G. C. Danielson, Iowa State University, Ames.—The specific heat 

of iodide zirconium, from 25 C to the melting temperature of 1845°C, has been 

determined by a pulse heating method. The a - ß transformation from the hex- 

agonal close-packed structure to the body-centered cubic structure occurred at 

865 C. For a - zirconium, the specific heat increased from 0.066 cal/g—°C 

at 25'C to 0.082 cal/g—°C at 865 C. Over the entire temperature range, our 

results arc about three per cent lower than those of Scott. For ß—zirconium, where 

no previous measurements seem to have been reported above 1000°C, the 

errors were greater than for a—zirconium. Approximate values of the specific 

heat in the ß— range have been determined, however, from our pulse data and 

from previously known information on the heat of transformation and on the 

temperature dependence of the resistivity. 

TUESDAY AFTERNOON, 21 Ausrast 

Bl. (Invited paper, one hour) ABSOLUTE MEASUREMENT OF THERMAL 

CONDUCTIVITY.    E.  Steigmeier,  RCA  Laboratories,  Princeton. 

B2.    THERMAL MEASUREMENTS ON FERROELECTRIC BARIUM TITANATE 

CERAMICS. Donald D. Glower, Sandia Corporation, Albuquerque, New Mexico.— 

Thermal     diffusivity     and     thermal     conductivity     measurements     for     unpoled 

Ba     Ca   TiO   ceramics   (0<x<0.19)    reveal   that   the   effect   of   adding   calcium 
l   x     x :; 

is to decrease the thermal diffusivity in the orthorhombic and tetragonal phase, 

and to leave the thermal cüf'usivity virtually unchanged in the cubic crystal phase. 

Direct measurements of the thermal conductivity were made using a variation of 

the split rod method. These measurements agreed within I0r; of indirect measure- 

ments via the thermal diffusivity. specific heat, and density. The thermal dif- 

fusivity was measured using the variation of Angstrom's heat wave method, as 

developed by Sidles and Danielson. 

The thermal conductivity of the barium titanate ceramic, as measured with 

ceramics of density 5.9 gm'cm', is about 20rr greater than reported by Yoshida. 

The thermal diffusivity, measured in the temperature range ~60°_< to <. 180-C, 

shows a sharp drop at the temperatures where the crystal structure changes 

from orthorhombic to tetragonal and tetragonal to cubic. The greatest change 

is at the 0°C phase change. The addition of calcium causes the greatest effect 

on the thermal diffusivity at low temperature. 



B3. SERIES COMPARATIVE MEASUREMENTS OF THERMAL CONDUC- 

TIVITY WITH THERMISTORS.* William G. Delinger, Francis W. Kalkbrennen 

and Robert G. Morris, Soutb Dakota School of Mines and Technology, Rapid City.— 

The thermistor, or thermally sensitive resistor, is a semiconductor circuit element 

which is suited for the measurement of small temperature differences encountered 

in thermal conductivity work. It can be made small in size (0.11 cm and smaller) 

and has a high temperature coefficient of resistance ( = —5%/deg C at 25°C). A 

preliminary investigation indicates thermistors are stable enough to be used as 

temperature sensors—the resistance being repeatable within less than \c\ as the 

temperature is cycled to 250CC and back to 25°C. Two thermistors (matched by 

the Godin technique) are placed in adjacent arms of a balanced Wheatstone 

bridge and the unbalance current is measured when the thermistors are at differ- 

ent temperatures. The unbalance current is a measure of the difference in resis- 

tance of the two. The slopes of the resistance-vs-temperature curves for the two 

thermistors are nearly the same; this allows one to write A T A R/(dR/dT). 

The temperature can be determined from one thermistor. Using dR/dT from a 

previously prepared graph,  one can find    A T very precisely. 

' This work supported in part by the Office of Naval Research and by a 
Special Research Appropriation by the State of South Dakota. 

•Present Address:     Boeing Company. Seattle 24. Washington. 

WEDNESDAY MORNING. 22 August 

Cl. (Invited paper, one hour) THE USE OF THERMAL COMPARATOR 

METHODS FOR THE MEASUREMENT OF THERMAL CONDUCTIVITY. R. W. 

Powell, National Physical Laboratory, Teddington. 

C2. MICROWAVE HALL MOBILITY IN GERMANIUM. Y. Nishina and G. C. 

Danielson, Iowa State University, Ames.—Hall mobilities of germanium single 

crystals have been measured at a frequency of 9000 Mc over the temperature range 

30° —300 K. The rectangular sample was plated on the wall of a rectangular 

cavity   which   was  doubly   degenerate   in   the   TE   mode   and   in   the   TE    mode 
101 011 

at a single resonance microwave frequency. Measurements on n-type germanium 

were in quantitative agreement with the theoretical analysis by Liu, Nishina, and 

Good. Measurements on p-type germanium were more difficult to interpret and 

quantitative discrepancies between the microwave Hall mobility and the corre- 

sponding dc Hall mobility were found. The magnetic field dependence of the micro- 

wave Hall mobility in p-type germanium was in qualitative agreement with the 

analysis of dc measurements by Willaidson, Harman, and Beer. 



C3. LOW-TEMPERATURE ELECTRICAL RESISTIVITY OF RARE EARTH 

METALS. R. V. Colvin and S. Arajs, Edgar C. Bain Laboratory For Fundamental 

Research, United States Steel Corporation Research Center, Monroeville, Pennsyl- 

vania.—The discussion is mainly concerned with a means used to obtain tempera- 

tures between 4°K and 300 K. Any temperature that may be desired is first ob- 

tained by rapid heating or cooling of a copper sample chamber and then the 

chamber temperature is maintained by supplying an amount of heat to the chamber 

equal to its heat losses to a liquid gas bath. A vacuum wall and a length of thin 

wall stainless steel provide the necessary thermal isolation from the bath. 

Although the apparatus is particularly useful in conjunction with electrical 

resistivity measurements, appropriate modifications make it useful for a number 

of other physical measurements. Precise temperature control, continuous cover- 

age of the entire temperature range and a temperature controller that can change 

the sample temperature automatically in the minimum possible time are some of 

the features described. 

Resistivity curves of a number of the rare earth elements and of a single 

crystal of Cr are presented to illustrate the usefulness of such equipment. The 

need for good measuring instruments is stressed since studies of hysteresis effects, 

dependence of resistivity on time and precise studies of the detailed temperature 

dependence of resistivity are possible. 

C4. CIRCULATING CURRENTS IN THERMOELECTRIC AND GALVANO- 

MAGNETIC EFFECTS. Milton Green. Burroughs Corporation, Burroughs Labora- 

tories, Paoli, Pennsylvania.—Circulating currents, which are rcspont:ble for in- 

creased specimen resistance such as is observed in the Corbino disk, are associated 

with field forces having non-vanishing curls. For ths steady state, the hole field- 

forces are given by the electrostatic field E. the hole "pressure-motive-field" 

E = - (kT/e) (grad lnp + y grad InT). and the Lorentz-force t =vp
xB. 

The nonvanishing curls are curl E grad InT ' E and curl e B . grad v 

—v . grad B B div v . The fi t curl exists if grad T has a component 

orthogonal to grad p. and the second curl will generally exist if either or both the 

magnetic and the velocity fields are nonuniform. Nonuniform magnetic fields are 

curvilinear (nonrectangular, coordinatewise), and nonuniform velocities are the 

result of curvilinear flow paths and/or concentration gradients. (The last cate- 

gory includes junctions, inhomogeneities, and other sources and sinks of electron- 

hole pairs.) Consequently, the circulating flow of holes in transverse galvano- 

magnetic effects is clockwise with respect to B around real or virtual (apparent) 

hole-current sources (correspondingly, counterclockwise for sinks) and conversely 

for   electron   sources   (or   sinks).     The   circulation   emf   of   holes.   e.--/V   XB   . v ' p    " c   p 

dR, is a maximum in regions where sources and sinks are absent, i.e., where div 

J  = — div J     = e(g—r)   = 0, and correspondingly for electrons.    For transverse 



flow in a diverging (or converging) magnetic flux, the circulating current about 

the virtual source (or sink) of flux is counterclockwise (correspondingly clockwise) 

with respect to the noncirculating component of current density. 

WEDNESDAY AFTERNOON, 22 August 

Dl. (Invited paper, one hour) THE THEORY OF ELECTRICAL AND THERMAL 

CONDUCTIVITY OF SOLIDS. P. G. Klemens, Westinghouse Research Labora- 

tories, Pittsburgh. 

THURSDAY MORNING, 23 August 

El. (Invited paper, one hour) MIXED CONDUCTION IN SEMICONDUCTORS. 

R.  K.  Willardson,  Bell  and  Howell  Research  Center, Pasadena. 

E2.    SEMICONDUCTING PROPERTIES OF Hg,    CdTe*.    M. D. Blue and P. W. 
1—X * 

Kruse, Honeywell Research Center, Hopkins, Minnesota.—Hg Cd Te is a semi- 

conductor having an energy gap approximately linearly dependent upon x, ranging 

from 1.45 eV for CdTe to 0.02 eV tor HgTe'. 

Optical measurements including transmittance, photoeonduetivit , the photo- 

voltaic effect, and the PEM effect, are being employed to determine the dependence 

of the optical gap upon composition, found by chemical analysis. 

Hall and resistivity measurements are made between 4.2 and 295 K as func- 

tions of magnetic induction. Because of the large hole to electron mobility ratio, 

the' conductivity and Hall coefficient are determined almost entirely by electrons 

above 200 K. A large dependence of Hall coefficient upon magnetic field is ob- 

served. 

Electrical data for a sample containing 2 per cent CdTe have been fitted in 

the mixed conduction region to a band model with a thermal gap of 0.025 eV. 

The electrical properties of the same sample after conversion from n-type to 

p-type (by annealing in Hg vapor) have also been measured. Estimates of 

electron-hole and optical mode scattering indicate these processes may limit the 

mobility of electrons above room temperature. 

*  Work  performed  under  Contract  AF 33(616)-7901   with  the  Air Force 
Systems Command. 

W. D. Lawson et al., J. Phys. Chem. Solids 9. 325  (1959). 

E3. DYE-SENSITIZED PHOTOCONDUCTIVITY OF ZINC-OXIDE FILMS*. 

L. I. Grossweiner and S. J. Dudkowski. Department of Physics, Illinois Institute 

of Technology, Chicago.—Adsorbed cosin dye sensitizes the surface photoconduc- 

tivity of zinc oxide thin films to visible wavelengths. The essential step of the pro- 

posed mechanism is the photoexcitation of holes in the dye layer and their capture 



at interstitial Zn , thereby enhancing the zinc-oxide conductivity hy increasing 

the conduction electron lifetime. The process has been investigated by establish- 

ing a photoconductivity level in the zinc-oxide layer with light absorbed in its 

fundamental band and superimposed visible light absorbed only by the dye. The 

equilibrium photocurrent always varies with the one-half power of the "eosin 

light" intensity, indicating that the holes generated in the eosin layer decay by a 

fast recombination with trapped electrons. The build-up and decay of sensitized 

photocurrent is exponential in time, with a temperature dependence which sug- 

gests that the kinetics are controlled by the carrier motion. The available informa- 

tion on band energies in zinc oxide and eosin is consistent with the proposed model. 

* Work supported by the U. S. Atomic Energy Commission. 

E4. FIELD ELECTRON EMISSION FROM SEMICONDUCTORS. W. R. Savage. 

Materials Research Laboratory, Corporate Research & Engineering, Texas Instru- 

ments Incorporated, Dallas 22, Texas.—The phenomenon of high field electron 

emission consists of the tunneling of electrons through the deformed potential 

barrier at the surface. The thinned barrier results from the action of a high electro- 

static field at a conductor-vacuum interface. For a semiconductor the field emission 

current originates from both the conduction band, j , and valence band, j . 

The relative magnitudes of jcand j depend on the bulk properties and surface 

condition of the semiconductor. Stratton has recently revised the theory of field 

emission from semiconductors. The theory includes corrections for the difference 

between effective and free election masses with detailed results obtained for spheri- 

cal energy surfaces. The current arising from the conduction band is proportional 

to the probability for emission from the Fermi level for positive Fermi energies 

or the bottom of the conduction band for negative energies. Deviations from 

linearity in the Fowler-Nordheim graph, lnj versus 1 F, arise from changes 

in surface potential as a function of external field. The current arising from the 

valence band is approximately proportional to the probability of emission from the 

top of the valence band and is essentially independent of temperature. Experi- 

mentally the emission parameters of Fermi energy, surface potential and electron 

affinity plus band gap energy may be varied by selection of cathode material, bidk 

doping levels and surface treatment. The essential features of the theory are 

qualitatively consistent with experimental results. 

THURSDAY AFTERNOON. 23 August 

Fl. (Invited paper, one hour) PROPERTIES OF NON-STOICHIOMETRIC 

COMPOUND SEMICONDUCTORS. W. W. Scanlon, U. S. Naval Ordnance Labora- 

tory, Silver Spring. 
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Al. (Invited paper) ON THE SERIES COMPARATOR METHODS OF MEASUR- 
ING THERMAL CONDUCTIVITY 

by 

M. J . Laübitz 
Division of Applied Physics 
National Research Council 

Ottawa, Canada 

ABSTRACT 

A method of mathematical analysis of series comparators is 
outlined and results of calculations for one particular com- • 
parator are presented.  It is shown that when the conductivity 
of the unknown dif*"~rs significantly from the standard, the com- 
parator gives grossly erroneous results. 

Introduction 

Discrepancies in the % lues reported for the thermal con- 

ductivity of various substances appear to be the rule, rather 

than the exception, and tend to be generally accepted.  Such 

tacit glossing over is not possible in the case of the results 

reported  for titanium carbide, as there fairly fundamental 

principles are involved.  A brief summary of the experimental 

work concerned is here given.  Vasilos and Kingery (195^) 

measured the thermal conductivity of titanium carbide in the 

temperature range of 100°C to 800°C using a series comparator 

\-rith dense alumina as a standard, and in the range of 500°C to 

1000°C using an absolute method with an ellipsoidal specimen. 

The two sets of results that they obtained match reasonably well 

in magnitude when corrected for specimen porosity, and decrease 



from 0.075 cal/cm sec °C at 0°C (extrapolated) to 0.012 cal/c m 

sec °C at 1000°C.  Vasilos and Kingery also measured the 

electrical resistivity of their specimens at room temperature, 

and obtained values from 60 to 70 \i   ohm-cm.  In I96I, Taylor 

reported the thermal conductivity of titanium carbide obtained 

by an absolute method involving cylindrical heat flow.  His 

results increased almost linearly with temperature from a value 

of 0.078 cal/cm sec °C at 0°C (extrapolated), through O.C96 

cal/cm sec °C at 1000°C to 0.11 cal/cm sec °C at 2000°C . 

Taylor measured the electrical resistivity of his specimen as 

well; it increased from 60 fl ohm-cm at room temperature to 

110 \X   ohm-cm at 800°C. 

When these results are compared, three disturbing features 

appear.  Primarily, there is the obvious discrepancy in the 

values reported for the thermal conductivity of *itanium 

carbide, both in magnitude and in its functional variation with 

temperature: the two sets of results differ by a factor of 10 

at 1000°C, while at room temperature there is good agreement 

both in thermal and electrical conductivity.  Secondarily, the 

results of Vasilos and Kingery for temperatures larger than 

300°C are smaller than the electronic contribution to the heat 

conductivity alone, as computed by the Wiedemann-Franz relation 

from the electrical resistivity results of Taylor.  Admittedly, 

the electrical resistivity reported by Taylor is smaller than 

values found elsewhere in literature (see for instance Munster 

and Sagel 1956) but even the higher values of electrical 

resistivity yield an electronic heat conductivity at 800°C that 



i 
is twice as large as the measured values of Vasilos and 

Kingery.  And thirdly, if one subtracts the electronic heat 

conductivity, calculated from Taylor's resistivity values, from 

his measured thermal conductivity one obtains a remainder that 

is independent of temperature rather than one displaying the 1/T 

relationship expected of phonon conductivity, the alternate mode 

of heat transfer. 

It seems unlikely that the discrepancies between Taylor's 

results and those of Vasilos and Kingery are due to inherent 

differences in the specimens: small differences in composition 

should have little effect on thermal conductivity, while large 

differences in composition should significantly affect the 

electrical conductivities at room temperature.  Neither does the 

assumption of cracks and voids resolve the discrepancy, for it 

will not account for either set of results if the other is 

presumed correct.  One must therefore consider the only 

alternative:  one or the other set of experimental results, or 

perhaps even both, are completely wrong.  The following are the 

possibilities:  the results of Vasilos and Kingery are correct, 

and v/e must assume that the Wiedemann-Franz law is invalid' in- 

this instance; or the results of Taylor are correct, and either 

the Wiedemann-Franz law does not hold, or the phonon conduc- 

tivity does not vary inversely with temperature, or there is 

another important mechanism of heat transfer in titanium carbide 

operating at relatively low temperatures.  There is of course 
■•;...., 

the third, by far the most palatable choice, that neither Taylor 

3 
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nor Vasilos and Kingery is correct. This last possibility does 

not impose upon us any further restrictions regarding transport 

phenomena; however, the reputations of the authors involved are 

such as not to make it very probable. 

The solving of this riddle is not going to be an easy 

matter.  In this paper we propose to take the first and perhaps 

easiest step, by taking a critical look at the comparator in- 

strument used by Vasilos and Kingery.  We will, in fact, inves- 

tigate the following problem: suppose that Taylor's results are 

correct, which means that there is a large difference between 

the conductivity of the unknown and that of the standard 

(Al 0 ) in the comparator used by Vasilos and Kingery; what 
3 

results would one then obtain from the comparator? 

Mathematical Analysis 

An exact mathematical analysis of a series comparator is 

fairly straightforward if the conductivity of the unknown is 

equal to that of the standard (Laubitz 196l - where it is shown 

that comparators can give erroneous results even under this 

ideal condition).  If one allows the conductivity of the unknown 

to depart significantly from that of the standard, the exact 

analysis, although possible in principle, becomes extremely 

tedious.  One gets involved with two infinite series, one of a 

Fourier and one of a Bessel type, with each of the coefficients 

of either series being expressed as a weighted sum  of the 

coefficients of the other series.  Clearly some approximate 

approach is indicated. 
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The system we propose to analyze is shown in Fig. 1.   It 

consists of three specimens, each of length 2# and radius a, 

the two end specimens being standards of conductivity k , and 

the mid-piece being the unknown of conductivity k .  The 

specimens are surrounded by a guard of inner radius b, the 

space between the guard and the specimens being filled with in- 

sulation of conductivity k .  Each of the specimens has two 

thermocouples on it, positioned a distance A. from the specimen 

end-faces.  The guard has four thermocouples: these ideally are 

maintained at temperatures eaual to those of the sample by means 

of guard heaters.  The two end thermocouples are matched directly 

with the end thermocouples of the specimen assembly, while the 

two middle thermocouples are matched to the average of the two 

specimen thermocouples at each standard-unknown boundary.  The 

ratio of the conductivity of the unknown to that of the standard 

is calculated from the ratio of the average of the two temper- 

ature differences measured on each standard to the temperature 

difference on the unknown. 

In the analysis we will assume that the guard is perfectly 

lined up with the specimens, and is at its "optimum" temperature 

■ 

match with the specimens, by which we mean that the temperature 

along r = b can be expressed by ä term linear in z, plus a small 

term to account for the matching of the middle thermocouples; 

these idealized temperature distributions are shown in Fig. 1. 

As pointed out previously (Laubitz 196l) the Vasilos and Kingery 

type of comparator can have wildly varying guard temperatures 
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while ostensibly being matched in temperature to the specimen. 

The assumption of an "optimum" match gives therefore the com- 

parator the benefit of more doubt than that to which it is 

reasonably entitled.  The assumption of an optimum match makes 

the mid plane of the unknown, z = 0, a mirror plane, and hence 

one of constant temperature, assumed zero for convenience.  The 

two end planes z = ±3j( are also assumed planes of constant tem- 

perature, ±T  respectively, and the deviation of the guard tem- 

perature from linearity is assumed to be represented functionally 

Kz reasonably well by a term in sin -r— . 
■5 > 

We then assume the following relatively simple solutions 

for the temperature distribution, which satisfy the external 

boundary conditions. 

In the standards 

I (* r) 
T(r,z) = T. + g(z -j?) + E A   °  n v sine, z '       1   *1    * n I \<J.  a)      n n     on 

In the unknown 

T(r,z) = g„ .     ^ .   o  n '      &2   z + E A  ——j r sxn    z 
n I (j  a)      n n     on 

and   in   the   insulation   surrounding   the   specimens 

F    (c*-, r, t* a) „   /                 ,_\ 
T-i         \                            n      o      1         1 ■      ~              v   n     F   (L*.  r,<** b) T(r,z)    =    <r,.z   +   D   =—-, ; r sin O-, z   +   L   a        o      n        n 

' &3 F   (cx-b,  -{a 1 n  ^—7 rr  sxn ol'l n           F   (a  a,\ b) n 
o     n       n 

where T 

T 
1 2   k2 i 2   —   +   1 

Kl 
nit 

ex     =  — 
n        3V 

Si    - 

T      -   T, Tn T 
o 1 1 o 

1   " 2J? '    S2   "    V        '      S3   ~   3^ 



u 
and 

D __    <3T2 - To)(l j|) 

3 sin ^ ; 

D expresses the temperature matching conditions for the mid- 

thermocouples.  I  and K  are the associated Bessel functions 

of the first and second kind of order zero, and 

P (x,y) = I (x) K (y) - I (y) K (x) 
o o     o       oJo 

It is impossible to achieve exactly the required temperature 

and heat flow matches at the two internal boundaries \ 

z = Jl  (o^_r-£a) and r = a (o^z <. 9) with such relatively simple 

solutions.  An approximate match can be obtained, however, the 

specific nature of the approximation being best seen by the 

approach of "virtual heat sources and sinks".  Briefly, this 

approach is as follows.  If two bodies 1 and 2 with conductivity 

k  and k  respectively have a common boundary s with normal n 

pointing from body 2 to body 1, then the temperature distribution 

for the composite can be calculated by substituting k  for k2 in 

body 2, which makes it a single-body problem, and assuming a 

virtual heat source or sink along the surface s of specific 

magnitude 
k -;jT 

Q  = r~ (k. - k0) —^ s   k2   1    2  yn 

where T  is the surface temperature in body 1 along the 

boundary. 

In our case, v;e want to substitute the conductivity of the 

standard for that of the unknown.  The source along 

z B  ^'(o-r'ra) is given by 
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Qs(V) =_iXki . K2) 

and along r = a (o-^z^ !) 

IQ(>nr) 
g. • + S A  . oc  . =—7 r cos«/  V öl      n    n   I (f.- a)    ^n 

n on 

k j  D sin c-x z 

s      k 0   1  2  a F Ic* b,*\ a) 
2       L   o  1   1 

F' (o*- a,c* b) 
r n   °  n   n 

+ h    o      7Z—T TT s m r JC  Z n F tx a,ex. b)     'n 
n     o  n ' n 

where F' is the derivative of F  with respect to r. 
o o 

So far the treatment o^ the virtual sources and sinks has 

been rigorous.  We nov make what might be considered the first 

order approximation 

Qs(-^ £i (kx - k2) g, 

Q (a),v. T~
1
   (kn - k0) 

D s in c*- z 

^  a F (■ a) 

Under this approximation explicit formulae for A  and 3 
n      n 

can readily be obtained, and the temperature distribution cal- 

culated.  In physical terms, the approximation means a perfect 

temperature match along r =  a and along z = ](; a perfect heat 

flow match along r = a (k —' z —3^) ; and an approximate heat flow 

match along r = a (o ^- z — ') and along z = ((otr £a) .  Along 

z = X ■>    the approximation is a good one, particularly for higher 

values of k /k , the ratio of the conductivity of the standard 

is that of the insulation.  Along r = a (o^zlj1) the term in D 

included into the calculition is of the same magnitude as the 

first term of the rejected infinite series; subseruent terms of 

-2       k2 
the series decrease approximately as n  .  For r—p>l, the range 

1 
in which we are primarily interested, the term in D and the 

8 
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infinite series have the same sign; hence our approximation 

describes only about one half of the radial heat exchange between 

the unknown and the insulation.  For k„/k -<.", 1, the contributions 

to the virtual heat source Q (a) tend to cancel for some values s 

of k /k , and reinforce for others.  Of course further terms 

could be included in the Q (a) making the approximation better. 
s 

This makes the calculation of the coefficients A  and B  more 
n      n 

complicated, but not beyond the range of a desk calculator. 

Results of calculations 

The aim of the calculations is to obtain the error in the 

results of the comparator, conveniently given by the ratio, 

k2 (obs) , of the conductivity of the unknown that the comparator 
k2 

yields to its true value.  This ratio was calculated for an 

arrangement, parametrically equivalent to the Vasilos and Kingery 

comparator for various values of k1/k_, the ratio of the con- 

k2 ductivity of the standard to thr.t of the insulation;   , the 
kl 

ratio of the conductivity of the unknown to that of the standard; 

and X/j  , the relative positioning of the thermocouples on the 

specimens.  In the calculations, the summation was extended over 

twelve terms of the infinite series involved.  Some of the 

results of the calculations are shown in Figures 2, 3» and k. 

If we assume for k  the values reported by Taylor for 

titanium carbide, and for k  and k_ the conductivities of alumina 

and insulating brick as ued by Vasilos and Kingery, we can, by 

graphical interpolation of Fig. 2 and 3> obtain the desired 
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results:  the conductivity that the comparator would yield if 

Taylor's results were correct.  These calculated results are 

illustrated in Fig. 55 together with the values obtained by 

Taylor, and by Vasilos and Kingery.  Clearly we have not 

resolved the magnitude of the discrepancy of the experimental 

results; this perhaps would have been too much to hope for.  How- 

ever, the calculations do indicate that the comparator would 

yield very large errors under the assumed circumstances, and 

completely distort the functional variation of the conductivity 

with temperature.  Since the calculations were made for optir  i 

operating conditions of the comparator, unlikely to be achieved 

in practice, ;nd since the approximations employed in the cal- 

culations probably tend to underestimate the heat exchange 

between the unknovn and its surroundings, one is forced to 

conclude that the results obtained by Vasilos and Kingery on the 

comparator do not form reliable evidence against the validity of 

Taylor's results.  The discrepancy is now therefore reduced to 

the results of the two absolute methods of measurement: the 

ellipsoidal heat flow of Vasilos and Kingery, end the radial heat 

flow of Taylor. 

Conelus ions 

A method of mathematical analysis of the series comparator 

was outlined, for the case /.'here the conductivity of the unknown 

differs widely from that of the standard.  Results of calcula- 

tions were given for one particular comparator, parametrically 

equivalent to that employed by Vasilos and Kingery in measuring 

10 
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the conductivity of titanium carbide.  The calculations have 

shown that for large values of the ratio of the conductivity of 

the unknown to that of the standard the results obtained from the 

comparator are completely unreliable, being grossly in error both 

in magnitude and in their functional variation with temperature. 

Thus, in considering the divergent results reported for the 

thermal conductivity of titanium carbide by Taylor and by 

Vasilos and Kingery, that part of the results of the latter 

which was obtained from the series comparator cannot be con- 

sidered as being in definite disagreement with Taylor. 
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A2.  THERMAL CONDUCTIVITY MEASUREMENTS ON SILICON TC 1000°K* 

by 

Joel J. Martin and Robert G. Morris 
South Dakota School of" Mines and Technology, Rapid City 

The thermal conductivity of silicon was measured as a 

function of temperature from 680°K to 1000°K by a series com- 

parison method similar to that of Morris and Hust (8).  Two 

standards were used; one was placed above the sample and the 

other belovT the sample.  The sample holder is shown in Fig. 1. 

Good thermal contacts were made at the junctions with a mixture 

of sodium silicate and graphite.  Technical "G" Copper Cement (13) 

and Alundum Cement (2) were also tried in addition to the 

compounds previously tried by Hust {k).  Technical "G" Copper 

Cement was no better than the sodium silicate and graphite and 

the Alundum Cement had no adhesive properties at these tempera- 

tures.  Six thermocouples made from platinum and platinum-10% 

rhodium reference-grade wire were placed along the st.undard- 

sample-standard sandwich to measure the temperature drop across 

each element.  The thermocouples were clamped to the sample 

holder with Transite (lk)   clamps.  These clamps reduce the 

temperature drop along the thermocouple leads for a short dis- 

tance away from the sandwich and, therefore, reduce radial heat 

losses.  On early runs, the thermocouples were welded to the 

sandwich insuring that they will be in good thermal contact with 

the sandwich.  However, the process was extremely time consuming 

* This work supported in part by the Office of Naval Research, 
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and on later runs the thermocouples were   cemented to the sand- 

wich with the sodium silicate and graphite to speed up the 

measurements. .. .    .... 

Convection losses were reduced by operating the equipment., 

in a vacuum that was usually around 5(10)  mm of Hg. 

• : •  tRadiation losses were reduced by a self-guarding method. 

The guard is a cylinder of fired Lava (6) sliced to match the 

corresponding parts of the sandwich.  The copper heat sink at 

the bottom of the sample holder holds that end of the guard at 

the same temperature as that end of the sandv.ich.  A copper 

bridge performs the same function at the other end.  A thermo- 

couple was placed on the center section of the guard.  The 

temperature at thct   point was usually found to be between the 

temperatures at the ends of the sandwich. 

Three different single crystrl cylindrical samples (23 mm 

diameter and 8 mm thickness) which were oriented with the (ill) 

direction parallel to the cylinder axis were measured.  The two 

1 f) 
n-type samples had a donor concentration of about 5(10)   per 

3 
cm , and the p-type sample had an acceptor concentration of 

l A        ^ 
about (10)   per cm .  The standards were Armco magnetic ingot 

iron which is high purity (99* 9 + /'°) iron and is reproducible from 

batch to batch.  Armco iron makes a good standard because its 

thermal conductivity has been extensively measured and it has 

approximately the same thermal conductivity as the silicon 

samples.  The thermal conductivity of the standards was taken 

(.from a graph prepared from values that Powell (10) lists as most 

probable values. 

* /. R 
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The temperature differences are proportional to the 

differences in the thermocouple readings.  These are measured 

for three or four different gradient heater currents'with the 

ambient temperature held constant because the condition for zero 

heat flow in one part of the sandwich is hot necessarily the same 

as the condition for zero heat flow in another part.  The ambient 

temperature is taken to be the average of the readings of the 

two thermocouples on the sample.  A plot of the temperature 

difference of sample versus the temperature differences of the 

two standards should be straight lines.  Fig. 2 is a typical j 
I 

plot.  The thermal conductivity is contained in the slope of 

each of these lines.  It is given by 

K  = K (AX A )/(mAX A ) , (1) | 
u    s   us      s u ' 

where K  is the thermal conductivity of the sample, K  is the 
u J *      '  s 

thermal conductivity of the standard, m is the slope, AX  and 

AX  are the thermocouple separations of the sample and standard, 

and A  and A  are the areas of the sample and standard respec- 
u      s c 

tively.  The thermal conductivity is determined from Eq. 1 for 

both standards.  Since the slopes of the lines for the two 

standards are different, the two standards will give different 

thermal conductivities for the sample if the thermocouple 

separation of the two standards is the same.  Hcrnstra (3) has 

shown that the average of these two values will result in the 

correct thermal conductivity for the sample if the difference in 

heat flovr through the top standard and the sample is the same as 

the difference in the heat flow between the sample and the 

bottom standard and if the ambient temperature remains constant. 
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It is believed that these conditions are experimentally fulfilled. 

The slopes for the two lines are determined by a curve-fitting 

routine on an I.B.K. 1620 computer.  Data are considered usable 

if the temperature drop across the junctions is on the same 

order as the drop across the standards, if the temperature drift 

is less than 0.01°C per min., and if the plots of AV , versus 

AV   and AV , are linear.  This temperature drift is an improve- 

ment by a factor of five over that of Hust (5) and is good 

enough so that it is no longer necessary to use the comparator 

to measure the AV's directly. 

Eight separate runs or mountings were made; all of the runs 

but the fourth and the eighth were terminated by equipment 

failure.  These failures took the form of broken junctions, 

thermocouples falling off the sandwich or deteriorating, and 

open heater windings. 

Fig. 3 shows a plot of the thermal resistivity (l/K) vs 

the absolute temperature.  Also shown are the results of some 

other workers and a curve based on theory.  Morris and Kust (9) 

give K as 0.46 watt/cm °C at 698°K; a K of 0.51 watt/cm °C would 

be consistent with the results of this experiment.  These 

results agree within 10%.  This is within the maximum estimated 

experimental error of ±L2%.  The results that Abeles e_t a_l. (l) 

obtained from thermal diffusivity measurements are bracketed by 

the results of this direct method.  Our results are also in 

essential agreement with those that Shanks, >'aycock, Sidles and 

Danielson (12) obtained from thermal diffusivity measurements. 
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The charge carrier contribution was calculated for 1000°K from 

an equation of Price (ll) that includes bipolar diffusion and 
''  ■        *       •        -   '' i 

was found to be about 1.8% of the total thermal conductivity. 

A calculation based on the theory of Leibfried and Sciilomann 

with the Grüneisen constant taken as 2 is plotted with the 

results.  This theoretical curve falls slightly above the 

results of these measurements.  Fig. 3 shows that K is very 

nearly proportional to 1/T. 
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A3. THERMAL DIFFUSIVITY MEASUREMENT ON A FINITE DISK* 

by 

Faul Dean Maycock* 

Abstract: 

A new technique has been developed for measuring the thermal 
diffusivity of finite disk-shaped samples.  The radial heat flow 
equation was solved by the method of finite differences.  An 
axial heater was turned on and the temperatures at three radial 
positions were measured as functions of time.  This procedure 
determined the boundary conditions necessary for the solution of 
the heat flow equation.  By assuming various values of the 
thermal diffusivity, we obtained the solution at the middle 
thermocouple.  The value which gave the best agreement between 
the computed solution at the middle thermocouple and the experi- 
mental curve obtained at the midpoint was considered to be the 
best value for the diffusivity.  A FORTRAN program which cal- 
culates the diffusivity from the experimental data was developed 
and an IBM 704 computer was used to process the data.  Data on 
Armco iron show that the method is capable of giving correct 
values for thermal diffusivity. 

I 

! 

As attendees of this conference, I'm sure you are all aware 

of the need for methods which make it possible to measure the 

thermal properties of solids at high temperatures.  Historically, 

the measurement of the thermal conductivity (K) was the standard 

method for determining thermal properties of solids.  Recently 

several investigators (1,2,3) have found it desirable to measure 

* This research was performed at the Ames Laboratory, USAEC 
Iowa State University 

1 ' .,  . ., .   • Ames, Iowa 

"Presently at Texas Instruments Incorporated 
Corporate Research & Engineering 

••*' P.O. Box 5^7^ -. i ;..,-. 
Dallas 22, Texas 
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the thermal diffusivity (k) v.'hen the ambient temperature is' 

greater than a few hundred degrees Centigrade.  The thermal 

diffusivity is that property of a material which describes the 

temperature distribution in a material when the temperature is 

changing with time.  The thermal conductivity (K), the thermal 

diffusivity (k), the specific heat (c), and the density, (d) are 

related simply by the expression: 

K = kcd 

It is common in the measurement of the thermal diffusivity 

of a solid to choose a sample geometry which will allow a. 

solution to the heat flow equation to. be calculated from the 

experimental data by means of an ordinary desk calculator, 

thereby placing the boundary conditions such as sinusoidal heat 

sources and infinite lengths on the experiment (References 1-6). 

I would like to discuss a method where the sample is finite in 

the direction of heat flow and the heater has an arbitrary 

temperature versus time characteristic. 

A typical radial geometry is shown in the first figure.  A 

cylindrical sample and guard disks were fabricated from Armco 

iron with tolerances maintained to ± .001 inch.  Butt welded 

Chromel-Alumel B&S No. 26 thermocouples were peened into the 

sample at preselected radii of 0.5, 1.0.,. and 2.0 cm. 

It was necessary to guard the sample so that all heat \/ould 

flow in the radial direction with no loss through the faces of 

the sample.  Since the guard cylinders were made of the same 

material as the sample itself and identical to the sample in 
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diameter, temperature gradients perpendicular to the radial 

direction were practically eliminated. 

The heater was a resistance type with axial symmetry. 

B&S No. 26 Kanthal '"ire was threaded into a four-hole alundum 

tube, which had a diameter of 0.30 cm.  The resistance of the 

heater was l.k   ohms.  Lead-acid batteries were used as the 

heater power supply.  Four to six volts sufficed to give a tem- 

perature rise of 1°C at the first thermocouple in less than five 

seconds.  The heater was  designed to heat the sample and guards 

uniformly on the axis r=0.  With the sample in equilibrium with 

the ambient temperature, the heater ivas turned on and the tem- 

perature vs time records were taken at the three radii .  These 

data were analyzed using the method of finite differences 

(7,8,9,10) . 

A brief outline of the technique is as follows: 

First we note that the radial heat flow equation 

: applies in the domain of the three thermocouples.  That 

■ • is, U. = k/r (U ) + k(U  ) .  This can be simplified by '  t r       rr r        J 

the transformation Z=In r.  The differential equation 

then becomes U. = ke  ' U . , where U. and U   are the t zz t      zz 

first partial derivative of U (temperature in arbitrary 

units) vith respect to t and the second partial with 

'respect to z, respectively..  If we replace the partial 

derivatives by their finite difference expressions: 

r..,!..,-   : M    U (t+At,z) - U (t,z) 
ut _     '  St 

U '-' u (t,z+az) -   2U (t,z) + l?(t,z-Az) 
zz" (Az)2 
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the resulting finite difference equation is: 

U (t/t,z) = U(-z + Az,t); rkAte"2z/(.Az)2| 

+U(z,t) j  l-2e2zkAt/(Az)2(  .... 

+U(z-Az,t) ]kAte"2z/(z)2| 

This gives us a linear algebraic expression which can be 

used to calculate the temperature.distribution throughout 

the domain for a given set of boundary conditions and a 

given value of the diffusivity (k).  For the sake of brevity, 

I shall omit the mathematical considerations ?s to what 

criterion must be met for the finite difference expression 

to converge to the differential, eouj'tion. 

In order to test the method a set of exact curves were 

generated using an expression given by Car's law and Jaeger (ll). 

These curves are shown in figure two.  Here v;e have the temper- 

ature versus time plot for a radial sample with k=L with an axial 

heater turned on at t=o sec.  The heater was assumed to have a 

constant heat out put.  The circles represent the exact solution 

and the crosses represent a hand calculation using the finite 

difference linear expression, which took approx. 10G hours.  As 

you can see the finite difference calculation is an excellent 

approximation to the exact data.  With this proof in hand I set 

out to write a FORTRAN program for the IBM 70^ which would take 

the experimental data and calculate the diffusivity from it. 

The data shown in figure three correspond to the temperature- 

time history at three radial points r ", r ,r_ on a cylindrical 

sample with a heater positioned at r=0 turned on at t=0.  The 
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positicn of r  is determined so that it is midway between r  and 

Cd JL 

r  in z-space. 

Using the finite difference expression, the program 

generates a temperature versus time curve corresponding to the 

center radial point r  for a particular value of the diffusivity 

(k) which is the best estimate of the thermal diffusivity for 

that material at the temperature of the sample.  The average 

squared deviation (C) between the experimental curve at the mid- 

point and the calculated curve for k  is found and stored.  The 

computer then increases the value of k  by a programmed increment 

Ak so that k  = k  + Ak.  The deviation (<5l) is calculated and 

compared -vvith the previous v?.lue (0-. ) •  If the deviation is les 

the computer continues to increase k by Ak until a minimum in 

! 

I 

s 

the deviations is found.  If the deviation for k_ is greater than 

that for k , the computer reverses its field, decreases k by Ak, 

and searches for a minimum in the deviations.  The value of the 

diffusivity (k) for which the deviations are a minimum is 

recorded as the thermal diffusivity for that set of data.  The 

computer then accepts another set of data and repeats the 

analysis.  The program is designed to handle all ranges of k, 

and any sample size which is large enough to determine the tem- 

perature-time curves accurately at the three radii. 

The analysis of the transformed radial equation was com- 

pleted using the program described above.  In figure k   the mean 

squared deviation {?)    for the exact data of Fig. 1 is plotted 

versus k for the three values of the mesh size 6, 8, and 10. 

The mesh size is an indication of the number of intervals the 

spatial domain is divided into for the finite difference 



calculus.  As the mesh is refined, the minimum of the curves 

move closer to the exact value of the diffusivity which is 

0.1000 cm /sec.  The computed value for mesh 10, k=0.1006 
2     ■        ! ' ■ ' - :    .•.'■•    " . ' 

cm'/sec is only 0.6'/o in error so that the transformed equation 
,.! (f-. i ■'■■:■■■_   ■-(•'■.'. ; 

and its finite difference representation was considered adequate 

for the analysis of our experimental data.  It can be seen in 

figure k   that the deviation between the calculated and exact 

curves is less than 1.0 on a scale of 1000 units.  This deviation 

was within the ability to measure the amplitude of the input 

curves used as boundary conditions for the finite difference 

calculation.  The equipment and procedure were essentially that 

used by Kennedy (12) .  A block dip gram of the equipment used to 

make the measurements is shown in Figure 5.  The three sample 

thermocouples located at r=r , r = r , and r=r  were connected to 

bucking circuits which balanced out that part of the thermo- 

couple output corresponding to the ambient temperature of the 

measurement.  The heater was turned on at t=0 and the resulting 

tempercture increases at each sample thermocouple were amplified 

and recorded as a function of time.  The overall sensitivity of 

the apparatus was 50 microvolts for full scale deflection, with 

the time axis me-ningful to ± .01 second.  Full scale deflection 

corresponded to about 3°C so that the ambient temperature of the 

measurement could be assigned to each trace to a precision of 

1°C or better.  One-second timing pulses were used to subdivide 

the time axis into equal time intervals. 

Room temperature (26°C.) data were taken using the method 

described above.  The average of ten determinations for the 
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thermal diffusivity of Armco iron are compared with values 

obtained by other investigators (1,2) and Shanks (13) in Figure 

6.  Also, the diffusivity was calculated from Powell's (1 ^i) 

value of the thermal conductivity (K), Klein's (15) specific 

heat, c=.110 cal/deg C, and the density using the relationship 

k=K/cd.  The agreement between the diffusivity obtained by using 

the radial method and by other investigators is an indication 

that the radial method will work. 

ROOM TEMPERATURE DATA ON ARMCO IRON 

INVESTIGATOR 

THERMAL 
DIFFUSIVITY 
(PJ2/SEC) METHOD 

PRESENT INVESTIGATION 

ABELES 

SIDLES AND 
DANIELSON 

SHANKS 

CALCULATED FRCM 
k=K/cd 

0 .198±.005 

0 .200±.005 

0.2101.010 
(EXTRAPOLATED 
FROM 46°C) 

i 

0.200±l005 

0 .200 

! FINITE RADIAL 

MODIFIED ANGSTROM 

MODIFIED ANGSTROM 

FINITE ROD 

CALCULATED 

Figure 6.  Armco iron data 

The method should be applied to measurements at high 

temperatures, where a study of the adequacy of the guarding 

could be investigated.  One could repeat the experiment with 



ko 
different numbers of guard disks at a particular temperature and 

see if the diffusivity obtained is independent of the number of 

guards. 

Modifications of the method could include:  optical deter- 

mination of the sample temperature history, different heater 

configurations, and modifications of the recording techniques so 

that the time response of the system is better.  The FORTRAN : 

program is compatable with any modification where racial   heat 

flow is maintained. 

The method offers considerable promise in the determination 

of.the thermal properties -of small samples of some semiconducting 

compounts at high temperatures where the thermal diffusivity is 

less than 0.1 cm /sec.  It is interesting to note that this is 

the area where semiconductors become especially interesting for 

thermoelectric conversion. 
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kk.      SFECIFIC HEAT OF ZIRCONIUM BY A PULSE HEATING METHOD* 

by J i 

A. H. Klein and G. C. Danielson 
Institute for Atomic Research and Department of Physics 

Iowa State University, Ames, Iowa 

Abstract 

The specific heat of iodide zirconium, from 25°C to the 
melting temperature of l845°C, has been determined by a pulse 
heating method.  The a - ß transformation from the hexagonal 
close-packed structure to the body-centered cubic structure 
occurred at 865°C .  For a - zirconium, the specific heat in- 
creased from O.C66 cal/g-°C at 25°C to 0.C82 cal/g-°C at 865°C. 
Over the entire temperature range, our results are about three 
per cent lower than those of Scott.  For ß - zirconium, where no 
previous measurements seem to have been reported above 1100°C, 
the errors were greater than for a -zirconium.  Approximate 
values of the specific heat in the ß - range have been determined, 
however, from our pulse data and from previously known informa- 
tion on the heat of transformation and on the temperature 
dependence of the resistivity. 

; PROCEDURE ■'••■• 

The specific heat of crystal bar zirconium has been deter- 

mined from room temperature to the melting point at l845°C.  The 

sample was fabricated from a piece of iodide zirconium prepared 

by the de Boer - van Arkel process.  An arc-melted fingerling 

was made and siv'aged down to 30 mil diameter.  After the wire had 

been annealed at 700°C for two hours in a vacuum better than 

5 x 10~ ' mm of Kg, it was drawn to 10 mil diameter and cleaned 

with hydrochloric acid. 

This work was performed, in the Ames. Laboratory of the U. S 
Atomic Energy Commission.  Contribution No. 1211. 
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The pulse heating method has been described in detail by 

V7allace  so only a summary of the procedure is given here.  A 

sample of the zirconium wire 3 cm long was pressure mounted 

between platinum strips attached to heavy molybdenum electrodes 

which supported it in the hot zone of a vacuum furnace.  The 

temperature was measured with a Pt - Pt + 13% Rh thermocouple 

peened into the molybdenum electrode next to the sample. 

i The sample was placed in the "unknown" position of a Kelvin 

bridge and supported in a vacuum furnace.  It was annealed again 

at 800°C at 5 x 10   mm of Hg for an hour and then cooled to 

room temperature.  As the sample was again her ted at 50° per 

hour, resistance-temperature data were taken over the a -range. 

During this period of heating, the sample was pulsed at 100°C 

intervals.  Each pulse vras over a range of 150°C in 35 ms .  The 

unbalance voltage of the bridge during the pulse was displayed 

on an oscilloscope and photographed.  This information was used 

to calculate the change in the resistance of the sample as a 

function of time during the pulse.  From the resistance- 

temperature data the change in temperature as a function of time 

2 
was computed.  The known energy input, I R/J, was corrected for 

losses due to radiation and conduction.  The heat capacity was 

then equal to the ratio of the rate of energy input to the rate 

of temperature change. .       :  •  , . 

RESULTS OF MEASUREMENTS      

Zirconium is a member of the fourth group of elements, as 

are titanium and hafnium.  At room temperature it has an 

I 

I 
I 
I 
I 
I 
» 
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I 

I 
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hexagonal close packed crystal is tructure which is called the.  • 

a - phase.  The ß - phase.is body'centered cubic.  Our . resis-. .. 

tivity data indicated that the transition from a - phase to   ., 

ß - phase tool: place et 865°C.  At 20°C various investigators. 

haVe obtained vrlues for the resistivity which rrnge from kk   up 

to 60 |J. ohm-cm. Our vrlue was 45 M- ohm-cm, vhich v?ss typical of 

crystal bar zirconium after fabrication. 

Specific heat values were calculated from the pulse data 

and resistance-temperature data for a - zirconium.  These values 

were nlotted and a curve VES fitted to them graphically. .,, Figure 

1 shows this curve together with others from the literature. 

The shape of our curve corresponded quite closely to that of . 

2 
Scott,  but was about J>%   lower.  Earlier work on zirconium had 

given even higher vrlues than those shown here, especially at 

high temperatures.  As the purity of the zirconium samples 

improved, however, the curves became lower.  Scott's sample was 

also iodide zirconium from Westinghouse .    .  .,.,.   . •. 

Figure 2 shows C ±n   cal/mole-deg and the corresponding C p v 
2 

curve calculated from C  = C    Voc T/\_, where V is the atomic v    p ' 

volume, a is the volume expansion coefficient, T is the tem- 

perature, and \ is the compressibility. 

Measuring the properties of ß - zirconium presents 

additional difficulties.  ß - zirconium is a very efficient 

getter of nitrogen and oxygen, both of which affect its 

properties even in very small concentrations.  The geometry of 

our sample - a 10 mil wire about 3 cm long - was such that, even 

with a vacuum of 5 x 10!  mm of Hg, the nitrogen and oxygen 
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impurities picked up in a short time seriously affected the,. 

resistance data.  Not only did these impurities increase the., 

resistance, but they also changed the shape of the resistance- 

temperature curve, especially in the region of the transition. 

Since an accurate knowledge of the resistance-temperature curve 

was essential to the data reduction for this method, a different 

approach was tried. 

3 
Cook, e_t a_l.,  measured the resistivity of high and low 

hafnium zirconium over the range from room temperature to l400°C. 

He found a difference in magnitude between the two sets of data, 

but the shapes of the two curves were very neerly the same.  He 

also found that cold working the zirconium increased its resis- 

tivity, but again did not change the shape of the resistivity 

curve. 

In order to get specific heat values in the ß - phase, 

k _ 
Cook's resistivity and Scott's heat of transformation data  were 

I 
I 
I 

I 
i 

combined with our pulse data.  The sample was heated to 800°C, 

well below the a - ß transition, end held at that temperature 

while it was pulsed thru the transition and well int" the 

3 - range.  Several pulses were made in this way with pulse times 

up to 90 ms.  During the last pulse the sample was heated to the 

melting point (18**5°C) « i-■ 

Cook's resistivity curve had a constant slope from 950 to 

1^00°C .  for purposes of data reduction this curve was extrap- 

olated to l845°C.  From this resistance-temperature curve and the 

data from the p\ilses thru the a - ß transition:, values for the 

specific heat of ß - zirconium were calculated.. A,curve was 

I 

I 
I 
! 

i 
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fitted to these points graphically.  It is shown in Fig. 3 with 

other data on ß - zirconium.  These data all indicate that the 

specific heat of ß - zirconium just above the transition is 

lower than that of a - zirconium just below it. 

The results given for a - zirconium are estimated to be 

accurate within 3% •  For the ß - zirconium the heat loss 

corrections are much larger because of the wide temperature 

ranges of the pulses.  The use of a calculated resistance- 

temperature curve also adds to the probable error.  For these 

reasons, the accuracy of the specific heat values for the 

ß - zirconium is placed at 10%. 

Work on the thermal diffusivity of zirconium is currently 

in progress at this laboratory.  From this diffusivity data and 

our specific heat data the thermal conductivity can be obtained 

from the equation, K = kcd, where K is the thermal conductivity, 

k is the thermal diffusivity, c is the specific heat, and d is 

the density. 
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Bl. (Invited paper) ABSOLUTE MEASUREMENT CF THERMAL 
CONDUCTIVITY* 

by 

G, ßus ch and E. F. Steigmeier** 

Laboratorium fuer Festkörperphysik ETTI, 

Zurich, Switzerland 

Abstract 

An apparatus to measure the thermal conductivity by using 

the absolute method is describee.  Measurements of single 

crystals of InSb are given for temperature betv/een 200 and 

?'20°K.  The results are shown to agree -..ell with theoretical 

expectations. 

The carrier thermal conductivity has been calculated based 

on measurements of electrical conductivity, Mall coefficient 

and Seebeck coefficient of the same samples,  The lattice con- 

tribution has be-en determined by deducting the carrier part 

from the total measured value.  A satisfactory explanation may 

be given for the temperature dependence of the lattice pert. 

The absclute value of the lattice thermal conductivity at 'iGO0!^ 

leads to a Grueneisen constant comparable to other group III-V 

and IV semiconductors. 

This work has been reported in Helv. Fhys . /eta _3_2, ^6 3 
(1959) and in detail in Helv. Phys. Acta V±,    1 (1961) 

now at RCA Laboratories, Irinceton, Nev; Jersey 
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INTRODUCTION 

In 1S5*! the thermal conductivity of InSb was measured by 

3USCH and SCHNEIDER .  They found it to rise at high temperature, 

a fact that could not be explained theoretically.  This 

apparatus has been developed to get more reliable measurements 

on better materials.  The object was mainly to avoid completely 

losses due to radiation at high temperatures.  Results published 

in the meantime have shown that this is not ersy to achieve. 

APPARATUS 

The absolute method has been used to be independent of any 

standard materials.  Pig. 1 and 2 shov,* the experimental 

arrangement.  The sample is held at its cole end by :ieens of a 

collet made of copper. h   spacing of Copper-Graphite alloy 

provides s soft transition to compensate for different expan- 

sion coefficients.  In addition to this, the sarrple is soldered 

on top to the collet with indium.  The collet is pulled into a 

conical copper heat sink through which all connections are led. 

The lower end of the sample carries a small heater inside a 

silvered copper piece which is soldered to the sample with 

indium too; three tantalum springs hole it in place at tem- 

peratures higher than the melting point of indium.  Into the 

sample we had drilled ultrasonically two holes to fit the 

thermocouples 10 mm apart (Iron-Constantan, Leeds and Northrup, 

0.12 mm thick).  The thermocouples --ere put into these holes 

and then soh'ered to the sample with a Tin-Nickel - Germanium 

alloy.  So, every joint is divided into a mechanical and a 
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thermal connection.  The scatter of the measured points is very 

much dependent on the care these joints are made with .  The 

thermocouples being now in electrical contact  rith the sample 

make it impossible to read temperature differences by direct 

connection.  VJe used the method of the Isolating Potential 

o 
Comparator by DAUFHINEE  (Stevens-Arnold choppers 65 c/s) which 

proved to be very satisfactory.  The emfs v:ere read vrith a 

Cambridge Vernier Potentiometer.  The heat introduced into 

beater I was measured electrically. 

All thermocouples and leads are thermally connected inside 

of lieater IV to a copper piece to reduce conduction losses and 

then led without a break from the sample to the ice reference 

point . 

To avoid radiation losses, the sample is surrounded by a 

radiation shield in which heater II and III maintain the same 

temperature gradient r.s in the sample.  This can be checked by 

thermocouples placed at the same level as in the sample.  All 

the time we made the temperatures at T  and T  equal to those 

et T  and T,, respectively, to about 0.05°C; the temperature 

difference £T_0 was then very small too.  The radiation shield 

is built in a manner that direct radiation from the inside is 

impossible; it is sandblasted inside to prevent reflections. 

There are four more unh-ated radiation shields. 

Heater IV keeps the heat sink constant to about 0 ,02°C ; 

since these measurements were taken this has been improved to 

about C.005°C.  VJe used a temperature controller similar to 
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this one describe^ by DAUPKINEE and V/OODS  but v;ith additional 

integral control and using Stevens-Arnold choppers.  The 

reference is a Rubicon potentiometer with Zener diode power 

supply.  For temperatures lover than room temperature we used 

temperature baths; in the meantime the apparatus has been 

improved to give continuous measurements between 20C ; nd 750°!.. 

The measurements were t;lfcn in a vacuum of better than 

5x10 J   mm Kg. 

ER^^^v.^ 

Errors arising in this apparatus have been discussed in 

detail by .;ETT3Tt;TN .  Conduction losses have been taken into 

account.  Radiation losses are not present up to highest tem- 

peratures .  Evidence for this is given by the fret that a mis- 

match of the temperature gradient of the radiation shield (about 

0.8 deg/cm) causes a change of only 1-2% in the thermal con- 

ductivity at 700°K.  Moreover the test-measureir.ents of Armco 

Iron agree with the data given by PO'JELL  and ARMSTRONG and 

DALTKINEE  in the interesting temperature range, (see ref. 7)• 

To get around spurious emfs we plotted at every temperature the 

power of heater I against the temperature difference AT. for 
l 

three or four settings of the power.  The slope of these straight 

lines is the thermal conductivity at this tempere ture.  V7e 

estimate the absolute error of the apparatus to about k%,    the 

relative being about 2-3%. 
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MEASUREMENT'S ON InSb 

Three samples of single crystal InSb have been measured with 

this apparatus.  They have the following impurity concentrations: 

l.?b  p-type  3.3 x 10 5 cm"5 

\!d     n-type  1.2 x 10   cra"J 

15   - 3 V7e  p-type  1.6 x 10   cm 

The results are given in i:ig. 3-  All the three samples show to 

within C.6/0 the same absolute ve.lue .  The samples were treated 

for homogeneity.  They /ere prepared from purified indium and 

antimony, then melted together and zone-refined.  Single crystals 

•'..'ere pulled using the Czochralski method.  The crystals have been 

cylindrically grounc.  ','e show in the same figure the results of 

some other authors.  :.7e disagree with the high temperature rise 
p 1 

observed by V7EISS  and similar to I3USCH and SCHNEIDER  which we 

think was caused by radiation.  But we agree with the results of 

9 10 
STUCKES  and BOV/üRS et al .   within their given error limits of 

10%, except that we could not find the absolute value to depend 

9 
on the carrier concentration (STUCKES) . 

Fig. h-    shows the Seebeck coefficient of the same samples 

measured in the sa;ie apparatus.  To get more reliable results, 

we used here, too, the method of plotting the emf against the 

temperature difference AT. and thus getting the Seebeck 

coefficient from the slope.  The results are in good agreement 

with the measurements of V7EISS  and the theoretical computed 

values of EHRENREICH  .  Cur calculated figure of merit (see 

ref. 7) is about 50% higher than the values given by BOWERS 

4-  i 10 
et al . 
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DISCUSSION 

Measurements of electrical conductivity and Hall coefficient 

of the same samples used for thermal measurements have been made, 

7 
Method and results are given elsevhere .  From Hall coefficient 

we could determine the carrier concentration and the energy gap 

(AZ  = 0.25 eV) which is in agreement with previous data, (see 

ref. 7)•  Fig- 5 gives the electron mobility calculated from the 

Kail mobility using the scattering factor r(T) computed by 

EHRENREICK  .  Agreement between HROSTOWSKI's   and our experi- 

mentcl data and EHrtLNREIClI • s   computed mobilities is excellent 

for the same assumptions for which good agreement in the thermo- 

electric power has been found.  The step in the mobility curve 

at 'i80°K is still unexplained '   .  The hole mobility is not 

well known for high temperatures; therefore, we had to extrap- 

olate IOT; temperature data (ref. given in 7) to high temperatures 

for lack of better knowledge. 

The carrier thermal conductivity cm Lie computed by solving 

the 3oltzmann equation. Vie   get for isotropic scattering 

(1) 

6 



XM=-V *gj + & ] - * ^ ["T + £ + ^ ]2 J VS^<*> 
,2   .2 

(3n  K3P a, 

K7+=(2^)[(2k^)^ixn^n^odXn + (2^)5/^7/2^0.    3       ^ 

where AE  means the energy gap at the temperature T, T    the 

relaxation time, f    the distribution function, and E    the n,p n,p 

kinetic energy of electrons resp. holes.  We have now to make 

assumptions about the relaxation time to solve the integrals. 

Considering the complicated scattering mechanism in InSb 

(EMRENREICH  ) we tried to use the following relaxation time 

(2) 

q being adjustable temperature dependent parameter.  This 

relaxation holds for acoustical scattering even if the energy 

bands are non-parabolic; it holds too for optical scattering at 

l^i 15 high temperatures  .  Recently EHRENREICH   has shown that for 

polar scattering a relaxation time of this kind fits the results 

of the variotional method down to temperatures comparable to the 

Debye temperature.  Using this formula for i'  we get for the 

carrier thermal conductivity 

XL^£oT[^^ + ^B-Ä + Bn + Bp)
2] 

X-   a T-1 E^2 

kT 

F5+q 

^>P  3+q F 

it 
1+0.(7) 

B   =*^ 
n'p   ** Fiia(/)      ' 

^  F3iä W 

3+q Pi+a (20 (3) 
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where Fa($=J^j£^J2 
0 exn,p-:^+l 

~qn,p> <7~*n,pAT, ^ n = i, - ri^, 4 p = iy - <   . 

is the Fermi integral 

t means the Fermi level, E  the urper limit of the valence tand, 

ET the lower limit of the conduction bc.nd.  Formula (3) reduces 

for acoustical scattering and parabolic energy bands (q = -1) to 

+1 •  16,17 tue expression  ' 

XU = (k2/e2)oT[2 + ^ pä + 4.)"] 
kT (4) 

The Fermi level at each temperature has been determined from 

effective masses given by WEISS  .  lor the energy gap we 

accepted a temperrture dependence of AZ.^ = ZiE  - 2.7 x 10  T (eV), 

The mobility is given by the formula 

\%;    3/2 ^ . no   , 
Xn.r,   oyn" ",      OX. 1Ln,p      le/ran,PJ^,P "  le/%p>      FW^STPO 

J xn,p fl     dxn r (5 

Using   the   relaxation   time   (2)    this   leeds   to 

l*n,p = (eain,p/%p)(q+3/3)T - 
q-2    Vl(?1 

3- 
F-> (fl 

= const T 
1 
2 

n,p (6) 

This equation has been solved graphically for different q values. 

From Fig. 5 we read for every temperrture the related exponent a . 

Going with a  and T into this -rraDtt s e know how q depends on the 
n ° 

temperature.  The results rre given in Table I.  This makes it 

possible to compute the Lorenz factors A n,p 
-.nd B 

n, p 
?he 
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results are shown in Fig. 6.  This procedure has been done only 

for electrons assuming the same relationship to hold for the 

holes ; this is satisfying because of the small contribution of 

the holes due to the high mobility ratio.  For the same reason, 

no values for A  are given, p     ° 

This xdiole computation of the carrier thermal conductivity 

is of course only a rough estimate; but \re   expect it to be 

better than to accept complete degeneracy or nondegeneracy. 

Furthermore -his backward determination may cause cancelling 

effects of erroneous assumptions.  The results are compiled in 

Table II for sample V7e. 

Fig. 7 shows a plot of the total measured ther;.ial con- 

ductivity against the absolute temperature (upper curves).  The 

lov/er curves give the lattice port computed by deduction of the 

carrier contribution from the upper curves .  The big limits of 

inaccuracy at 700°K have been caused especially by the Lorenz 

factors rnd the hole mobility.  Due to this fact we cannot make 

a further analysis of the lattice thermcl conductivity at high 

temperatures where in addition to 3-phonon processes there may 

be some other scattering mechanism involved such as 4-phonon 

processes or electron-phonon scattering.  Between 20C and 400°K 

we find a relationship ?. ~T 
S 

V,Te have furthermore cor.puter! the lattice thermal conduc- 

tivity at 400°K using the formula given by LcIBFRIED and 
1 o 

SCKlÖEMANN   for 3-phonon processes and T>9: 

f 

i 

I 
I 
I 

I 
I 

' allQ3 

{*/ Y2 Y T 
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Using a Debye temperature of 202.5°K we can fit our measurements 

VT-ith a Grueneisen constant y= 1.9^.  BEERS, CODY and ABELES1^ 

got 1.95 for GaSb, 1.97 for GaAs, 1.55 for AlSb, 1.80 for Si and 

1.86 lor Ge .  V/e believe the agreement between theory and 

experiment to be satisfactory. 

In conclusion, .one may say that this absolute method is 

able to give precise and reliable measurements of the thermal 

conductivity for temperatures up to ?00°K.  It can well be 

expanded to about 900°K by improving the shielding against 

radiation losses . 
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TABLE   I 

q a n T* 

0 -1.2 -- 300°K 

-l -2.5 — 560 

-1.5 -3.0 — 700 

- »                               ... .... .._.... 

*   This   is   the   temperature   i;here   the  Ot     related   to   a 1 n 
certain q may be observed experimentally. 
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32.  THERMAL MEASUREMENTS ON FERROELECTRIC BARIUM-CALCIUM 
TITANATE CERAMICS 

by 

Donald D. Glower 
Sandia Corporation, Albuquerque, New Mexico 

INTRODUCTION 

There is very little experimental information available 

which deals with the thermal properties of ferroelectric 

ceramics;'quite the opposite is true for data concerned with 

electrical properties.  The data clearly reveal that the 

electrical properties vary considerably from one experimental 

ceramic specimen to another; this variation caused by differences 

in atomic and crystalline composition, procedure for fabrication, 

and measuring techniques.  The information available in the 

literature concerning thermal properties reflects this same 

variation. 

Previous data on the thermal conductivity of barium 

titanate indicate that, for one particular ceramic,  the thermal 

conductivity increased proportional to the temperature, and in 

2 
another experiment it is essentially independent of temperature. 

The theory for dielectric crystals indicates that the thermal 

conductivity should rise according to a 1/T law as the tempera- 

ture falls below the Debye temperature.  In amorphous solids, 

where no long range order exists, boundary scattering predom- 

inates and the phonon free path length is temperature independ- 

ent.  Approximate calculations indicate that Cp-Cv -»-C for this 
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ceramic.  Using this calculation and the specific heat data of, 

3 
Rase and Rustum,  one expects the Debye temperature to be around 

l60°C for barium titanate .  The measurements discussed in this 

paper are below this temperature and show an increase in the 

thermal conductivity as temperature decreases, but the increase 

is not according to the 1/T law. 

PREPARATION OF SAMPLES 

The ceramic specimens were prepared in a manner customary 

for barium-calcium titanate ceramics.  The specimen geometry was 

a short cylinder 3/4 inch in diameter and 1 inch long.  Two 

0.030 inch diameter holes were then drilled, 1/4 inch apart, 

from the surface to the cylinder axis.  The thermal diffusivity 

was measured according to the modified Angstrom method as 

k 
developed by Sidles and Danielson. 

These cylinders were next cut perpendicular to the axis so 

that thin disks were obtained.  The faces of these disks were 

lapped parallel on a lapmaster lapping machine using a medium 

grade grinding compound.  The technique for measuring the thermal 

conductivity is essentially the same as reported by Lucks  and 

Deem.  The method as used, however, requires only two different 

thicknesses of material, while the method previously reported 

used three or more thicknesses.  The method is also similar to 

that used by Yoshida  with the exception that a vacuum and 

radiation shield are eliminated as well as the large pressures. 

I 

THEORY OF THE THERMAL CONDUCTIVITY MEASUREMENT 

. Heat is conducted from a heat source to a heat sink if the 

source and sink are connected by a heat conducting material.  A 
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heat balance in a round high conductivity rod, free to radiate to 

the surrounding air, reveals that the heat conducted down the rod 

plus the heat lost by radiant and convective transfer must equal 

the heat supplied by the source.  Many longitudinal heat flow 

methods attempt to eliminate the convective and radiant heat 

transfer by making them essentially zero.  This is not necessary 

in the temperature range under consideration, 0 to 150°C, if the 

thermal conductivity of the rod is accurately known.  The thermal 

conductivity, the temperature along the rod axis, and the slope of 

the temperature versus distance along the rod length provide 

adequate information for determination of the her , flux at any 

point along the rod.  This approach will give the heat flow into 

and out of a thin disk placed between the two rods.  The thermal 

conductivity of the disk material can then be determined if the 

temperature drop across the disk is known. 

The longitudinal heat flux along the axis of a rod obeys to a 

close approximation of Fourier's equation, 

Q - q/A - -kg. (1) 

The area A and thermal conductivity k are known quantities for 

the rods with the temperature gradient a quantity to be deter- 

mined from a graph of temperature versus distance along the rod. 

The temperature can be measured by placing a number of thermo- 

couples along the axis of the rod.  If desired, the heat loss due 

to convection and radiation between any two points along the rod 

length can be determined by graphing the heat flux, Q, versus 

length.  The difference in magnitude of the heat flux at the two 

points determines these modes of heat transfer. 

The thermal conductivity can be determined by inserting a 

disk of the material to be investigated between the two rods. 
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It is convenient if the disk has the same diameter as the meter 

rods.  A positive force applied to the rods assures a tight fit 

against the disk.  The application of a heat source and sink at 

the rod enas provides a temperature1 gradient along the rods„  The 

measurement of temperature along the length of the rods, the tem- 

perature gradient, and the knowledge of the thermal conductivity 

of the reds, furnish".-: adequate information to allow determina- 

tion of the heat flux out of one rod face and into the other and 

the temperature at each face. 

The temperature drop between the ends of the rods consists 

of the drop across the films and the temperature drop through the 

disk.  The thermal conductance of an fir film depends upon its 

7  Q 
thickness, which thicknsss in turn is dependent 5  upon the 

finish of the surfaces in contact and the pressure applied to 

force them together.  This means, then, that the temperature drop 

across the two films can be determined by making measurements 

with two disks of different thicknesses provided that (l) they 

have identical surface finishes, (2) the faces are parallel, 

(3) the same pressure is applied in both measurements, (k)   the 

heat flow through the disks is equal, and (5) the average thermal 

conductivity across each disk is the same.  These five require- 

ments are not difficult to approximate.  Items 1, 2, and 3 can be 

achieved with ease.  Note that ultrafine finishes of the rod 

end/or disk faces are rot stipulated rnd they are not necessary, 

consistency being the important factor.  Fulfilling the require- 

ment of equal heat flow through the disks can be ascertained by 

means of a graph of 3 versus AT, the total temperature differ- 

ence between the rod faces.  The magnitude of AT can be read from 

the graph for an identical Q for each determination of k.  The 
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fifth requirement can be achieved by adjusting the temperature of 

the source and heat sinks. 

Using these conditions, Equation 1 may be written for the 

disks 1 and 2 of different thicknesses as 

to) Ql   -   Q2   -   -*1 
&>• 

AxA 

where 

AT   =   AT 
Total AT films 

(2) 

(3) 

The average temperature across the disks is equal and so k  = k0 

and Equation 2 reduces to 

AT     AT  | ^1 
T_._        1 "    2lAX0 film V  9 

1 - AX1/AX2 
(k) 

Equation k   includes the assumption that the films are of iden- 

tical thickness, at the same average temperature, and, therefore, 

have the same temperature drop to support the heat flux.  After 

the measured quantities are substituted and Equation k   is solved 

for the temperature drop due to the films, Equation 2 is 

rewritten as Equation 5 and the thermal conductivity of the disk 

material is determined, 

kl = k2 
QAX. QAX, 

(5) 

AT  -A 
1   f 

AT  -AT 
2 

A schematic of the apparatus as used is shown in Figure 1. 

5 
The technqiue used here differs from that of Lucks  and 

Deem in that the temperature difference across the film is 

actually evaluated.  Lucks and Deem write the equation for the 
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total temperature drop between the two thermocouples, in the rods 

adjacent to the specimen, as 

AT  . . = AT    + AT„   + AT  + AT,,  + AT  ,       (6) 
Total     r,u     f,u     s     f      r,l 

where the subscripts indicate as follows: r = rod, f = film, s = 

unknown specimen, u -   upper, and 1 = lower.  Assuming then that 

Q is a constant through the specimen, 

AT        I 
Total = ±- AX  + R (7) 
 -    K    s 

Q        s 

where R is the sum of the known and unknown resistances.  Noi-.T a 

graph of AT      .  versus AX , for a number of specimens, should 1otsl/4 s 

result in a straight line, the slope of which is the reciprocal 

of the conductivity. 

EXPERIMENTAL RESULTS 

The thermal diffusivity was measured on ceramics of the 

molecular equation Ba,   Ca  Ti 0,, when x = 0, 9«9/6, and 19%. 
1-x   x     3 

The results of these measurements are shown in Figure 2.  There 

is some scatter of the points, but they all fall within 10% 

error about the lines as drawn.  The method as used for the 

measurement sends a heat wave through the material.  Since the 

ceramic is a very poor conductor of heat, it was necessary to 

have temperature differences of about 10°C, in some instances, 

between the two thermocouples.  Diffusivity is graphed at the 

average between these two temperatures. 

! 

I 

I 
I 

I 

! 

Figure 3 shows the results of measurements on the thermal 

conductivity.  The precise determination of the curve through 
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the transition points appears to be beyond the capabilities of 

the measuring technique, primarily since there was a temperature 

drop across the specimen of about 10°C; the Curie point is a 

rather sharp transition in these materials.  The data on Figure 3 

is next graphed to show the effect of adding calcium to the 

magnitude of the thermal conductivity. ,     . , : 

The specific heat, as calculated using the density as 

independent of temperature for this region, is shown in Figure 5. 

The void space on the curve represents the unresolved curve in 

the transition region. 

The electrical properties are exemplified by the curves 

shown in Figure 6.  This data, for barium titanate, is typical 

for reasonably good ceramic ferroelectrics.  The dielectric 

constant at room temperature is slightly higher than 1500, the 

value considered typical of good ferroelectrics, and the residual 

polarization, Fr, measured from hystereses loops, is low at 

2 
7.13 H coul/cm .  The curie constant, determined from the 

intercept of the reciprocal of the dielectric constant for 

temperatures beyond the Curie point is 103°C.  Data from the 

various ferroelectrics at 30° C.are listed in Table 1. 

Ceramic      f* £ Pr (KV\ 
(%  Ca)    (gm/cnr) ((l coul/cm )    ' C\cmj 

7.13 2 
7.6 1.9 
8.2 2.1 
5.3 3.32 

Table 1.  Room temperature electrical properties of 
the barium calcium titanate ceramics. 

0 5.9 1800 
3.4 5.8 1650 
9.9 5.6 1500 

19 5.28 1300 



2 
applied by Yoshida  and Nomura, will not account for the dis- 

titanate ceramics as used here were almost of theoretical 

density, while the ceramics used in the experiment referred to 

The error of the thermal measurements are estimated to be 

less than ±10%.  The data points for the, thermal diffusivity 

were believed to be within this error, so the lines as drawn 

should be somewhat more accurate.  The measurement of thermal 

conductivity depended on the knowledge of the properties of the 

I 

I 
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DISCUSSION 

The thermal data, as shown by the graphs, for good quality 

ferroelectrics are consistent within about ±10%.  The thermal 

diffusivity measurements indicate a significant decrease in the 

ability of the material to transmit heat, which occurs with 

rising temperature as the material passes through a phase change. 

Previous specific heat data and the thermal conductivity data 

indicate an anomalous increase in these parameters at the 

transition between tetragonal and cubic crystal structure. 

Further work is needed to resolve whether or not these magni- 

tudes are identical so as to provide a smooth transition curve        . 

for the thermal diffusivity.  The data as presented here do not 

answer this question, but it is hoped that data from further 

measurements will.  The measurements on the thermal conductivity      . 

indicate that there is a slight decrease in magnitude as the 

temperature causes the crystal to enter the cubic phase.  These 

measurements also indicate that the correction for porosity, as 

I 
crepancy in magnitude of the thermal conductivity..  The barium 

I 
2 I 

above  were about 87% of theoretical density. 

I 
I 
I 
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metering rods, as well as thermocouple calibration, specimen siz«. 

measurements, and the determination of the temperature drop 

across the films.  The conductivity of the armco iron is believei 

knownabsolutely within ±5%.  Indirect measurements of the 

diffusivity indicated that this was indeed the case.  The thick- 

ness of the specimens were known to within ±0.0005 cm.  The 

thermocouples were calibrated and data measurements indicated a 

smooth temperature profile along the rod.  We believe the over- 

all error to be within ±15%.  This is further justified by the 

figure concerning specific heats.  The specific heat for barium 

titanate as calculated is 3% greater than the value measured 

9 
directly.   This adds strength to the accuracy of the measure- 

ments, although the thermal conductivity is 22% larger than 

2 
reported in the literature. 
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B3»  SERIES COMPARATIVE MEASUREMENTS OF THERMAL CONDUCTIVITY 
WITH THERMISTORS* 

by 

William G, Deliver, Francis W. Kalkbrenrer  and Robert 6. Morri. 

South Dakota School of Mines and Technology, Rapid City 

The series comparative method of determining the   thermal 

conductivity depends on the measurement of temperature differ- 

ences.  In conductivity work it is wi s 3 to keep the- thermal 

gradients low across both the sample and contacts to minimize 

radiation error.  Low gradients imply near-isothermal conditions 

Therefore, the temperature differences to be measured will be 

small.  Thermocouples are usually employed as temperature sensor; 

in thermal conductivity measurements.  Since thermocouple emf's 

vary only 6 to kO   microvolts/deg C an error of 10% in deter- 

mining small temperature differences would not be unusual. 

The thermistor, or thermally sensitive resistor, has 

characteristics which make it suitable for precision temperature 

difference measurements.  It can be made small in size (0.11 cm 

and smaller) and has a high temperature coefficient of resistanc 

(^-5%/deg C at 25°C).  For comparison, the resistance of 

platinum varies only +0.k%/deg  C.  The literature contains a 

number of references to results which have been obtained in 

* This work supported in part by the Office of Naval Research am 
by a Special Research Appropriation by the State of South 
Dakota. 

+ Present Address:  Boeing Company, Seattle 2k,   V/ashington 



i 
I 
I 
I 
I 
I 
I 
I 

89 

practice for thermistor stability, but it is difficult to draw 

any very definite conclusions from these as they are to some 

extent conflicting.  Beck , however, quotes an accuracy of the 

order of 0.01°C in a temperature difference of 6 - 12°C over a 

short period of time.  An investigation of the resistance 

R - yj3 - T temperature curve was made for typical commercial 

thermistors.  The data show the curve is repeatable within less 

than 1%   as the temperature is cycled many times to 250°C and 

back to 25°C.  The slopes of the curves for thermistors of the 

same type at the same temperature have also been found to be 

nearly identical. 

The thermal conductivity of a sample is determined by the 

2 
series comparative method used in this laboratory .  However, 

thermistors are cemented to the sample and standards in place of 

thermocouples.  A tfheatstone bridge is used to measure the 

difference in temperature AT between two thermistors as shown 

in Fig. 1.  Let us first assume two identical thermistors are 

placed in adjacent arms of the bridge and it is balanced for the 

case of zero heat flow. '  When heat is allowed to flow the 

thermistors will assume different resistances and the bridge 

will be in an unbalance condition.  The degree of unbalance is 

indicated by the current through the null detector.  For small 

temperature differences, the unbalance current is proportional 

'to' the difference in resistance AR between the two thermistors. 

At balance  1=0 and X-R_ = XnR. (with X. = X0). g 12     2 1 1     tL 

For unbalance ~ 

 ER(a-b)  
Xg : 2R(X+a)(X+b) + R2(2X+a+b) + R (X+R+a)(X+R+b) 
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when X  changes to X+a and R changes to R + b.  a and b are both 

much less that X and R. 

Knowing AR = a-b we find AT = AR/(dR/dT).  The derivative of R 

with respect to T at T  is found by differentiating a polynomial 

obtained by fitting the least squares on an IBM 1620 computer 

previously measured Resistance and Temperature values for the 

thermistors. 

Although thermistors of the same type have nearly identical 

values for dR/dT, they do not have identical resistances.  How- 

3 
ever, by a technique due to Godin  both R and dR/dT for a 

thermistor pair may be matched precisely et   any given tempera- 

ture.  This method of matching thermistors uses a resistor in 

parallel r.nd one in series with one thermistor. (See Fig. 2)>, 

A calculation shows that a typical 3000-ohm pair can be matched 

exactly at T  = 297°^ and agree within 2 ohms for a temperature 

range of 5 degrees on either side of T  although the difference 

in resistance between the thermistors may be as much.as 100 ohms. 

The sensitivity of a Wheatstone bridge near a balance con- 

dition has been taken into account in the design of the direct- 

reading temperature-difference bridge.  A graph of the thermistor 

resistance X-vs-S max/S sensitivity ratio has been plotted in 

Fig. 3»  The optimum ratio for the resistance of the thermistor 

to the nonthermistor arms of the bridge can be determined for 

different values of X from this graph. 

The thermistors that are used for the temperature sensors 

are made by Fenwal Electronics, Inc., Framingham, Massachusetts. 

These are QA51J1 glass coated bead type of thermistors with a 
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nominal resistance of 100,000 ± 15% ohms.  They have a tempera- 

ture coefficient of resistance of -4.6%/deg C at 25^C and 

-1.5%/deg C at 250°C.  The small ellipsoidal beads have a minor 

axis of 0.11 cm.  For maximum stability, the beads should not be 

used above a temperature of 300°C.  The temperature range is 

from 25°C to 250°C. 

A 9834 Leeds and Northrup electronic DC null detector with 

an input resistance of 25,000 ohms is used as the galvanometer 

in the Wheatstone bridge. 

The resistances used for the nonthermistor arms of the 

bridge are 4745 Leeds and Northrup 0-10,000 ohm decade boxes. 
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Cl. (Invited paper) THERMAL CONDUCTIVITY MEASUREMENTS BY THE 
THERMAL-COMFARATOR METHOD 

by 

R. W, Powell 
(Basic Physics Division, The National Physical Laboratory, 

Teddington, Middlesex, England) 

ABSTRACT 

An account is given of the use of the original two-ball 
form of the thermal comparator for thermal conductivity deter- 
minations on solids, liquids and powders.  An analysis of the 
conditions governing the flow of heat from the ball to a plane 
test surface shows the tempereture at the point of contact to be 
quickly established, to change relatively slovly with time and 
to be a function of the thermal conductivity of the test 
material.  A thermal comparator based or. the measurement of this 
contact temperature would be direct reading and independent cf 
load and surface finish.  Two such direct-reading thermal com- 
parators are described and have given useful results although 
the temperature so far measured departs from that of   the contact 
and is still dependent on load and surface finish.  Much 
smaller specimens can   however be tested before the reading 
becomes size dependent.  Results are given for several ceramic 
and semiconducting materials and the nev method is considered 
particularly suitable for comparative thermal conductivity 
determinations on samples of such materials for which this 
property often vcries considerably from sample to sample. 

IntroQuction 

One of the interesting demands arising from many of the 

developments of modern technology has been for fairly precise 

thermal conductivity date for many materials over a wide 

temperature range .  In the inter-war period the laboratories 

equipped for the measurement of thermal conduction could 

probably be counted on the fingers of one hand.  Today, many 

laboratories in the countries engaged on modern technological 
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advances are striving to answer the question "What is its 

thermal conductivity"?  The question is a very relevant one in 

the field of semiconductors, forming the subject of this Con- 

ference but it arises just as much with regard to metals, 

ceramics and thermal insulants.  And it is not proving an easy 

question to answer.  As one who has spent over thirty years in 

attempting to make accurate or reasonably accurate thermal con- 

ductivity determinations I know only too well the difficulties 

that can arise and the time involved in making such measurements. 

Progress is being made, however, and reliable measurements will 

be made more extensively as materials of known thermal con- 

ductivity become increasingly available and are intercompared in 

the course of this precise work.  Erroneous values in the 

1 2 literature are gradually being put right, beryllium , xridium , 

2        3 4 rhodium , indium  and rhenium  are instances with \^hich the 

writer has been concerned, and gaps in existing knowledge are 

gradually being filled.  The present need is for the provision 

of a range of materials of agreed thermal conductivity in the 

region 1000° to 2CO0°C and even higher. 

In recent years I have had the satisfaction of introducing 

and working on a method '  that is providing a useful means for 

simple and rapid comparative measurements of thermal conductivity. 

I am about to tell you of this work, what has been achieved and 

some of our hopes for the future.  But let me emphasize that it 

is a comparative method .  It can never displace the need for 

precise conventional measurements, but, when used with 
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intelligent discretion and with suitable standard materials the 

answer to that question, what is the thermal conductivity, can 

often be obtained both cheaply and quickly. 

The thermal comparator method to which I refer, was intro- 

duced as a means of giving quantitative expression to the 

qualitative assessment of thermal conductivity often made by 

merely handling a range of materials and arranging them in 

order of increasing thermal conductivity according to their 

coldness.  This was over five years ago and the method is now 

fairly generally knovn.  However, it is hoped you will be patient 

whilst some familiar ground is covered, some theoretical con- 
's P 

siderations''u presented and, finally, details given of a 

modified direct-reading form of the thermal comparator on which 

work is still in active progress and which should have definite 

advantages, both for routine tests made at normal temperatures 

and for the measurements to higher temperatures that it is hoped 

soon to undertake. 

The Thermal Comparator and it use for thermal conductivity 

determina tionn 

The original form of the thermal comparator is shown in 

Figure 1.  It consists of two similar phosphor-bronze or other 

metal balls securely mounted in a block of thermal insulating 

1" material.  The balls are usually about T-  in diameter and one 

projects slightly beyond the surface of the block so that it 

can be brought into contact with a test material.  Two metal 

studs complete a 3-point contact and ensure stability and 
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reproducibility taut these need not rest on the test material if 

another co-planar surface is provided.  Each ball has a securely 

attached thermocouple and these are usually connected differen- 

tially and the emf observed on a vernier potentiometer reading 

to 1 (J.V. 

The thermal comparator is heated to an excess temperature 

of some 40°C and then placed on a test sample at normal tem- 

perature.  Both balls commence to cool, but the cooling of th< 

contacting ball is augmented by the transference of heat to the 

test sample.  This causes the differential emf to increase 

approximately linearly for at least 10 seconds the normal period 

of the experiment, (see Figure 2). 

The reading observed after such a fixed time is a measure 

of the heat flow, and this in the main is a function of the 

excess temperature, the geometry of the contact (which depends on 

the load) rnd the thermal conductivity of the test material. 

Frovided the conditions of the experiment are such that the last 

mentioned quantity is the only variable there should be a direct 

correlation between the observed differential emf and the thermal 

conductivity. 

Figure 3 shows the results of tests made at room temperature 

using materials of known thermal conductivity and ranging from 

aluminium to plasticized FVC.  This range, from 2 . 3S to 0.0021 

2 
J cm/cm  sec degC, would require at least two quite different 

methods of the conventional type.  By plotting the thermal 

comparator reacting against the square root of the thermal 
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conductivity, two straight lines are obtained intersecting at 

high-alloy steel (0.11 Jcm/cm sec degC). 

The importance of this result is that once calibrating tests 

have been inc.de on two or three materials of suitable and known 

thermal conductivity, a very simple method becomes available for 

making thermal conductivity measurements on an unknown material 

to an accuracy of about 5 per cent.  Examples of such tests for 

two different types of solid materials are shown in Figures k   and 

5.  Figure k   relates to tests made on discs cut from metal rods 

that had been used for tests by the conventional longitudinal 

heat flow method rnd wore thus of known thermal conductivity. 

One free of each eise was left in the machine-finished state, 

the other surface was lapped.  For each condition, three 

calibrating materials were chosen of the extreme and an inter- 

mediate thermal conductivity and a straight line drav.Ti through 

plots of the comparator readings against the square roots of the 

thermal conductivities.  The lines for the two surface conditions 

are ^uite cistinct, indicative of the dependence of the reading 

on the surface finish and emphasizing the need for test and 

calibrating surfaces to be closely similar.  The experimental 

points obtained for the other discs are similarly plotted and are 

seen to be grouped plong the appropriate calibration lines the 

majority of the derive'' thermal conductivities agreeing with the 

previously determined values to within 5 per cent. 

Figure 5 depicts the results of measurements made on the 

lapped surfaces of several discs of glass.  In this instance the 
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calibration was obtained for the poorest conducting of the 

glasses and a similar disc of fused silica.  For five of the 

seven glasses the derived and conventionally determined thermal 

conductivities agreed to within 1 per cent; for the other two 

the differences amount to +2.k   and -3.8 per cent. 

Figure 6 shows the degree of correlation obtained between 

the surface finish of a plane steel surface, expressed as CLA 

values in microinches, and the comparator reading. 

Dependence of readings on sample size 

In the above two series of comparative tests the shape and 

size of the standard and test samples have been constant.  As 

this may not always be possible, experiments have been undertaker 

to ascertain how great a reduction in size could be tolerated 

without affecting the reading of the comparator.  The results of 

such measurements on discs of mild steel 1 inch in diameter but 

covering a range of thickness are shown in Figure 7.  Similar 

measurements for glass are in Figure 8 .  The thickness for which 

the reading becomes independent of thickness is seen to decrease 

as the thermal conductivity increases.  The influence of disc 

diameter on the reading was similarly investigated.  The results 

obtained for a   particular thermal comparator and method of use 

are summarized in Table 1. 
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Table 1 

Minimum disc sizes for reading to be independent■of size 

Thermal 
Material conductivity Thickness Diameter 

(Watt/cm degC) (in) ■  (in) 

Copper 3.8 0 .016 0.3 

Mild steel 0.5 0.032 0.35 

High alloy steel 0.11 0.050 - 

Borosilicate glass 0.011 0.0128 ' 2.5 

For good conductors, the sizes required are remarkably 

small, but the glass used is seen to be comparable in thermal 

conductivity with some of the poorer conducting of the semi- 

conductor materials e.g. silver-indium selenide, and then the 

question of specimen size may need to be watched.  It will 

either be necessary to have both test and calibration samples 

in the sar e smaller size and to ensure that they are mounted to 

have similar heat transfers across the under-§ized dimension, 

or to make some subsidiary tests to enable correction to be made 

On the other hand, provided the samplo is in temperature 

equilibrium, the method enables.tests to be mode on quite large 

samples, or even built in parts of r machine.  All that is 

reouired is the preparation of a small area of surface on which 

contact can be made. 

Consideration of influence of directional effects claimed to 
arise with dissimilar materials 

9 
Experimental evidence has been producer.:, first in the USA , 
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and later in Bristol  , indicating that under certain circum- 

stances the resistance to heat flow ; c the interface of 

dissimilar metals can Vary with the direction of heat flow. 

The American '-orkers, using plane surfaces 3 inches in diameter 

found the interface conductance between aluminium alloy and 

steel to vary with the applied load f.nd to be 2 to G times 

greater when heat flowed from aluminium to steel than for the 

reverse direction.  Thermal warping of the surfaces was thought 

to be a contributory cause.  The workers at iristol used smaller 

surfaces of 1 inch diameter and die not vary the applied load. 

They found r similar but much reduced effect, the interfacial 

conductance from aluminium alloy to steel being 20 per cent 

greater than from steel to aluminium alloy.  The effect was 

considered to be associated with the mechanism of conduction at 

the points of metallic contact, for instance, with metals 

having different values of the work function it was suggested 

that a potential barrier might be created reducing the drift of 

free electrons in one direction and increasing it in the other. 

This conclusion would appear to introduce an additional parameter 

likely to influence the rate of heat transfer and hence the 

reading of the two-ball thermal comparator.  Tests to determine 

if this was so were therefore made. 

That no such complicating effect was apparent for the very 

much smaller contact area of this thermal comparator can be seen 

from Figure 9.  This figure shows the results of several series 

of experiments in which a thermal comparator fitted with steel 

 ; ;■; 
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balls was applied to an aluminium alloy surfade.  The thermal 

comparator reading noted 10 seconds after contact is plotted 

against the initial temperature difference between the two 

metals.  The direction of heat flow was reversed by either 

placing a warm comparator on an aluminium sample at room tem- 

porc.ture, (points shown as crosses) or, warming the aluminium 

and placing a cold comparator on it (ringed points). 

The tiro types of points i/ill be seen to lie within ±7 per 

cent of the straight line drawn to pass through the origin and to 

be reasonably evenly distributed about the line.  They gave no 

support for the claim that the heat transfer from aluminium to 

steel (ringed points) is greater than that from steel to 

aluminium alloy (crosses) .  The experiments under reduced load 

were carried out to give an effective load per unit area com- 

parable with that of the Bristol work (122 lb/cm2). 

Having made these tests for the metallic combination 

studied elsewhere it was considered of interest to make similar 

tests for a semiconductor in which most of the heat flow occurs 

by phonon or lattice waves, and the still more extreme case of 

an electrical insulator in which there can be no heat conduction 

by electrons.  Thus, when the wcrra thermal comparator is applied, 

the heat will flow from steel, for which the bulk of the heat 

flow occurs by electrons to another raterial in which there is 

little or no heat flow by electrons, but the major portion, or 

total heat flow is by phonons .  .'hen a cooler comparator is 

applied, these conditions will be reversed and heat flow pre- 

dominantly by phonons will become one predominantly by electrons. 
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Results are shown in Figure 10 for germanium and a soapstone 

ceramic and it will be fseen that even for these extremely 

different materials and types of heat transport no directional 

effect is involved. 

In Figure 11 thermal comparator readings for materials of 

known thermal conductivity, .».rmco iron and high alloy steel, 

have been included and plotted in the usual way to enable the 

thermal conductivity of the germanium sample to be derived from 

the results of the previous figure.  The value obtained in this 

way is O.58 Jcm/cm  sec degC, which agrees well with a room 

temperature value of about 0.6 Jcm/cm  sec degC reported by 

Slack rnri Glasbrener  .  The thermal conductivity of the soap- 

stone ceramic material has been measured independently and this 

gives a point on a line of lower slope as found previously. 

Theoretical treatment 

Only a very approximate analysis has been made of the 

transfer of heat from the thermal comparator to the test 

sample ' .  The full analysis would be one of considerable com- 

nlexity since the sphere cools by radiation and by air con- 

duction as well as by conduction through the restricted area at 

the solid to solid contact.  At normal temperatures radiation 

can be neglected but not conduction through the surrounding air 

However, in the first instance only the conduction through the 

solid constriction has been considered.  This problem has been 

reduced to that of the heat flow in two semi-infinite regions, 

0< z <oo , 0 > z > -oo 1 having thermal conductivities k ' and 

I 
I 

10 
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k„ and initial temperatures V  and 0 respectively which are in 
2 o 

contact over a small radius r .  (The sphere can be considered 

a semi-infinite solid since its diameter is some two orders of 

magnitude greater than the diameter of the contact area). 

Regarding the comparator as a steady-state device, the 

temperature in region (l) is given by 

V  = V  - V» 
1    o    1 

where     V, = V  at z = Or-/ 
1    o 

V» = 0  at z = CKD 

and V  satisfies the equation 

32v 
L. r 

1   1 
+ — 

r 

V. 'V. 

u 
V      is   found   to   be   given   by 

V      =   V 
1 o  o   2 

7l(kn +k    )   -; 
e        (sin   Ar,>J   (Xr) 1      o 

dX 
X 

The contact temperature V (0) is found to be given by 

V k 
V (0)      o 1 

kl + k2 
(1) 

and is seen to be independent of the radius of contact and 

uniform over the contact area. 

The quantity of heat Q, passing from one region to the 

other is given by 

Q = 4klk2VOrl 
kl + k2 

(2) 

which varies linearly with the radius of contact. 

11 



106 

R, the total resistance of the constriction is given by 

R = Vo k  + k2 
Q   4k1k2r1 

(5) 

which is the expression obtained by regarding it as the sum of 

the constructional resistances 
4k, r, 

and TT  in series . 4k„r, 
11       2 1 

Nov/ although in the above treatment the sphere of the 

comparator was treated as semi-infinite, it does contain a 

finite amount of heat, and, regarding the sphere as a capacitor 

containing heat, gives 

dV   V 
J eft -T-r + o = 0 dt   it. 

(4) 

where V is the average temperature of the sphere, of density £>, 

specific heat  c  and volume.1,. 

For such a capacitor 

- 4k1k2r1t 

V a V e 
o 

and the cooling rate 

(kj+k'^cü 

dV ■ - 4klk2Vori 
dt    (kj+kg^cf. 

i 

! 

! 

! 

I 
I 

I 

I 
When r  and  t  are small, say 10 seconds, 

dV 
dt 

4klk2Vor3 
(k1+ k2)^cr- 

12 

(5) I 
1 
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Consideration of the transient term . 

In the case of good thermal conductors the transient term 

is known to have a smaller influence, so it will only be con- 

sidered for poor conductors.  Now equation (l) shows that when 

k0 is small the contact temperature differs but little from the 

sphere temperature whilst equation (2) reduces to 

Q = k\srV  rn (6) 
2 o 1 

Henc  any temperature gradients in the sphere may be 

negiecteCi and, as an approximation the circular source of heat 

at temperature V  can be replaced bv a hemi-snherical source of 
0 :.•■.. ,    . .. 

'neat of radius r .  The heat flow will then be radial and the 

temperature will satisfy the equation 

1 ?V    9"V  2 rfv 
K0 U 

=' 2 + r ' r <"r o 

where I\^ = k /_;nc0, the thermal diffusivity. 

Under these conditions the heat flow U is given by 

r ,  

Q   =   2TCV   rnk0^l   +   rf,/""C .   f (7) 
o   1   2 I« Tik   t 

in which the steady state term, 2TtV r,k^, differs only from 
o 1 2 

equation (6) in the numerical coefficient. 

By evaluating equation (7) with t - 10 seconds, the 

transient term is found to amount to 3 per cent of the steady 

state term for glass and to 6 per cent for ebonite. 

This approximate analysis confirms that the effect of the 

transient term can normally be neglected and the thermal com- 

parator can virtually be accepted as a steady state device. 

13 
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12 
Similar conclusions have been reached by Dahl and Jones . ' and by 

Gxnnmgs  , . . 

Consideration of the influence of an interfacial resistance 

Unless the purpose is to study the properties of a surface 

deposit any teat surfaces will be as clean as possible, but, 
o 

since most metals acquire an oxide layer of up to 100 A thick 

shortly after cleaning, the inflxience of such a film should be 

considered.  If 'a' is the thickness of the film, it will be 

s:~all compared with r .  Also tht thermal conductivity k  of an 

oxide film will usually be less than kQ so that any spreading of 

the heat flux along the film can be neglected.  Under these 

conditions 

ap = Vriv 

where V is the temperature drop across the film. 

Thus the thermal resistance of the film becomes 

_V_ = _a  
aF  k3Krf 

« 

I 
I 
I 

I 

and the effect of the film is to increase the total resistance 

RT  to 

1 1 
  +    + 

4klrl       4¥l       TCk3rl 

i'his   modifies   the   heat   flow   i   to 

'iklk2V
?
rl 

5k] k2a 
kl + k2   +   ik^I— 

Ur.      = e 

which   reduces   to   eauation   (2)   "hen   a   =   0. 

(8) 

(9) 

I 
I 
I 

I 

14 
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The effect of most normal films .is smallt but, if Q and Q-, 

are determined from comparator measurements made without, and with 

a film which is sufficiently thick to modify the.heat flow whilst 

still obeying the above restrictions ,'then   ; ,..  ,,: 

I 

I 
I 
I 

a - aF = 
l6klk2aVl 

(k1+k2)Ä7rk3r1   +   4k1k2a(k1+k,2) 

..(10). 

The evaluation of r  from the comparator measurements is 

discussed later, so equation (10) offers a possibility Of deter- 

mining either 'a' or k_ "./hen the other is known .' 

The loads would need to be sufficiently small that the film 

is not damaged.  Also, as shown later, such"measurements would 

need to be conducted under vacuum conditions to avoid complica- 

tions arising from the air conduction component. ': 

Such tests have not yet been attempted, but the method is 

mentioned as offering a possible method of approach to what 

could be a very difficult problem, the determination of k_. 
■HI 

Comparison of theory of heat flo-y through a solid constriction 
with experiment 

■■■>': i ■   ■ 

In Figure 12, the cooling rate as given by equation (5)» 

using the known values for the excess temperature and the volume 

and properties of the phosphor bronze sphere and assuming values 

of 0.003» 0.004 and 0,005 cm can be compared v/ith the comparator 

readings of Figure 3 for a range of values of k0. 

For high values of k  the theoretical curve is of similar 

shape and corresponds with the experimental curve when r ■ has a 

' t r.  I : 

15 

:.cu.-i!i 
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value of 0.0046 cm.  Deviations can. be expected since the single 

thermocouple does not necessarily measure the average temperature 

of the sphere*     i. 

For low values of k„. the departures are much greater and the 

curves no longer approximate to the same shape.  These differences 

are greater than would se-em-likely to result from ignoring the 

transient term.     . 

Figure 13 shows a similar comparison made for results 

obtained under different conditions for the series of metal 

discs (See Figure k). 

An attempt was made to calculate the likely effect of the 

air conduction component and the corrections needed to allow for 

this are indicated in Figures 12 and 13.  The thermal comparator 

reading is seen to have been considerably augmented by this com- 

ponent,  ''.'hen testing aluminium it amounts to some 1.4 per cent 

and for high alloy steel to some 6l per cent.  Measurements have 

since been made inside an enclosure that could be evacuated and 

an experimental determination made of the air conduction com- 

ponent.  Some preliminary results obtained are included in— 

Figures 12 and 13.  They are seen to confirm that the air com- 

ponent is often a major factor. 

Remembering that the comparator determinations reproduced 

in Figure 13 gave the straight line of Figure k  when the com- 

parator reading was plotted against the square root of the 

thermal conductivity, this result and the change of Slope of 

Figure 3 would now seem to have arisen rather fortuitously from 

a complex combination of different factors. 

16 
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The air conduction component 'Will have caused the foregoing 

values of r  to be too large.  It is also believed to be largely 

responsible for the high rate at which the critical size in- 

creases with decrease in thermal conductivity*   ,',  ;. 

The thermal comparator used for thermal conductivity determina- 
tions on liquids and on powders •j 

The two-ball thermal comparator has been found suitable;for 

comparative tests on liquids. By retaining the test liquid in a 

shallow glass dish and tautly stretching a thin plr stic membrane 

over the rim so that tl e liquid is in contact with the underside 

of the membrrne , the thermal comparator, at a known exccoc tazi- 

perature can be rpplied to the upper surface of the nembrrne anc 

the test conducted in the normal w~ay.- 

Figure l^i shows the results of such measurements- made on 

liquids of known thermal conductivity  .  The departure from a 

smooth curve is relatively small, and suggests that this simple 

method yields values that can be relied on to about 5 per cent. 

This is sufficient for rrost practicrl purposes, and, in fact 

compares well with that of many earlier so called absolute 

determine'tions . 

V/hen a similar procedure of working through a diaphragm was 

tried for measurements on powders and other soft materials the 

results proved less reproducible, presumably due to the inter- 

vening air film.  However, the foregoing analysis had suggested 

that an alternative method might be applied to powders and some 

preliminary results shown in Figure 15 indicate that this is 

quite promising and worthy of further attention. 

17 
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On the basis of equation 7, the heat flow  Q  from a hemi- 

sphere when embedded in a medium of low thermal conductivity is 

seen to be approximately proportional to the thermal conduc- 

tivity of the medium.  A thermal comparator was therefore used 

in which two tungsten carbide spheres of 1 cm diameter were each 

half embedded in th£ block o.f balsa wood and were sufficiently 

far apart for one of the exposed half-spheres to be buried in 

the cooler test powder whilst the other remained in air.  The 

differential cooling 10 seconds afterwards was observed in the 

usual way for a constant initial terrp erature excess and is 

plotted in Figure 15 against the knovm thermal conductivities of 

the various powders tested.  The points rre seen to conform 

fairly well to a straight line which cuts the zero ordinate at 

about the thermal conductivity of air. 

A similar method was later tried for liquids, but was not 

so successful.  One sphere was embedded in the retaining block 

of thermal insulation rnd the other half exposed.  The lower 

surface of the block -.as coated vith a waterproof cement and the 

idea was simply to float the block on the surface of the liquid 

and observe the initial cooling of the half submerged sphere. 

A method of this type would probably be applied tc oils and other 

liquids of low vapour pressure, but unduly high readings were 

obtained for carbon tetrachloride rnd other liquids of high 

vapour pressure.  This could no doubt be attributed to lowering 

of the temperature of the liquid by evaporation.  Incidentally 

this is a source of trouble which would be minimized in the 

method previously used by the covering of plastic sheeting. 

18 
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A more responsive, direct reading form of thermal comparator 

The two-ball form of the thermal comparator ha.s been, .shown 

to have gone a long way towards reducing the difficult and 

costly measurement of thermal conductivity to a simple and 

relatively inexpensive test.  Indeed, it has been the means of 

promoting the property of thermal conductivity to join the 

relatively few properties of use to the non-destructive -test 

technician '   .  A disadvantage of the present method as a ., 
non-destructive 

routine test is the need for the twofold measurement of time and 

emf; also a test of only 10 seconds duration is unduly long. 

This last criticism becotres aptly true when applications at high 

12 temperature are considered  .  Radiation transfer is then likely 

to assume comolicp.ting proportions and is best reduced by a 

reduction of the test time. 

Now the foregoing analysis has shown that the contact tem- 

pere' ture, V  is quickly established, and, according to equation 

(1) is a function of the thermal conductivity of the test 

material:- V  = V k /(k-+k_).  This suggested that a thermal co m- 

parator based on tho measurement of the contact temperature 

would be likely to give the required improved performance. 

Clark, when working at the NPL, had made some preliminary 

observations of the contact temperature by merns of the 

experiment indicated in Figure l6.  In this experiment the 

phosphor-bronze sphere and the nickel surface with which it made 

contact formed the two elements of a phosphor-bronze and nickel 

thermocouple.  When calibrated by insertion in an enclosure 

19 
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maintained at various known temperatures, 16.9 i(lV was found to 

be equivalent to 1 degC over the working range.  Figure 17 shows 

a plot of the observed contact temperature against time for an 

initial excess temperature of ^3°C.  The observed value was in 

reasonable agreement with the value predicted from equation (l). 

Furthermore the rete of change of V  of about 1 degC in 10 sec 

is sufficiently small for the contact temperature to be regarded 

as relatively constant for the first few seconds. 

The experiment was then repeated under similar conditions 

and dV/dt determined in the nor;r.al way.  Equation (5) can be 

written as 

dV 
ut 

loh. 
2 k1+ k2 

k\< 

. dV 
^öt 

4k„V - (11) 

For loads ranging from 93 to 36O g on the contacting sphere 

the values of r  determined in this way ranged from C.006l to 

0.C0C2 cm, yet the experimentally measured value of V  proved to 

be independent of load, as required by equation (l). 

These measurements had confirmed the suitability of a 

method based on the measurement of V .  It would be quick, the 
c 

required reading would change relatively slowly with time and 

should be independent of load and surface roughness.  All very 

desirable attributes. 

The problem is to measure V  in the general case, for, when 

the test sample becomes the main variable, it can no longer serve 
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as one of the thermoelements, and the thermocouple must form an 

integral part of the applied probe. 

Figure l8 shows a diagrammatic representation of a form that 

has been partially successful t  'tVo differentially connected 

thermocouples are shown attached to a suitable metal probe in 

such a way that the resultant emf, AV, is a function of V  - V , 
o _   c 

that is 

AV = fVQk2/(k  + k ) (12) 

Some guidance in the choice of probe materials can be 

gained from Figure 19 which shows curves of k0 plotted against 

k_/(k_+k_), a quantity proportional to the theoretical reading of 

2 
■orobe conductivity of k .0, 1.0 rnd 0.25 1 cm/cm sec de 

the differentially connected thermocouples for values of the 

It is 

clear that for best sensitivity when testing materials of high 

thermal conductivity, the probe material should also be of higL 

conductivity.  Gn the other hand a probe of lower thermal con- 

ductivity, such as constnntan (k  = 0.25) is preferable for 

tests on materials of low conductivity, for instance glass and 

many semiconductors.  To measure V  by the introduction of a 

second metal is proving difficult owing to the smallness of the 

contact area.  When the actual thermc-junction is located a 

little away from the surface it does not conform to equation (1). 

Also its reading is dependent on load f.nd surface finish.  How- 

ever, although the ideal form is proving elusive, some quite 

useful direct-reading forms lave been produced.  Two are shown 

in Figures 20 and 21.  Both these probes are of constantan.  One 

21 
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is of the conical form already shown, with a fine insulated 

chrorael wire threaded through a small axial hole.-  A slightly 

oversize bead was formed on the end of the chromel wire by an 

electric arc, and this bead was discharge welded to the 

constnntan (Figure 20a), and the excess metal of the bead ground 

off whilst retaining a curved surface on which contact is to be 

made (Figure 20b).  The chromel-constantan junction is clearly 

slightly removed from the point of contact.  Thus unit mounted in 

a block of balsa wood is the comparator used for most of the 

measurements detailed in the next section. 

The other probe has the chromel '.-ire peened in a hole 

drilled normally in e   snail projecting cylinder of the main 

constantan probe and the excess metal again ground a-.:ay (Figure 

20c).  With this design the junction can be formed closer to the 

point of contact, but the presence of the connecting wire ivekas 

it difficult to produce the required spherical contour and the 

reading is sensitive to load r>nd small changes of aspect.  A 

photograph of this form, before beinq; mounted in balsa wood, is 

shown in Figure 21. 

Thermal conductivity determinations with a direct-reading form 
of the thermal comparator 

The two types just described have been used for measure- 

ments on several samples of known thermal conductivity.  The 

thermal comparators were heated in a temperature-controlled oven 

to an excess temperature of about 33°C and then placed on the 

samples at room temperature.  For materials of high thermal 
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conductivity, a definite steady reading vas established almost as 

soon as contact was made, but with poor conductors the reading 

was slightly time dependent, since the initial reading was 

followed by a small drift to a lower value.  The drift becomes 

increasingly apparent as the thermal conductivity decreases and 

is probably associated with the transient term. 

The reproductions from the recorder traces shown in Figure 

22 illustrrte the nature of the reading ?nd its dependence on 

time or the thermal conductivity of the test sample.  In general, 

however, the measurements have been made on a vernier potenti- 

ometer.  3y taking successive readings, the setting of the 

potentiometer can soon be set to give r?o deflection, or a s;::all 

change of a microvolt or two, on contact being made.  '..Te have 

usually attempted to obtain this reading within a second or so 

of contact, but so long as a standard procedure is adopted any 

uncertainty arising from the small drift should be taken care o_' 

in the calibration.  A merit of this new form of comparator is 

that it has ,- large heat capacity and five or six applications, 

each lasting a few seconds, can be made before the reading 

starts to change by more than a microvolt or so.  Ivhen contact 

with the test specimen is broken the reading quickly returns to 

zero . 

Figures 23 and 2k   show some results obtained by these two 

types of probe.  Thermal conductivity is plotted against the 

comparator reading and both sets of curves are seen to be of the 

general form predicted in Figure 19•  The conditions of test were 
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closely similar and the form with the therraojunction located in 

the small projection is seen to have given appreciably higher 

readings (Figure 23)» but the reproducibility was not so good 

particularly for tests on good conducting metals.  The effective 

chromel-constantan junction would seem to be closer to the point 

of contact in this form, but the actual point of contact is 

probably less definite owing to its nonspherical shape.  The 

readings of both forms are dependent on the surface finish of the 

test sample end on the load. 

Work is continuing in the hope of producing a form of com- 

parator still less dependent on these variables.  Several 

examples of measurements made with the less sensitive form of 

Figure 20 can however be nuoted, ;;nd these indicfite that for 

many purposes a   reasonably acceptable device is already avail- 

able . 

Plotting the reading against the thermal conductivity yields 

a curve.  This is rather less satisfactory than the linear 

relationship often obtained with the two-ball comparator and 

requires calibration with rather more samples of known conduc- 

tivity or for the conductivities of test ano. standard to be 

fairly close together. 

Measurements on some ceramic materials 

The readings obtained with this con-.parator on materials of 

known thermal conductivity are plotted as ringed points in 

Figure 2k   and show a scatter from the mean curve comparable with 

that of the original two-ball comparator.  The main departure 
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occurs for a sample of boron nitride.  Two 1/2 inch diameter rods 

of this material had been included of density 2.1k   g/ml, the axis 

of one being parallel to the direction of pressing and that of 

the other perpendicular to this direction.  Thermal conductivity 

measurements made by a conventional longitudinal heat flow method 

had confirmed the thermal conductivity measured with the pressing 

direction perpendicular to the direction of heat flov: to be 

greater by some 75 per cent.  This is the sample for which the 

thermal comparator reading is displaced from the curve.  Further 

vork is however necessary, both to test the homogeneity of this 

particular sample, a:id to assess the performance of the com- 

parator  iethod on other anisotropic materials.  The question of 

homogeneity could arise since the compare tor measurements were 

made on one end of the rod, whilst the conventional method was 

applied to a mid section. 

This figure also contains the results of measurements made 

on a few samples of unhnown thermal conductivity.  These are 

shown by crosses and mainly relate to refractory ceramic 

materials for which no estimate of the thermal conductivity could 

be made from any other property such as electrical resistivity. 

Table 2 contains the values of their thermal conductivities 

as read from the curve of Figure 24, the degree of reproduc- 

ibility of successive readings  made at various points on the 

surface of each sample can be judged from the range indicated for 

the readings.  The larger variations found for the unbaked 

steatite and the low density silicon nitride are consistent with 

the non-homogeneity of th^se materials. 
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Table 2 

2 
Thermal conductivity values (Jem/cm sec degC). at 
about 30°C as determined by the modified thermal 

comparator and derived from Figure 2k 

Material Reading (|IV) Thermal conductivity 
Number Mean Range 

Steatite, baked k 193 3 0.032 

Steatite, unbaked •■ 

(Soapstone) 5 299 6 0.233 

Magnesium-aluminium 
silicate 3 166 1 0.018 

Silicon carbide 
A = 2.36 g/ml 3 333 3 0.69 

Silicon nitride ( 

A = 3«l6 g/ml 3 285 1 0.185 

Silicon nitride 
A = 2.3^ g/ml 5 225 10 C.050 

Measurements on glasses and fused silica 

The materials in Figure 2k marked A, C, F and H are fused 

silica and some of the glasses previously described and tested 

in connection with the earlier form of the comparator. 

The results obtained with the direct reading comparator are 

reproduced more clearly in Figure 25, and should be compared with 

those of Figure $•      A greater degree of sensitivity will be 

noted, since the present reauings are about three times larger. 

The differences between the derived thermal conductivities and 

those given by the conventional method are about the same as in 

the two figures.  Glass G again shows a departure of about -k  per 

cent, whilst the others all agree to within 2 per cent.  The 

accuracy appears to compare well with that of the conventional 

method. 
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These highly satisfactory results are in part due to the 

ease with which the comparator could be applied in a reproducible 

manner on the 3-inch diameter discs and in part due to the con- 

sistency of their surface finish.  With smaller samples 

difficulty can arise in ensuring that the three contact points, 

the probe and the two studs, rest on coplanar surfaces.  This, 

however, is not a major difficulty, but rather an essential 

requirement of the method.  The Question of surface finish is 

more likely to give trouble. 

The results for the glasses are indicative of the order of 

accuracy obtainable for good specimens of materials of the same 

class, but it can often happen that a test is required to judge 

the degree of consistency of a particular product, or to study 

the effect of small compositional changes.  In such cases the 

surface finish resulting from a standard method of preparation 

is not likely to vary, and, if good, differences of 2 per cent 

and more in the thermal conductivity should be apparent when 

tested by this method. 

Measurements on some semiconductors 

The final series of measurements includes samples of 

several semiconducting materials of various shapes and sizes . 

For this series of tests the same comparator was used, but the 

load had been increased to ensure greater stability.  The cali- 

bration and test results are given in Figure 26 and Table 3. 

The largest face of each test material had been ground flat by a 

standard procedure, but the presence of small holes in some 

materials and small cracks in others precluded a truly smooth 

surface being obtained in all cases. 
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The requirement that calibrating and test materials should 

have comparable thermal conductivities, necessitated the use, of 

materials of rather low conductivity as standards.  Only two 

metals were used, a stainless steel and a titanium alloy.  These 

were given the same surface preparation as the test samples but 

the glasses and the ceramic materials had been ground and lapped 

by a different technique.  One of the latter, a soapstone and 

alumina cerair.ic, had a known thermal conductivity within about 1 

pei" cent of that of the titanium alloy end it is of interest to 

note that the comparator readings obtained for these two very 

different materials agreed to within 2 |iV in 230 |iV.  Also the 

two sets of measurements made on the sample of Bi,_Te  on 

equivalent ground and unground faces are in agreement .  Another 

point studied in connection with these tests has been the effect 

of sample size.  By good fortune Dr. /. J. >iOulsor of the 

British Ceramic Research A ssociat ion had provided a disc measur- 

ing 0.5 inch thick x 2.5 inches diameter that had been formed 

from a mixture of diatomaceous earth with a suitable binding 

material.  This disc had good smooth surfaces and proved to give 

consistent readings that v:ere a little below the lowest reading 

obtained for the semiconductors and- indicated that it had a 

2 
thermal conductivity of 0.00*1  Jcm/cm sec degC .  From this disc, 

samples of successively smaller size were cut and tested with 

the comparator.  The results obtained for the same excess 

temperature of 33°C are given in Table k.. 
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Table 4 

Effect of sample size on the reading of a comparator of the 
direct reading form, for a material of low thermal conductivity 

(about 0.0045 Jcm/cm2sec degC) 

Sample size (in inches) Compare itor read inK 

Thickness Surface dimensions Number Mean Range 
uv 

5/8 2 1/2 diameter 8 94 k 

5/8 2 1/2    " 

other face 

8 94.5 5 

5/8 1 1/2 x 1 1/2 8 94.5 4 

5/8 lxl 9 94.5 5 
3/8 lxl 7 94.5 2 

3/8 3/4 x 3/4 10 94 4 

3/8 1/2 x 1/2 8 93.5 3 
3/16 lxl 4 94.5 2 

3/16 3/4 x 3/4 7 94 4 

3/16 1/2 x 1/2 8 91.5 5 

No appreciable change in reading was obtained until the 

surface dimensions were reduced from a square of 3/4 inch side 

to one of 1/2 inch side, when for the 3/8 inch thickness the 

reading only decreased by about 1 |iV, but for half this thick- 

ness the decrease was about 3 1-lV •  It would seem that size- 

effect is not likely to cause any noticeable error with the 

specimens listed in Table 3•  The lowest reading under the same 

test conditions was 98 |iV for the sample of AglnSe , and 

although its test surface measured about 1/2 inch by 1/2 inch, 

its thickness was also 1/2 inch.  The reading is not likely to 

be more than 1 \i\   low.  The 1/4 inch x 1 inch Bi2Te- is the only 

other sample of questionable size, but, as its conductivity is 
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two to three times that on which the size tests were made, any 

correction should again be quite small.  The differences in the 

readings for the three directions studied can certainly be 

related to the anisotrony of this material . 

When these critical sxzes are compared with those given in 

Table 1 for the readings of the two-ball form of the thermal com- 

parator after 10 seconds some striking differences are obtained. 

Extrapolation is necessary to lower thermal conductivities and 

from logarithmic plots a critical size of about k   inch diameter 

by 0.175 inch thickness is indicated for a material of K_ = 

2 
0.C05 Jcm/cm sec degC.  Quite large corrections for the size 

effect would have been required had the original comparator been 

used for determination on some of the present series of semi- 

conductors.  Thus these experiments have brought out another 

advantage of the modified form of the thermal comparator.  It 

gives size-independent readings on smaller samples, certainly 

for low conductivity materials and probably for materials of high 

conductivity as well. 

It only remains to consider the derived thermal conductivity 

values obtained for the semiconductors listed in Table 3» 

The odd shapes and small sizes meant that in only a few 

instances i'ould it be possible to check these results on the same 

materials by any conventional thermal conductivity measurements. 

No such measurements have been attempted.  Also, some of the 

samples contained cracks and voids and the results would be 

expected to vary from sample to sample and to be below the value 

for a maximum density material. 
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It is necessary to state that the derived thermal conduc- 

tivity values given in the penultimate column relate only to the 

particular sample tested,   ■- ■:; 

The last column includes some values obtained by other 

workers.  These are relatively' f eve i  Even so, they embrace a Wji.<*e 

range, emphasizing either the possible variations in nominally 

the same material, or, the uncertainty of some thermal conduc- 

tivity determinations.  The degree of uncertainty that exists is 

perhaps more readily apparent from Figure 2? where the thermal 

conductivities as derived from Figure 2b are plotted against the 

values of other vorker.s . 

Since an increase in surface roughness tends to reduce the 

comparator reading and these surfaces tended to be rather rougher 

than the standard materials the values derived from the com- 

parator might be expected to err on the low side.  Of the nine 

materials included in Figure 27, only the value for the sj-mple of 

Hg_CdSe, however appears to be decidedlv low, those of six 

samples are in the main in fair agreement, whilst those of the 

other two, CuFeSr.Te and CdTe, are much higher than the other 

determinations.  The thermal comparator readings for these two 

materials were confirmed by repeat readings taken subsequently 

and certainly imply very marked material differences or that the 

earlier investigators had obtained too low vplv'.ss.  The present 

sample of CdTe was of highly crystalline appearance and might 

even be a single crystal, whilst' the workers who obtained the 

lower value stated that their sample had the appearance of a 
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sintered material.  The lower density of such a material  can be 

accepted as a likely cause of the lower thermal conductivity. 

In this connection attention might be drawn to a statement 

22 by Harman, Cahn and Logan  when presenting their measurement3 -i 

thermal conductivity which utilized the Peltier effect ana w.iioh 

were made on samples of Bi Te*,, "Measured thermal conductivity 
2  3 

values have been  as high as those reported by Satterth«vaite and 

Ure and as low as those reported by Goldsmid.  It is believed 

that these are real variations from ingot to irgot, which may be 

due to temperature, convecting stirring or mechanical variations 

during the recrystal1ization process." 

"here seems to be little doubt that the thermal conductivity 

of many semiconductors varies considerably from sample to sample, 

and that meny of the differences evident in Table 3 and Figure 2? 

arise from this cause. 

For the samples of the semiconductor materials for which no 

previous thermal conductivity values were located the thermal 

comparator measurements indicated the following values:- AglnSe 

2 
0.005,   Cu;MTe0   0.032_   and   ZnSnAs„   0.08l_   Jcm/cm   sec"degC. 

<=• J 2 j 

These values should be correct to within 10 ptr cent. 

Further work proposed •: 

The attempt to design a direct reading ITc.vni of the thermal 

comparator that is less dependent on load a.nC   surface finish will 

be continued.  Further vork will also be directed to studies in- 

volving the use of the thermal comparator at temperatures other 

than normal.  Given a suitable range of standards of known 
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thermal conductivity, the method should prove well suited for 

measurements at both low and high temperatures.  As already in- 

dicated, the shortening of the test time that has resulted from 

the introduction of the direct reading form of the thermal com- 

parator, should result in considerable less trouble from radiation 

when measurements at high temperature are attempted.  The best 

form for measurements at high terttperature will probably comprize 

two probus of platinum alloy, or other non oxidizable material, 

each similarly equipped with a thermojunction at or near the 

point of contact, these being connected differentially and the 

probes being so mounted that the loss of heat by radiation and 

conduction from each is small and approximately the same, whilst 

one probe can be brought into contact with the test material in 

the usual way.  The differential emf at the time of contact 

should be a function of the thermal conductivity of the test 

material, whilst the design should minimize the influence of 

other factors on this reading. 

Conclusions 

An improved form of thermal comparator has been developed 

giving a direct reading within a very short time of contact being 

made, which has been shovn to be a function of the thermal con- 

ductivity of the contacted material.  The method has been applied 

to metals, refractory ceramics, glasses and to semiconductor 

materials comprising a wide range of thermal conductivities. 

For materials of not too high a thermal conductivy and when sur- 

faces of comparable surface finish are available the method 
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allows thermal conductivities to be measured to an accuracy of 

two per cent or so, indeed to an accuracy that often compares 

well v^ith the conventional methods. 

At present the method is not independent of load and of 

surface finish and is likely to give too high values on soft 

materials and too low values on materials having a relatively 

poor surface finish. 

The dependence of  ne reading on sample size has been shown 

to be much less than that of the two-ball form of the thermal 

comparator.  This has allowed the method to be applied to a range 

of materials of moderately low conductivity and of small size. 

The two main advantages of the present form over the t\\ro- 

ball thermal comparator are the shortening of the test time and 

the smaller size of test sample needed. 

These advantages are likely to make the present form of the 

thermal comparator a much more suitable device for measurements 

at other than normal temperature in particular at high temper- 

atures . 

Whilst at present the direct reading form of the thermal 

comparator has only been used for tests on solid materials, the 

above advantages should also make it a more desirable form for 

thermal conductivity measurements on liquids.  The reduction in 

time will allow less opportunity for convection currents to be 

set up, whilst the smaller sample will be more quickly brought 

to the required initial temperature and will be an asset for 

liquids only available in limited quantities. 
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In the particular instance of semiconductor materials it 

would appear that the thermal conductivity is often likely to 

vary from sample to sample.  It is for just such materials that 

a test method is required i.'hich can re vdily be applied, 

initially to samples resulting from variations in the production 

technique, and subsequently to the material as produced by the 

optimum production method, rather than to a specially prepared 

te'st specimen.  The direct reading thermal comparator method that 

has been described, with its simplicity, its speed and its adapt- 

ability to almost any specimen form, seems well suited for this 

purpose. 
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G2.'  MICROWAVE HALL MOBILITY IN GERMANIUM* 

by 

./ Y. Nishina  and G. C. Danielson 
Institute for Atomic Research and Department of Physics 

Iov/a State University, Ames, Iowa 

i 

ABSTRACT 

Hall mobilities of germanium single crystals have been , 
measured at a frequency of 9000 lie over the temperature range 
30 -' 300°K.  The rectangular sample was placed on the wall of a 
rectangular cavity which was doubly degenerate in the TE _  mode 

and in the TE_,, mode at a sinele resonance microwave freouency. Oil ö J 

Measurements on n - type germanium were in quantitative agreement 
with the theoretical analysis by liu, Nishina, and Good.  Measure- 
ments on p - type germanium were more difficult to interpret and 
quantitative discrepancies between the microwave Kail mobility 
and the corresponding dc Hall mobility were found.  The magnetic 
field dependence of the microwave Hall mobility in p - type 
germanium was in qualitative agreement with the analysis of dc 
measurements by Ivillardson, Karrru.n, and Beer. 

The measurement of mobility at microwave frequencies has 

been made by means of a rectangular cavity which was doubly 

degenerate in the TE    mode and TE    mode at a single 

resonance microwave frequency.  The theoretical analysis of the 

apparatus has been reported by Liu, Nishina, and Good  and the 

experimental method has been described in detail by Nishina and 

2 .;■•<■. 

Danielson.   Measurements of the Hall mobility at microwave 

frequencies were compared with the dc Hall mobility between 30 

*This work was performed in the Ames Laboratory of the U. S. 
Atomic Energy Commission. 

Present address:  National Magnet Laboratory, Massachusetts 
Institute of Technology, Cambridge 39» Massachusetts. 
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and 300°K.  For n - type germanium the;agreement was excellent, 

but for p - type germanium quantitative discrepancies were found. 

•5 
Recently, N. Watanabe  has also measured the Kail effect in 

n - type and p - type germanium at microwave frequencies.  He 

used a double mode cavity, but cylindrical rather than rectan- 

gular in shape.  He also found excellent agreement between the 

Hall mobility at microwave frequencies ar.c the dc Hall mobility 

for n - type germanium, but found some, discrepancies for p - type 

germanium.  He assumed acoustical mode scattering betxs'een room 

temperature rnd 1G0°X, and considered both light and heavy holes. 

It is clear that further work on the microwave measurement 

of Hall mobility is desirable.  At lower temper?tures one will 

have predominantly impurity scattering rather than acoustical 

mode scattering.  The importance of the energy dependence of the 

relaxation time, rs discussed in detail by V,Tatanabe, can then be 

examined. 

With sufficiently low temperatures :nd high frequencies, the 

dependence of mobility upon frequency should be observable.  In 

the research program at Iowa State University it is planned to 

increase the frequency from 10 Gc to ICO Gc and to lower the 

temperature from 20 to 1°K.  Both n - type anc. p - type semi- 

conductors will be studied. 
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C3.  ELECTRICAL RESISTIVITY MEASUREMENTS AT LOW TEMPERATURES 

by 

";      R. V. Colvin end S. Arajs 
Edgar C. Dain Laboratory for Fundamental Research 
U. S. Steel Corporation, Monroeville, Pennsylvania 

Originally it was intended that this paper would be 

(primarily on the electrical resistivity measurements that have 

been made on the rare earth metals below room temperature.  In 

view of the nature of the conference and the interests of the 

people thit ere   attending it would seem more appropriate to 

stress the equipment and use the results obtained with it as an 

illustration of what can be done with such equipment. 

Our recent measurements on uranium and chromium are perhaps 

more interesting and for this reason we are including a couple 

of figures showing these results. 

In the first figure you see a scale drawing of the heat-leak 

chamber we use to obtain sample temperatures between 1.3°K about 

^00°K.  You will note that the sample chamber is mace of high 

conductivity copper and is wrapped over its length with a heater 

and is equipped with carbon and copper sensing elements . 

In the next figure you see the heat-leak chamber in the 

cryostat filled with liquid N  or He.  The sample holder which 

is not shown is essentially an insulated flat piece of copper 

attached to a stainless steel tube.  Current and potential leads 

are spot welded to the sample which is clamped against the copper. 

A thermocouple is glued to the center of the sample.  Thermal 

.:' 
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contact between the sample chamber and the sample is obtained by 

pumping out the chamber and filling with helium gas to a pressure 

between 1mm end ICO microns.  The sample temperature is controlled 

by the amount of heat supplied to a heater wound on the sample 

chamber.  Since a vacuum is maintained around the outside of the 

sample chamber, a constant temperature may be obtained by supply- 

ing heat equal to the conduction losses along the stainless steel 

and the radiation losses to the bath.  The copper or carbon 

resistor is in one arm of a bridge circuit, with the input of a 

Brown Servo Amplifier connected at the null detector position. 

This amplifier controls a helipot v:ith its servo motor.  An 

extern.-lly programable power supply connected to this helipot 

supplies power to the heater.  One thus obtains temperature con- 

trol of the sample chamber.  It is also possible to control tem- 

perature on an on-off basis with another servo motor equipped 

with an arm that operates a switch. 

Since it is useful to change sample temperatures as quickly 

as possible, automatic switching apparatus has been incorporated 

so that it is possible to heat the sample chamber ruickly to a 

preselected temperature, cool to the desired temperature, cycle 

on-off to stabilize and then switch to proportional control with 

the servo mechanism positioned properly to begin control.  The 

reverse mode of control is also possible for measurements made 
* 

with decreasing temperatures. 

The measurements are made by the standard potentiometer 

method.  Voltage drops on the sample are measured with a micro- 

volt potentiometer and sample current is measured with a Rubicon 
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type B.  A current controller, heavy copper reversing switches, 

saturated standard cells in a thermostated box and a temperature 

controlled laboratory area contribute a great deal to the pre- 

cision of the measurements. 

Thermocouple emf's are measured with a Diessel horst 

potentiometer which will measure to .1 micro-volt. 

We have a number of figures (fig. 3-5) on some of the work 

we have done that illustrates the results one can obtain. 

Anomolous behavior is seen in all of these resistivity curves. 

Other physical properties have been measured on these elements 

and they also indicate anomolous behavior in the same temperature 

region as does the electrical resistivity.  For those of you who 

may be interested in seeing some of the published work on this 

work we suggest the following. 

Electrical Resistivity of the Heavy Rare Earths 
Fhys. Rev., 120, 741-745 (I960). 

Electrical Resistivity of La, Pr, Nd, and Sm 
Phys. Rev., 121, 1637-1639 (l96l). 

Initial Study of Electrical Resistivity of a Chromium 
Single Crystal 

J. Less Common Metals, 4, 46-51 (1962). 
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Dl.  THE THEORY CF ELECTRICAL AND THERMAL CONDUCTIVITY OF SOLIDS 

by 

P. G . Klemens 
Westinghouse Research Laboratories 

Pittsburgh 35, Pennsylvania 

It is clearly impossible to give a comprehensive review of 
electrical end thermal conduction in solids within the time 
allocated to me.  Let me stress a few random points, keeping to 
the foundations of the theory, and speak of a recent development. 

I.  Lattice Thermal Conductivity 

Some of the points which will be made here are also of 

relevance for the electronic conduction properties. 

The basis of the transport theory is the theory of equilib- 

rium properties.  It would be natural to describe the vibration 

of the atoms in terms of motion of single atoms about their 

equilibrium sites, but since the motion of neighboring atops is 

coupled, this is not a good description.  Instead, one represents 

the atomic vibrations as a superposition of lattice waves.  In a 

perfectly regular crystal with harmonic interatomic forces and 

without boundaries, these waves rre normal modes, i.e,, the 

energy residing in each wave or normal mode is a constant of 

motion.  In order to treat equilibrium properties it is usually 

assumed that these waves are only approximately normal modes, 

that there is e   slow interchange of energy among them (due to 

anharmonicities, lattice defects, boundary irregularities), and 

then one invokes a principle of extreme randomness to get an 
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equilibrium distribution of energy, as in all applications of 

statistical mechanics.  It is unnecessary to specify the nature . 

or strength of this energy interchange^-this does not affect the 

equilibrium properties.  We need Rnovj only the lattice wave 

spectrum--the number of normal modes in a given frequency interval. 

As soon as we consider transport phenomena, we require (l) 

all the information needed to understand the equilibrium 

XJroperties, and (2) an exact knowledge of how energy is inter- 

changed among the normal modes, and in, particular how fast this 

interaction restores a non-equilibrium situation to equilibrium. 

Since our theoretical knowledge of the second point (the 

interaction rate) is so very crude and approximate, it is usually 

not considered worth vhile to include into the transport theory 

any refinement relating to (1) --thus instead of using the true 

lattice wave spectrum one usually uses the Debye spectrum.  This 

is somewhat inadequate, but one usually makes worse approximations 

in calculating interaction rates. 

Both in the equilibrium and the noneruilibrium theory one 

must do two things: (l) treat the energy of each normal .rode as 

quantized,   i.e., made up of discrete quanta or phonons of 

energy H n. ; (2) consider the discretness or atomicity of the 

lattice .  These two refinements of the theory are entirely 

distinct:  one can forget about quantization only at high tem- 

peratures, but one can replace the discrete lattice by an elastic 

continuum only for long waves, i.e., only at low temperatures. 

See Table I. 
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TABLE I 

Range of Valic'iity of Theories of Lattice Vibrations 

■ Continuum Discrete Lattice 

Classical Sound and Ultrasonics High Temperatures 

Q-Mechanical Low Temperatures Completely Valid 

To calculate the conductivity, we set up a Boltzmann 

.equation which balances the rate of change of energy (or number 

of phonons) in a given mode due to interactions x^ith other modes, 

against the change due to a temperature gradient.  The rate of 

change due to interactions (disregarding fluctuations) must of 

.course vanish if all modes are excited to their equilibrium 

value (this being the condition for equilibrium), so that a 

steady rate of change, to counteract the effect of the temper- 

ature gradient, reouires a steady deviation from equilibrium, 

which is anisotropic .  This anisotropic distribution carries, a 

heat current, proportional to the temperature gradient, and the 

solution.of the Boltzmann equation thus defines the thermal con- 

ductivity. 

Formally, one can show that the thermal conductivity tensor 

is. given by    ,    ... 

E S  v . v . 7 
Aid - 3.     2.     * J 3. 

(1) 

where the summation is over all modes (specified by a wave- 

vector £ and the polarization) v., v. are the components of the 

group velocity, S , the specific heat of a normal mode, anxl T the 
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relaxation time.  The relaxation time is defined as follows. 

Consider the steady-state nonequilibrium distribution under the 

influence of a temperature gradient*, and let the perturbing 

temperature gradient be suddenly switched off.  The distribution 

will then revert to equilibrium'.  If E is the energy in ä normal 

mode, E  its eauiiibriurr. value, then X is defined in terms of 
o        ' :;'.:'•.  ••. ;■■'. 

the initial rate of E, i.e., 

dE/dt = (E -2)/7r (2) o . . 

It is thus always possible to speak of a relaxation time; how- 

ever, in cases when dE/dt depends not only on E of the mode con- 

sidered, but also on the value of E of all other normal modes, 

which in turn depends on the solution of the Boltzmann equation, 

it may be necessary to solve an integral equation to deduce ~. 

In that case "fc has only a formal significance, but in many, 

cases it is a good approximation to calculate Tas if all other 

modes were at equilibrium, making the relaxation time a 

practical concept . -  • .• . 

The crux of tne problem is, of course, the calculation 

of dE/dt for various interactions (defects, anharmonic. inter- 

actions, etc.).  All calculations that have been done to date 

have one common feature:  they are based on perturbation theory. 

In other words, one assumes an almost perfect crystal.**.,- We 

*or the electron distribution in the presence of an electric 
field in the case of1 electric, conduction.    .-•..;,.- 

'Another case which can be, treated is: the scattering of long 
waves in glass.  Here one assumes a perfect elastic continuum, 
with small local fluctuations of the elastic constants super- 
imposed, which in turn are again treated by perturbation theory 
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I 

I 

simply do not have the means to treat strong disturbances, 

though in practice it is often found that the range of validity 

of the perturbation theory seems to extend further than one Would 

have expected on purely theoretical grounds. 

Thus one considers a small local fluctuation in density, 

elastic properties, or the corresponding atomic quantities.  A 

lattice wave passing this disturbance will give rise to secondary 

waves in all directions, and thus loose energy.  When calculating 

the radiation by secondary waves, one assumes that the wave-form 

at the disturbed region is unaffected by the perturbation (Born 

approximation). 

In this way one can calculate the scattering of lattice 

waves by any static perturbation.  In practice such calculations 

have been performed with reasonable certainty only in the case of 

single atoms whose mass differs from the mean mass (isotope or 

quasi-isotope scattering).  Cases where the disturbance of the 

lattice extends over several sites (such as wrong linkage forces, 

distortion effects) ere not only more difficult to calculate, 

because one must take account of spatial interference effects, 

but the basic parameters that would be needed in a proper theory 

are not as well known.  Thus if we put a K ion into NaCl we know 

the mass difference between K and Na quite well, but we have 

little information about the radial distortion introduced 

because of a difference in ionic radii. 

However, there are cases when we know the strain field of an 

extended imperfection (for example we know the strain field 

around a dislocation except for its velue near the dislocation 
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core), and provided \re   can resolve such extended imperfections 

into Fourier components, we can handle the problem of spatial 

interference. 

However, the- scattering by a strain field involves the - 

concept of anhsrmonicities.  If a crystal is strained, all 

elastic properties are slightly altered, such that 

v = v (1+X--)  :■ .. (2') 
o   ' 

where v is an elastic constant, v  its value in the unstrained '  o 

crystal, £.   the strain,^ an anharmonicity coefficient.  The above 

definition applies only to a homogeneous strain, end the 

appropriate coefficient J'   for homogeneous strain can be deduced 

from properties such as thermal expansion and higher order 

elastic constants.  Now a homogeneous strain does not scatter 

phonons, because it does not destroy the regularity of the 

lattice.  Scattering arises from inhomogeneous strains, such as 

due to lattice defects or thermal fluctuations.  At this point 

the difficulty arises that one must try to deduce the anharmonic 

effects of an inhomogeneous strain by extrapolation from the 

observed effects of a homogeneous strain, but such extrapolation 

procedures, although plausible, are by no means unique, unless 

we can make use of a detailed model of interatomic forces. 

Therefore we cannot calculate the scattering of phonons by 

inhomogeneous strain fields v.'ith confidence. 

A clear example of this difficulty is provided by the low 

temperature thermal resistance due to dislocations.  This 

resistance, which can be identified by its temperature depend- 

ence, has been correlated in some cases with dislocation 
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densities determined by other means (stored energy, etch pit 

counts, electron micrographs), and the scattering cross-section 

has been compared with theory.  In all cases one found the cross- 

sections substantially larger than the theoretical values. 

Whether this is due to our inadequate knowledge of the 

anharmonicites, or due to special arrangements of the dis- 

locations and consequent reinforcement of their strain fields, is 

still an open question. 

Now let us consider the anharmonic scattering of lattice 

waves due to thermal fluctuations, which is usually the major 

source of resistance at ordinary and high temperatures.  The 

simplest approach would be to consider thermal fluctuations in 

density (or other strains), treat them as if they were static 

perturbations, and calculate the scattering of lattice waves. 

This was the original approach of Debye, who first treated this 

problem.  Note that the atomic nature ol the solid must be con- 

sidered, for every unit cell is treated independently of every 

other unit cell.  At low temperatures, where the thermal motion, 

is mainly due to lattice waves, and the motion of neighboring 

atoms is correlated, this is certainly not correct, but at high 

temperatures it is, in fact, not a bad approximation. 

The proper theory, as developed by Peierls, is much more 

elaborate.  The thermal fluctuations are not static:  they arise 

to lattice waves, so that it is appropriate to treat the scatter- 

irg process as an interaction between lattice waves.  Cubic 

anharmonicities, in the lowest order perturbation theory, are 

treated as the sum of interaction processes, each process 
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involving three lattice waves.  Only certain ^riplet.s. of lattice 

waves can interact :  if   and and C[ are the frequency and wave- 

vector of a lattice wave, interactions are allowed only if two 

conservation conditions are fulfilled, i.e.,    . %. 

a>+ *j*   ■«,■>' ., ,       (3) 

q + q« = q" + b .. (t) 

where b is an inverse lattice vector of the crystal, including 

the special case b = 0.  Processes for which b = 0 are normal 

processes (N-processes), other processes are called Umklapp 

processes (U-processes). 

Since N-processes conserve a constant of motion of the 

lattice waves (or phonon gas), namely the total "momentum" of 

the phonons, they can never, by themselves, obliterate an 

anisotropy in the phonon distribution.  Thus they are ineffective, 

or have only a secondary effect, in producing thermal resistance. 

Their role depends entirely on the nature of the processes which 

obliterate phonon momentum.  Finding the effective relaxation 

time in the presence of N-processes is quite a complicated 

problem, which has not yet been properly solved in general.  : 

N-processes are particularly important when phonon-scattering by 

point defects is a significant resistive process.  On the other 

hand, they can be disregarded when calculating the high temper- 

ature resistance due to U-processes. 

Cne can show fairly generally that the thermal resistance 

varies as T at sufficiently high temperature, and one can deter- 

mine which are the relevant parameters determining its magnitude. 

? • ■ ■' .       ■-..•», 



173 

Thus the intrinsic thermal conductivity at high temperature is 

of the form z£>■"■•;  - . ./■    ■ - 

X "- AMa03/T. .-.,      ,      . -; (5) 

where A is the numerical constant,,M the mean.atomic mass, a the 

interatomic distance, 9 the Debye temperature. 

The calculation of A. is however extremely difficult, 

involving a knowledge of the anharmoniclties, and more imp "tant- 

ly, a summation over all U-process-es .  A rough estimate has been 

given by Leibfried and Schloemann.  Clearly A decreases as the 

crystal structure becomes more, complex (i.e., as the number of 

zone boundaries increases).  So far it has not been possible to 

calculate the effect of crystal structure on A. 

Phus'one may as well have used the original Debye theory 

to calculate high temperature conductivities.  However, one 
i -1 

should remember that this theory makes some, assumptions, behind 

which are hidden some difficulties which can only be resolved by 

the full theory.  Furthermore, the proper theory goes over 

smoothly into the case of low temperatures, where the Debye 

theory fails.    ■■'■•■■ •.. ■ , 

We may thus summarize the theory of lattice thermal con- 

ductivity in the following way.  In principle it gives us a good 

insight into the processes of thermal resistivity, and a qual- 

itative understanding of . the temperature dependences and the 

influence of imperfections and, to a limited extent, of the 

atomic" properties of the crystal.. With the exception of the 

resistance due to some of the simpler imperfections, it fails to 

give quantitative results except in the most approximate manner. 



action, in which an electron emits or absorbs a phonon, and 

changes its energy and momentum. 

Again we have N-processes and U-processes in this inter- 

I 
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II.  Electron Conduction Properties    ; 

Even though the theory of the electronic conduction 

properties is very different from that of the lattice thermal 

conductivity, many of the general conclusions still apply.  The 

free electron picture, which at best can apply only to the 

monovalent metals, is the customary basis of discussion, although 

some qualitative conclusions of the theory turn out to be 

independent of the detailed band structure.  Again, one considers 

the scattering of the carriers—this time the electrons--by 

static imperfections and by thermal fluctuations.  Elastic 

scattering by static imperfections is a temperature-independent 

mechanism.  Scattering due to thermal fluctuations is temper- 

ature dependent, and at high temperatures, where the motion of 

atoms can be simply described by treating each atom as an 

independent oscillator, it is easily seen that the mean square 

value of the thermal strain varies as T, so that the electrical 

resistance varies as T.  This is analogous to the high temper- 

ature intrinsic resistance in the case of lattice waves. 

Again, a more sophisticated treatment is needed if the 

entire temperature range is to be covered:  the thermal fluc- 

tuations are expressed in terms of lattice waves, and the 

scattering of electrons by lattice waves is treated as an inter- 

I 
I 
I 
I 

I 
I 

I 
I 

-.;. 

! 

I 
action, i.e., if an electron has energy E and a wave-function 
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I 
I 
I 

I 

I 
I 
I 
I 

of wave-vector k, we have two conditions to satisfy 

E ± ha-' = B( (6) 

k + q = k' ± b (7) 

Again, the scattering probabilities are calculated by- 

perturbation theory, both in the case of scattering by static 

imperfections, and in the case of electron-phonon interactions, 

with the sole exception of the scattering by the shielded 

Coulomb potential of an impurity atom, which has been treated by 

the method of partial waves, a wave-fitting method which is   ^"^ 

superior to the Born approximation. 

Again, when estimating the scattering either due to an 

inhomogeneous strain field or due to a lattice wave, one runs 

into the same difficulty that one had when estimating the 

anharmon-C scattering of phonons, i.e., one must extrapolate the 

effect of these strain fields from the effect of a homogeneous 

strain on the electronic states; this extrapolation goes under 

the name of deformation potential in the literature.  We have 

great difficulty of even estimating a rough magnitude of this 

interaction except in very simple cases.  As an example consider 

the dispute in the literature as to whether the electrical 

resistance increase in deforired metals is to be ascribed mainly 

to dislocations, vacancies, or stacking faults. 

Greatest interest lies in the temperature dependence of the ^ 

intrinsic resistance. We   have a quantitative theory only for a 

spherical Fermi surface and N-processes only.  No quantitative 

estimate has been made so far with any trustworthiness of the 

effect of U-processes (which must be important at high temper- 

atures), and of the effect of the topology of the Fermi surface 
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at low temperatures (which is important even in many monovalent 

metals, and of course most important in the non-monovalent 

metals ) . 

The electronic thermal conductivity is somewhat easier to 

treat.  In many cases it is simply related to the electrical 

conductivity by the Wiede.mann-Franz law,  If the electron gas is 

highly degenerate, this lav/ holds provided scattering is 

essentially elastic, and even if it is inelastic, if it is also 

isotropic.  The only case where it breal'S dovn is the intrinsic 

resistance at low temperatures, though it is possibJ.e to con- 

ceive of some special situations at high temperatures, i.-here 

small departures would occur. 

In conclusion let me briefly discuss a few refinements of 

the theory that have been considered-recently.  One of them is 

the mechanism of inelastic scattering of electrons by impurities 

and other lattice defects.  The impurity potential is modulated 

by the lattice wave with a frequency eoual to the frequency of 

the lattice wave.  As pointed out recently by Koshino, this 

leads, recording to simple perturbation theory, to processes in 

which electrons are scattered at the impurity with the emission 

or absorption of a piionon.  This process should lead to pro- 

nounced deviations from Matthiessen's rule, in particular to a 

strong modification of the terrperature dependent co.-r.ponent of 

the electrical resis-tivity at low temperatures . 

V7hen studying the effect of the strain field in the 

immediate vicinity of a defect, it is no longer adequate to 

suppose that the strain field of a lattice wave is unaffected by 

I 
I 
I 
! 

I 
I 
I 
I 
I 
I 
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the defect, as one supposes in the Born approximation, and one 

must use a more careful analysis.  It turns out that every defect 

has a characteristic freouency ,.(.'.  .  If CX-' is above the continuum 1       i 

of lattice waves, a localized mode is formed.  Due to the 

inelastic scattering mechanism, localized modes can contribute 

to the electrical resistance. P-t   Wes tinghous e, D. H. iJamon has 

recently observed indications of this resistance mechanism above 

room temperature in the Au-Zn alloy. 

If H". falls in the continuum, no local modes are formed, 

but the local strain for all modes .- >^-: is enhanced.  This is 

because the defect vibrates out of phase with the applied 

lattice wave when executing forced vibration? above its resonance 

frequency.  The enhancement of the local strain above the 

resonance frequency ought to be apparent in an appropriate 

irregularity of the temperature dependence of the electrical 

resistance in alloys such as Cu-Pt.  This has not yet been put 

to an experimental test.  However, there are other properties 

which are very sensitive to the locrl strain around defects 

(optical absorption in solids involving phonons, spin-lattice 

relaxation).  J. G. Castle and D. W. Feldman at Westinghouse 

have indeed seen the effect of the enhanced strain forwv u..~. 

in spin-lattice relaxation, and it seems very likely that this 

behavior will be observed in the effect of appropriate defects 

on conduction properties. 



!. l 
.   ...     !-|     . !'    .       '.. 

::•       ■        . 

■■[■■■■:■. i  i '"■■ '     ■   '•' 

El    MEED CÜNüUCTIüM,JW SßHICütiDUCTiMS . 

R.  K.  Willardson,  Bell and Howell Research Center 
Pasadena,   California 

Abstract 

Studies of transport phenomena in semiconductors are often restricted to cases 
involving extrinsic conduction by carriers with a single effective mass.  In 
many materials, mixed conduction must be considered, because of the contribu- 
tions oy carriers of several quite different effective masses and mobilities. 
Light and heavy holes occur as the result of ?. degenerate valence band. Elec- 
trons in different minima of the conduction band can' have quite different ef- 
fective masses, and the relativ- concentrations of light and heavy electrons 
will almost always be temperature-dependent, .it high temperatures conduction 
involving both light and he vy electrons a 3 well as light and heavy holes 
has been ooserved in GaSb and Gans.  The temperature and magnetic field de- 
pendence of galvanomagnetic effects are used to evaluate the relative contribu- 
tions of the various carriers present in mixed' conduction. 

INTRODUCTION 

! 

! 

I 
! 

I 
I 

In semiconductors, two types of current carriers are present in variable 

proportions;  (1) electrons having energies in the conduction band which act 

as negative carriers; and (2) vacant states or holes in the valence band 

which act as positive carriers.  At low temperatures, impurities will be the 

source of the carriers which will be eith'er electrons or holes depending on 

the impurities involved.  In this the extrinsic range the concentration of 

the second type of carrier will be negligible» At high temperatures intrinsic 

conduction consisting of nearly equal numbers of both electrons and holes 

results from the thermal excitation of electrons from the valence to the 

conduction band. 

I 
I 
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Because of the detailed structure of the valence and conduction bands in 

semiconductors, electrons and holes with quite different effective masses and 

mobilities can exist simultaneously and contribute to the electronic transport. 

Figure 1 shows the band structure of GaAs in the vicinity of the valence and 

conduction band edges. Theoretical calculations and infrared absorption ex- 

periments indicate a triple degeneracy in the valence band of most Group IV 

and III-V compound semiconductors. Thus, the valence band has several branches. 

These are commonly referred to as the heavy mass, the light mass, and the 

Split-off valence bands.  Since the density of states in the valence band having 

the larger effective mass is much greater, these holes will always be present 

in the largest concentrations and will usually predominate in the conductivity. 

However, the carriers with the lower effective mss have a much higher mobility 

and can predominate in transport phenomena where carrier mobility is important, 

particularly in the weak-magnetic-field Hall effect where a carrier's contri- 

bution is proportional to the square of the carrier mobility. 

Since the heavy mass and light mass bands have maxima occurring at the 

same energy, little or no variation in the ratio of the numbers of light mass 

to heavy mass holes would be expected as a function of temperature. 

A contribution of the split-off valence band to electronic transport in 

any semiconductor has yet to be observed. 

Evidence that the valence bands in GaAs were similar to those of 

germanium waG furnished by the free-hole absorption measurements of Braun- 

(1) 
stein  , These experiments yielded a value of the spin-orbit splitting of 

0.33 ev, as well as ratios of the effective masses in the heavy mass, light 

mass, and split-off bands. 

(1). R. Braunsteii;, J. Phys. Chem. Solids 8, 280 (1959) 
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(2) 
Ehrenreich   has discussed the band structure of GaAs and other III-V 

compounds in detail. 

Of particular interest in GaAs is the structure of the conduction band. 

At low temperatures the [OOO] minimum in the conduction band is predominant. 

The effective mass of electrons is about 0.07 m0, and this results in the 

electrons having an unusually high mooility for a semiconductor with an energy 

band-gap of 1.53 ev. However, at higher temperatures a second conduction band 

minimum with a density-of-states effective mass slightly greater than 1 is 

predominant, and GaAs becomes a semiconductor in which the mobilities of the 

heavy nass electrons, as well as the light and heavy mass holes, approximate 

those in silicon» 

Host of the dt-tails regarding the band structure of semiconductors have 

evolved during the past 10 years and apparently we still have much to learn. 

In the sections which follow the transport properties of a numoer of semi- 

conductors will be discussed in terms of the rel tive contributions of the 

various carriers. Effects of vrrped energy surfaces, carrier lifetime, and 

impurity scattering are considered. 

THE äüGNEflC FIELD DEPENDENCE 

OF THE HALL COEFFICIENT CROSSOVER 

When an electric current flows in a semiconductor, electrons and holes 

move in opposite directions. The application of a magnetic field tends to de- 

flect the oppositely moving and oppositely charged carriers in the same direc- 

tion. A counteracting electric field is set up by the initial movement of 

(2). H. Ehrenreich, J. Appl. Phys. 2£,   2155 (1961) 
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charge.  In the steady state, equal numbers of electrons and holes will flow 

in the direction of the magnetic deflection as required by the condition that 

the net transverse current be zero in accordance with the principle of charge 

conservation. 

Since the force exerted oy  the magnetic fi Id is proportional to the 

product of the electric current and the magnetic field, and the electric 

current depends on both the number of free carriers and their mobility; the 

presence of ever, a feu light 'ass, high-mobility carriers o .n be significant. 

This is particularly hrue  ac lo" magnetic fields where the contribution re- 

quired for the counteracting electric field is proportional to the  square of 

tiie carrier mobility. However, at large magnetic fields the carrier mobility 

is no longer important and the transverse electric or Hall field is determined 

only by the number of carriers. 

The dashed line in x^igjre 2 shows the magnetic field dependence of the 

temperature for which the ILll coefficient is zero for a semiconductor similar 

(3) 
to germanium but which contains no light mass holes.    Since, in germanium 

the mobility of electrons is great-; than that of the holes by a factor of 

C)/Uy   the crossovi r temper tare should increase with increasing magnetic field. 

As the magnetic field increases, the relative efi'ect of the higher-mobility 

electrons deerea:;es and it requires more of them to balance the current of the 

holes.  The experimental data shown for p—type germanium shows the effect of 

a few percent of light mass holes which have a mobility a little over 3 times 

greater than that of the electrons. Tabulated values for the basic parameters 
(3) 

shown in Figure 2 are given in Table I. 

(3). R. K. Uillardson, T. C. Harman, and A. C. Beer, Phys.' Rev.', 96, 1512 (1954) 
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Taole I.  Tabulated Values of 3asic Parameters 

Temperature 
% 

cm^/volt 

°K -3 
cm 

4.23xl013 

nx/r2 n/n2 

0.0187 

sec ^%2° 0/0 
^3 ^2 

205 0 4500  _ 7.5 

296.7 
~      13 

5.08x10 0.170 0.02 1900 2.2 8.0 

297.7 
13 

5.16x10 0.184 0.02 1895 2.2 8.0 

307.2 6.30xl013 0.335 0.0200 1755 2.25 8.0 

310.1 6.30x1013 0.386 0.0208 1710 2.25 3.0 

312.5 7.29xl013 0.427 0.0206 1685 2.25 3.0 

3H.8 7.81x10 3 0.468 0.0214 1655 2.25 3.0 

A similar experiment with GaAs should prove most valuable. Here two 

regions would be of i itere t;  the first " region around room temperature 

where the light nass electrons of the [000] minira would predominate; and a 

curve simil r to the dashed line in figure 2 would be observed.  If the ex- 

periment were p rformed very carefully, it should be possible to obtain an 

interesting set of experimental curves of the Hall coefficient crossover 

versus magnetic field as the temperature is increased and the number of light 

mass, high-mobility electrons decreases.  The interpretation of such data 

should prove to be a challenge, pa ticularly if samples of GaAs can be 

ootained in which the magnitude of the diffusion currents depend on the 

recombination velocity at the surface and en tne lifetime. 

The subsidiary conduction band minima in GaSo lies only 0.08 ev. above 
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(4) 
the [OOO] minimum    and the valence bands appear to be like those in 

(5) 
germanium. 

Hence, the effect of the heavy mass electrons become important at much 

lover temperatures than in GaAs.  Also, since the band gap in GaSb is only 

0.81 ev. which is about the same as germanium or roughly half that in GaAs, 

intrinsic conduction occurs at lower temperatures and it is easier to control 

the crossover temperature of the Hall coefficient. 

Again, in the case of GaS'o, a careful stud/ of the Hall coefficient 

crossover should prove rewarding.  The major difficult- is getting -aterial 

of reasonable purity, since most GaSb is p-type with a carrier concentration 

of 1 to 2xl017/cm3. 

INFLUENCE OF CARRLH LIFETIME AND SURFACii CONDITIONS 

Whenever transport phenomena involving conduction by both electron and 

holes are considered, the possibility of carrier concentration gradients, 

giving rise to diffusion currents, must be considered. The usual Hall effect 

equations apply only if the concentration of carriers is undisturbed.  In the 

presence of a magnetic field the holes and electrons are swept to the same 

side of the semiconductor.  This establishes a gradient of carrier concentra- 

tions and jives rise to diffusion currents across the sample. The magnitude 

of these diffusion currents depends on the recombination velocity at the 

surface and on the lifetime of the excess carriers in the interior. 

U). A. 3agar, Phys. Rev. 117, 101 (i960) 

(5). W. M. Becker, A. K. Ramdas, and H. Y. Fan, J. Appl. Phy3. s]2, 2094 (1961) 
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The import, nca of correctl; sp cifying the surface conditions of semi- 

conductors used in studies of galvanomagnetie effects was pointed out a long 

time a.^o by Fowlyr 'who discussed the extreme case of infinite carrier life- 

time. Equation 1 gives the relationship for the Hall CD efficient which is 

appropriate for the ca.;e of zero lifetime in which any desired rate of genera- 

tion or recomoinatio ; can he maintained without an appreciable change in the 

carrier concentration. This restriction upon the validity of t .is relation- 

ship is not usually explicitly stated. 

2 
r "0- b n (zero lifetime) (l) 

R - -e- (p+bn)*- 

The relationship for infinite lifetime is given in Equation 2. 

R = £ ,■ .p~'w I ^        (infinite lifetime) (2) 
e (p+on)(p+n; 

When the concentration of electrons or holes greatly exceeds that of the 

other, Equations 1 and 2 become identical. The distinction becomes important 

in the intrinsic region a 3 is shown for an n-type sample of germanium in 

Figure 3.  In p-type mat rial, of particular importance is the point at which 

the H: 11 coefficient is zero and thi.- is quite different in the two cases. 

The temperature at which the Hall coefficient r=v rsal occurs will be influ- 

enced by the lifetime of excess carriers in the particular samoie measured. 
(7) 

Landauer and Swanson   showed that it was possible to determine the lifetimes 

of the excess carriers on the basis of Hall effect experiments.  They derived, 

the Hail coefficient for the general case in which neither the sulk lifetime! 

nor the surface recombination velocity are assumed to have an extra value. 

(6). R. H. Fowler, Statistical Mechanics (University Press, Cambridge, 

1936), 2nd ed. 

(7) R. Landauer and J. Swanson, Phys. Rev. 91, 555 (1953). 
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(8) 
Hunter et al   used the expressions derived by Landauer and Swanson to deter** 

mine lifetimes of excess carriers in germanium, and from the data shown in 

Figure 3 they obtain a surface r3combination velocity of 370 cm/sec. This 

value is to be compared to the value of 450 cm/sec obtained by conventional 

methods. They concl ded that this method permits the measurement of lifetimes 

of excess carriers in germanium as low as 0.1 microseconds, and that changes 

in lifetime of the order of 0.01 microseconds could be detected. 

Of course, since this work was done in ir 53> it was not realized that 

the light •ass holes uere making a significant contribution to the Hall 

coefficient measurements.  They did, however, use the experimentally deter- 

mined ratio of drift to Hall hole mobility which made an .miazirigly appropriate 

first-order correction.  .Juch experiments should be r?  'eated usir.Lj the higher- 

purity germanium which is available today - nd making the calculations using 

the preSent-day knowledge of the jand structure in g;r--anium, Similar experi- 

ments on GaAs and GaSo would b instructive.  /gain, as • ^ntiened in the last 

section, twe temper ;ure regions would be of in merest;  fxrst, the region 

ne; r room tempera üuri  where the light rmss electrons would be predominant; 

and, a region appreciably a'oove room temperatur- where the electrons xn  the 

higher minima of the conduction band would contribute sigi ificantly.  hhile 

the l-fetime of the carriers in GaAs have be-.n low because of the relatively 

impure material available for tnese experiments, the higher purity OIAS which 

which will soon be avail oie should make sue. interesting experiments practical. 

((8).  L. P. Hunter, ^.  J. Huioregtse, and R. L. Anderson, Phys. Rev. 91, 

1315 (1953) 
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GaAs AT HIGH TEMPERATURES 

The two conduction band minima in GaAs result in a mixed conduction 

above room temperature involving electrons of light and heavy effective 

masses. This type of mixed conduction in extrinsic semiconductors results 

in a maximum in the Hall coefficient at high temperatures. Figure L,  is a 

plot cf the fractional change ii Hi 11 coeffici nt against the reciprocal of 

temperature in the temperatur ranr,- where this increase becomes noticeable 

for three n-type GaAs samples of v/idely different carrier concentrations.  It 

is possible to estim te separ* tion of the conduction band minima from this 

temperature d pendence oC the Hall coefficient. Using the data shown in 
(9) 

Figure U,   Auk rman and '.'illardson   calculated an activation energy Ae = 

0.38 + 0.02 ev. They assumed that the ratio of the hole mobilities in the 

two bands was 10 and was independent of temperature between 500 and 1500 K, 

The ratio of the effective masses was taken to be 0.04. At 5C0°K the concen» 

tration of electrons in the upper minimum is approximately 2% of that in the 

lower minimum; at about 900°K concentrations of electron.-^ in the two minima 

are equal, out even at the melting point of GaAs the conductivity in the 

lower minima still predominates because of the much larger mobility of the 

low -■ass electrons. 

WHRPED VALEHCE BANDS AND iiKED 3CüTTL,RING 

The magnetic field dependence of the Hall coefficient is strikingly 

affected by the charge-carrier scattering mechanisms and by the band 

structure. The effect of degenerate valence bands on the Hall coefficient 

(9).  L. W. Aukerman and R. K. Willardson, J. Appl. Phyj. 3_1, 939 (i960) 
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as a function of magnetic field in germanium has been studied by Beer and 
(10) 

IJillardson   and some of the results are shown in Figure 5. 

Three points are significant:  (l) The 25 to 35%  decrease in the Hall 

coefficient with increasing magnetic field is caused by the decrease in the 

mooüity squared contribution of the fast holes to the Hall coefficient; 

(2) At liquid nitrogen temperatures impurity scattering is very important, 

even in the highest-purity germanium and raunt be considered in th calcula-w 

tions; and (3) The warping of the heavy mass valence band is responsible 

for the small maxima that occur between 5000 and 15,000 gauss.  Calculations 

vcre made using the mixed scattering by  acoustic-phonons and ionized impuri- 

ties as well as a single warped heavy mass band. 

In Figure 5 agreement of theoretical predictions and experimental values 

are e^iquantitative, but it appears likely that values of the mixed scatter- 

ing parameter p  exist which can oring the curves into a better coincidence. 

There is good agreement aetween the theoretical and experi -ental curves with 

re.pect oo the slope in the region of rapid change with field :nd also in 

the shape of the minimum ?.nd maximum in the case of speci'an 2-C.  The promi- 

neice of the maximum depends on the amount of impurity scattering. Magneto- 

resistance calculations using the same para~eters as those shown in Figure 5 

al~o provided a good approximation to the experimental data. 

Similar calculations for high-purity p-type silicon are compared with 

(11) 
experi -ental data in Figure 6.     Here a prominent maximum is observed.  In 

accordance with theory the magnitude of the maximum increases with additional 

(10). A. C. Beer and R. K. Willardson, Phys. Rev. 110, 1286 (1958) 

(11). Ft. K. Willardson, J. Appl. Phys. JO, 1158 (1959) 
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impurity scattering introduced by irradiation with Co   Q rays.  It should 

be mentioned that the germanium-like behavior for the Hall coefficient factor 

Ry/R^ as a function of magnetic field occurs only in the highest purity 

silicon. 

In ordinary- silicon no  initial decrease  is observed,  only a maximum simi- 
(12) 

lar to those shown for AlSb in Figure 7. This behavior for silicon with 

appreciable  impurity conte.it is  in agreement with the  theoretical curves 

shown in Figure 7.     There  se rrs   bo be  little question out that with appropriate 

parameters  ehe  theoretical _>nd experimental curves  in Figure 6 could be brought 

into at least  seniqur.ntitative  agreement.     However,   the  choice of appropriate 

mixed  scattering and varped  band parameters  is  rather  critical. 

The  similar behavior of the Hall  coefficient factor in silicon,   AlSb, 

■^nd diamond is  in accordance with a gener. 1 pattern in which the ratio of the 

mobilities  for the  light aid hervy holes  incre-ses with decreasing band-gap. 

The explanation of  this  is  tnet  Tor lover mobility ratios  the mobility-squared 

contribution at low magnetic fields  is nor.  significant. 

POUR LATTICE SCATT^itliJG 

In germanium and silicon the major scattering mechanisms are acoustical 

mode lattice  scattering and ionized impurity scattering.     Of the scattering 

mechanisms  that det rmine  the  transport properties  in  III-V compounds at room 

temperature and above,   the most important is  the polar interaction.    However, 

there are few cases in which ionized impurity scattering can be neglected. 

In addition,  wlrn reasonably large  concentrations of electrons are present in 

(12).    A.   C.  Beer,   J.  Phys.   Chem.   Solids 8,   507  (1959). 
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(13) 
the semiconductor these polar interactions are screened. 

Fortunately, at large magnetic fields the simple expression given in 

Equation 3 is still applicable. 

R = " yr±- ev n. 
L  x 

i 

(3) 

Much valuable inform tion can be obtained from the magnetic field depend- 

ence of the Hall coefficient in polar semiconductors. Both experimental data 

and theoretical calculations in thi; area have been  badly neglected. This 

has led to a nu"b r of erroneous conclusions in utilizing experimental weak 

field Hall data. 

In polar ceniconductors at high temperatures a tine of relaxation exists 

1/2 
and is proportion 1 to E   and R can be expressed as: 

R   =  -45TT _1 =   _ 14Q4 
o     128 ne       ne ($«D U) 

;u) 
is the nondegenerate unit. Following Delves    the collision operator de- 

(15) 
rived oy  Howarth and Sondheimer    was used and the Boltzmann transport 

equation wa integrated directly to give the re >ults in Figure 8 for 

2 0 > T > O/2 and 5 > H > -2.   )\ is the reduced Fermi level and 

$ = V h/Tc where V is the frequency of the longitudinal optical mode. Values 

for O/T are indicated for a number of III-V compounds,  oince GaAs has an 

effective mass of about 0.07, carrier concentrations less than 6 x 10 

will result in h being less than -2 or nondegenerate conditions at room 

temperature and aoove. On the otth r hand, electron concentrations greater 

than 6 x 10  will result in r^ being positive at 77 K and below. 

(13). H. Ehrinraich, J. Phys. Chem. Solids 8, 130 (1959) 

(14), R. T. Delve , Proc. Phys. Soc. (London) 73., 572 (1959) 

CIS). D. J. Howart.i and £. H. xmdheimer, Proc. Roy Soc. (London) 

280 (1960) 
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The Hall coefficient factor r provides a po.>sijle explanation for the 

Hall mobilities in GaAs which may be higher at room temperature and lower at 

77 K for specimens with carrier concentrations on  the order of 10 /cm than 

for cases in which the carrier concentration is about 10 vcm . Thus, in one 

sample the degeneracy is significant and the Hall coefficient factor is rela- 

tively constant or decreasing with decreasing temperature, while for low 

carrier concentrations the valu; of r increases appreciably with decreasing 

temperature.  Of course, impurity scattering should be included in such calcu- 

lations before a quantitative explanation can be considered. Experimental 

evidence that the Hall coefficient factor r is significant is shown in Figure 

9(16). Here, for a sample containing 1.5 x 10  carriers/cm^ at 300 K, de- 

creases of as much as 15% for the Hall coefficient are shown as the magnetic 

field is increased. The use of higher magnetic fields and samples of high 

purity will contribute further to the verification of theoretical predictions. 

The theoretical curves shown in Figure 9 were calculated for the case of mixed 

impurity and acoustical mode lattice scattering.  The comparison of experi- 

mental data with the theory is iood, but this is probably only because impurity 

scattering is predominate. 

The magnetic field dependence of the Hall coefficient factor is shown in 

Figure 10 for the care of a nor.degenerate polar semiconductor at a temperature 

9/3.  The calculations are those of Lewis and Sondheimer(l7). The quantity 

C(Z) = z3/2el/2sKl (i/2Z)/(e2-l) 

and ft  = Hr^/ne is a dimensionless parameter proportional to H. The factor 

C(Z)£ is proportional to H and independent of Z. At the temperature ©/3, 

(16). R. K. l/illardson and J. J. Duga, Proc. Phys. Soc. (London) 7J>, 280 (i960) 

(17). B. F. Lewis and jj, H. .ondheimer, Proc. Roy. Soc. (London) A227 241 

(1955) 
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C(z) is 0.34. and ß   is very nearly [xH. 

Figure 11 (18) shows the Hall coefficient as a function of magnetic field 

for a sample on n-type InSb at 77°K which is approximately ö/3. Using a value 

of 435,000 cm2/volt sec for Vio/ne, a value of I.48 for C(Z) ß   corresponds to 

1000 gauss. It should be noted then that the decrease in Hall coefficient 

shown in Figure 11 occurred at the magnetic fields predicted by the theoretical 

curve of Figure 10. However, the magnitude of the change was only half that 

predicted, probably because impurity scattering is important and was not used 

in the calculations. The use of the actual mobility rather than the lattice 

mobility made the fir;:t-order correction for impurity scattering in the magnetic 

field comparison. 

The magnetic field dependence of the Hall coefficient in p-type InSb is 

shown in Figure 12.  Like germanium at large fields the Hall coefficient de- 

creases to about one-half of the ueak magnetic field value. Champness (19) 

assumed a relaxation-time independent of energy and spherical energy surfaces 

to calculate light hole mobilities of 35,000 to 60,000 in InSb at 77°K. He 

concluded that these values were too low and that ionized impurity scattering 

mu.t be considered.  It appears likely the t the light hole mobility in InSb 

at 77°K is over 200,000 cm /volt se : and thai, it may even be over 1,000,000 

cm /volt sec and approach that of the electrons.  In any event, the magnetic 

field at which the decrease in Hall coefficient occurs continues to be a 

measure of the number of defects in the In ,b. 

Calculations of the light hole mobility in InSb using mixed ionized im- 

purity and op deal mode lattice scattering with the appropriate warping of 

the valence band remains a challenge. 

(18). A. C. Beer, J. Appl. Phys. ^2, 2107 (1961) 

(19). C. H. Champness, Phys. Rev. Letters 1, 439 (1958) 
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SUMMARY 

Both theoretical calculations and experimental data are lacking in 

several regions where such studies should be rewarding: 

1. The Hall coefficient crossover in polar semiconductors where both 

light and heavy electrons and holes contribute to the conduction. 

2. The intrinsic or Hall coefficient crossovsr region where the effect 

of carrier lifetime and surface conditions are important for semi- 

conductors with both light and heavy electrons and holes. 

3. The effects of temperature (9/T) on the Hall coefficient in polar 

semiconductors for various degrees of degeneracy and for ionized 

impurity and other scattering mechanisms. 

U.      A determination of the light hole mooilities in InSb, GaSb, AlSb, 

InAs, ähP, GaAs, aid Gap. 

5. Further studies of Group IV semiconductors, particularly high-purity 

silicon. 

6. More detailed studies of ™ixed conduction in other compound semi- 

conductors and on the understanding of the Hall coefficient factor 

in such materials. 
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Figure 2   Hall coefficient crossover temperatures in p-type germanium as a function 

of magnetic field (after R. K. Willardson, T. C. Harman, and A. C. Beer^3)), 
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HALL COEFFICIENT      (CM5/COULOMB) 

I 
Figure 3   The Hall coefficient as a function of temperature for a sample of n-type 

germanium with lapped and etched surfaces (after L. P. Hunter, E. J. 
Huibregtse, and R. L. Anderson^")). 
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Figure 9    The magnetic field dependence of the Hall coefficient in GaAs (after 

R. K. Willardson and J. J. Djga(16)). 
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E2.  SEMICONDUCTING PROPERTIES OF Hg.  Cd Te' &x-x  x 

by 

M. D. Blue and P. W. Kruse 
Honeywell Research Center, Hopkins, Minnesota 

Abstract 

Hg   Cd Te is a semiconductor having an energy gap approxi- 

mately linearly dependent upon x, ranging from 1.45 eV for CdTe 

to 0.02 eV for HgTe1. 

Optical measurements including transmittance, photoconduc- 
tivity, the photovoltaic effect, and the PEM effect, are being 
employed to determine the dependence of the optical gap upon 
composition, found by chemical analysis. 

Hall and resistivity measurements are made between 4.2 and 
295°K as functions of magnetic induction.  Because of the large 
hole to electron mobility ratio, the conductivity and Hall 
coefficient are determined almost entirely by electrons above 
200°K in the HgTe rich region.  A large dependence of Hall 
coefficient upon magnetic field is observed. 

Electrical data for a sample containing 2 per cent CdTe have 
been fitted in the mixed conduction region to a band model with a 
thermal gap of 0.025 eV.  The electrical properties of the same 
sample after conversion from n-type to p-type (by annealing in 
Hg vapor) have also been measured.  Estimates of electron-hole 
and optical mode scattering indicate these processes may limit 
the mobility of electrons above room temperature. 

Introduction 

HgTe and CdTe are semiconductors with the cubic zincblende 

structure.  The lattice parameter is essentially constant (0.3 

per cent variation) in this system , and the compounds form solid 

solutions at all compositions .  The energy gap varies approxi- 

mately linearly with composition from a value of 1.45 eV for 

*Work performed under Contract AF 33(6l6)-7901 with the Air 
Force Systems Command. 
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CdTev to about 0.02 eV for HgTe .  The interesting electrical 

and optical properties of these alloys have been only partially 

discussed in the literature.  In this brief review, we shall 

emphasize the electrical properties of the HgTe rich alloys. 

Optical Properties 

Measurements of photoconductive response and optical trans- 

mittance are used to determine the relationship of the optical 

energy gap to alloy composition.  A Perkin-Elmer Model 112 single 

beam dual pass spectrometer employing a NaCl prism is being 

utilized over the spectral interval from 2 to 15 |A. 

If we assume for the present that the energy gaps are given 

approximately by the point on the transmittance curves which is 

one per cent of the maxima found at long wavelengths, the 

relationship between energy gap and composition shown in Fig. 1 

is obtained.  The slope in this region is greater than the linear 

interpolation given by the solid line. 

Because of the large carrier concentrations in these 

materials, photo-signals are often of thermal rather than photon 

origin, although the photo-conductive response on one alloy has 

been measured to beyond 15 H .  The spectral response and the 

absorption edge of these alloys is temperature dependent .  The 

temperature dependence of the gap for various compositions is 

shown in Fig. 2, including the result for CdTe as reported by 

Bube5. 

Galvanomagnetic Properties 

The general dependence of the Hall coefficient and resis- 

tivity upon magnetic induction and temperature found in the HgTe 
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rich alloys is shown in Fig. 3.  The small field Hall 

coefficients exhibit a negative maximum below room temperature. 

At higher magnetic fields, the Hall coefficient passes through 

zero to positive values at low temperatures. 

This behavior, typical of many samples, parallels that found 

in InSb.  With increasing magnetic induction the temperature of 

the Hall cross-over increases, and resistivity increases.  The 

effects in InSb have been discussed by a number of authors 

Satisfactory agreement may be obtained with a theory wnich 

assumes the carrier relaxation time to be independent of energy, 

ignores the effect of degeneracy of the electron gas, and neglects 

the non-parabolic nature of the conduction band.  These effects 

are negligible or smaller than experimental error for InSb of 

reasonable purity. 

Although the electrical behavior of the HgCdTe alloys has 

many qualitative similarities to InSb, the simple theory will riot 

fit well our experimental data.  Although the variation of R„ n 

with induction in Fig. 3 may be fitted well in some samples, a 

simultaneous fitting of magnetoresistance data is not possible. 

In addition, two Hall samples measured during the quarter 

exhibited negative Hall coefficients whose magnitudes at ^.2°K 

increased with field.  Such behavior in InSb has been found by 

9 
Bate et al.  to be related to internal p-n junctions. 

An example of the effects of annealing is shown in Figs, k 

and 5.  This specimen, originally p-type, exhibited an n-type 

Hall coefficient after an l8-hour anneal in Hg vapor at 2^0°C. 

I 
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The thermal gap in this sample, estimated from the slope of 

■■•• ■; y     3 
a np/T  plot, is 0.025 eV.  Because of the very large free hole 

density in the p-type sample, the Fermi level may be located by 

10 the relation 

Po = NV(T) F1/2(TI) . (1) 

11 12 The hole mass was chosen to be 0.4 m  by analogy to CdTe  ' 

A non-parabolic conduction band is indicated by experiment 

and by analogy to the III-V compounds.  We have used the k-p 

13 conduction band   with a mass of 0.014 m  to fit the data at room 
o 

temperature. (If a value of m  appropriate to the gap were chosen, 

tiL would be required to be over four times the free electron 

mass.)  This value of m  agrees with the value found by Rodot at 

low temperatures 

Figure 6 shows the variation of the Fermi level over the 

calculated temperature range.  In the p-type sample, the Fermi 
r    r 

level was arbitrarily arrested when it penetrated 2kT into the 

valence band to simulate the effect of the large acceptor density. 

The "n-type" sample is also p-type, with a negative Hall 

coefficient resulting from the high electron mobility. 

Electron Mobility 

Figure 6 shows the Hall mobility of the "n-type" sample, ' . ^ 

the electron mobility calculated to fit to the p-type data o 

Figs. 3 and 4 using the band model described previously.  The 

steep rise at low temperatures (p-type) is required to fit the 

Hall zero, but would not occur if the temperature dependence of 

the gap shown in Fig. 2 were included in the calculation.  The 



209 

increase in room temperature mobility after annealing is due to 

the reduction of impurity scattering.  The higher value of room 

Ik temperature mobility agrees with the results of Rodot   and 

Lawson   for HgTe.  At lower temperatures, mobility is limited 

by impurity scattering.  For the large acceptor concentrations in 

these samples, the Brooks-Herring formula is no longer suitable 

for calculating mobilities.  This difficulty is related to the 

dielectric constant approximation and the degree of ionic 

.   ,.  16,17 bonding 

' 1 fi 
The mobilities for electron-hole   and optical mode polar 

'    scattering   calculated for this alloy are also shown in Fig. 6. 

The optical mode temperature (190°K) and the effective charge for 

scattering (0.08 e ) were calculated from the few measurements 
( ° 12 20 21 

reported for these compounds  '  '  .  The trend of mobility for 

I constant mass is shown by the dotted lines.  The solid lines 

include the effect of the non-parabolic band obtained by weight- 

ing the proper function of the mass of each state by the function 

of electrons in that state.  The combined mobilities agree most 

satisfactorily with experiment in view of the necessary approxima- 

tions and suggest that these mechanisms may limit the mobility at 

room temperature and above in the HgTe rich alloys. 

Summary 

The effects of anneals on the electrical properties and the 

general tendency toward positive Hall coefficients at high 

magnetic fields and low temperatures suggests that deviations 

from stoichiometry are limitations to purity in the HgTe rich 
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region.  Our data indicate a decreasing residual free hole con- 

centration as the CdTe content is increased.  It appears likely 

that with addition of HgTe to CdTe, the maximum melting point of 

the ternary deviates from that of a nearly stoichiometric com- 

position.  The composition at the maximum melting point will 

accommodate increasing concentrations of interstitial tellurium, 

mercury or cadmium atoms on tellurium sites, or mercury or 

cadmium vacancies.  All of these defects should act as acceptors. 

At low temperatures, the high residual free hole concentrations 

shovild result in the formation of an impurity band.  The low 

2 
values of hole mobility found in these alloys (60 cm /volt sec 

in Fig. k) are much lower than the values found in CdTe below 

12 room temperature  .  The excess acceptor concentration can be 

partially reduced by annealing as shown in Figs. k.   and 5«  How- 

ever, the annealed samples still  behave as mixed conductors 

(as in Fig. 3), in agreement with the results found for the 

position of the Fermi level in Fig. 6. 

We shall defer further consideration of such topics as 

optical absorption, material preparation, and band structure. 

However, the preceding discussion will illustrate the complexity 

of the electrical properties of the alloys and their inter- 

relation with the thermochemical properties. 
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E3.  DYE-SENSITIZED PHOTOCONDUCTIVITY OF ZINC-OXIDE FILMS* 

by 

L. I. Grossweiner and S. J. Dudkowski 
Department of Physics 

Illinois Institute of Technology 

INTRODUCTION 

Electronic piocesses in solids can be sensitized to wave- 

lengths longer than the fundamental absorption of the host 

crystal by the presence of light absorbing additives,,either on 

the surface or in the bulk.  Putseiko and Terenin  have reported 

the sensitization of zinc oxide photoconductivity by adsorbed 

eosin dye.  This paper reports the current progress of a further 

investigation of the kinetics end mechanism of this process on 

zinc oxide thin films.  The results are interpreted by an 

elementary model which is consistent with the qualitative 

knowledge of photoprocesses in pure zinc oxide and eosin films. 

EXPERIMENTAL DETAILS 

Zinc oxide films in the form of 1.3 cm diameter discs were 

prepared by evaporating zinc (spectroscopic grade, Jarrell-Ash 

Co.) on flat glass plates which had been flashed with copper to 

improve adhesion.  The zinc films were heated in air to produce 

ZnO and then two gold electrodes were evaporated on each film 

near the circumference.  The film thickness was estimated as 800 

to 1000 A by evaporating silver over a representative film and 

*Work supported by the U. S. Atomic Energy Commission. 
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its glass substrate and measuring the step height with two-beam 

interferometry.  Eosin (National Aniline, C.I. No. 768) was 

adsorbed on the zinc oxide film by heating the film to 600°K at 

10   mm Hg for 12 hours, cooling, and admitting an air-free 

ethanolic solution of the dye.  Excess dye was removed from the 

electrode area.  The surface conductivity of the zinc oxide film 

was investigated, where one face of the film was on the glass 

substrate and the other was partially covered with adsorbed dye. 

A 30-watt tungsten filament lamp with a Corning C.S, No. . 

4-64 filter was the irradiation source for the eosin layer 

(eosin light), and an Osram HBO 109 mercury-arc lamp with a 

Corning C.S. No. 7-39 filter was the irradiation source for the       . 

zinc oxide layer (zinc oxide light).  Current measurements were 

made with a General Radio Type 1230-A D.C. electrometer.  A 45 

volt battery was used with a 10,000 ohm load resistor.  The 

_5 
samples were contained in a holder which was evacuated to 10 

I 
mm Hg and which could be maintained from 80°K to 400°K. 

RESULTS 

Fig. 1 shows the optical absorption spectra of undyed (a)       i 

and eosin-dyed (b) zinc oxide films measured at 80CK.  The 

visible bands of the dyed film at 500 and 530 m\x   are close to 

the maxima obtained in dilute ethanolic solutions at 495 and r 

532 m(i.  The shorter wavelength band has been associated with 

dimer molecules and the longer wavelength band with monomer 

molecules .  The spike near 380 m(i on the undyed film is absent 

on the dyed film, suggesting that it is a surface effect, 

I 
I 
I 
l 
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possibly a perturbation of the zinc oxide fundamental absorption 

by the surface, i.e. it is related to the alpha bands of alkali 

3 
halide crystals . 

Fig. 1(c) shows the excitation of photoconductivity at 300°K 

as measured with narrow-band filters.  Maximum photoconductivity 

occurs on the eosin monomer band and on the zinc oxide absorption 

edge, where eosin is almost transparent.  Fig. 2 shows that the 

sensitized photoeffect increases monotonically with temperature, 

in contrast to the "fast" effect in zinc oxide films where there 

is a slow increase from 80 to about 300°K and a rapid increase at 

higher temperatures .  The dark conductivity of the dyed film is 

also shown; the numerical values have been matched at 373°K to 
xhe 

indicate that the temperature dependence of/dark and sensitized 

photoconductivity is the same above 273°K. 

Fig. 3 shows consecutive build-up and decay cycles of the 

sensitized photo-effect.  Although the dark conduction increased 

slightly after each irradiation with eosin light, the net change 

was constant within the experimental error.  The dependence of 

the sensitized process on dark current was further investigated 

by exposing the films to prior zinc oxide-light irradiation, 

which induced a temporary increase in dark current that persisted 

for many hours.  It was found that the magnitude of the  sensi- 

tized  photoeffect is independent of the dark current for changes 

in the latter by a factor of 5.  The "fast" photoconductivity in 

pure zinc oxide films varies with the two-thirds power of the 

dark current . 
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The sensitized photoeffect varies with a constant power of 

the eosin-light intensity, between 0.kb   and 0.52 for different 

runs (Fig. k).  By contrast, the "fast" photoeffect in zinc 

oxide films varies with approximately the one-third power of the 

light intei.sity, where the specific relationship depends on the 

light intensity and dark current .  Fig. 5 shows the dependence 

of the total photocurrent on zinc oxide-light intensity for 

different constant eosin-light intensities.  At high eosin-light 

intensities, the total photocurrent is almost independent of the 

zinc oxide-light intensity. 

The build-up and decay processes shown on Fig. 3 were inves- 

tigated as a function of temperature, dark current, and light 

intensity.  Fig. 6 shows that the build-up at 300°K is an 

exponential function of time after an initial rapid rise, and 

that the first-order rate constant is independent of light inten- 

sity.  Fig. 7 shows that the decay at 300°K is exponential in 

time after an initial rapid fall, and that the first-order rate 

constant is independent of the initial steady-state value. 

Table I shows that the half-time for decay is independent of 

dark current, as modified by prior zinc oxide-l^ght irradiations, 

but that the half-time for build-up increases with decreasing 

dark current.  Table II shows the build-up and decay half-times 

at different temperatures.  (The dark current for this data was 

from 1 to 3 |~Lamps, accounting for the considerably longer half- 

times compared to Table I.)  Surprisingly, the rates of build-up 

and decay are substantially independent of temperature.  For the 

"fast" process in zinc oxide films, the initial slope of the 

I 

! 

I 

i 
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Table I.  Dependence of Build-up and decay half-time on dark 
current. 

Dark Current Half-time for       Half-time for 
(p.amp) Build-up( sec) Decay(sec) 

3.8                        57 48 

6.1                        34 60 

11.4                     32 40 

52                                                              15 45 

71                                                              14 30 

97                                                              13 42 

Table   II.      Dependence   of   build-up   and   decay   half-time   on 
temperature. 

Temperature   Half-time   for   Build-up(sec)   Half-time   for   Decay(sec) 
(°K) Run   1 

368 221 

296 175 

275 190 

200 230 

86 142 

Run 2 Run 1 Run 2 Run 3 

234 67 56 48 

142 '4 1 66 59 

155 47 53 35 

202 19 42 51 

86 28 20 27 
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build-up curves vary approximately with the first power of the 

dark current  and accurately wi th the first power of the light 

intensity .  However, Fig. 8 shows that the initial slope for the 

sensitized photoeffect varies with the one-half power of the 

eosin-light intensity and approximately the four-thirds power of 

the dark current. 

DISCUSSION 

The sensitized photoeffect differs considerably from the 

"slow" and "fast" processes in pure zinc oxide films, partic- 

ularly in the dependence on temperature, dark current, and light 

intensity.  In fact, the data of Fig. 5 shows that the two 

processes are competitive in a dyed film, because at high eosin- 

light intensities the total photocurrent no longer increases with 

increasing zinc oxide-light intensity.  The kinetics are char- 

acterized by a first-order build-up and decay and a one-half 

power dependence of the steady-state photocurrent on eosin-light 

intensity.  This indicates that the sensitization of photo- 

conduction is a two-step process: a light-induced generation of 

carriers with a fast second-order decay r.nd a slower capture of 

7 
carriers which enhances the zinc oxide conductivity.  Nelson 

has shown that erythrosin is a p-type photoconductor and since 

eosin has the same structure except that the iodine atoms are 

replaced by bromine atoms, we shall assume that hole conductivity 

predominates in eosin.  To explain the one-half power dependence 

on light intensity, it is assumed that the holes generated by 

light absorption in the eosin layer recombine with trapped 
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D + light D  + p , 

D  + p ^ D. 

It is necessary to explain how holes generated in the dye 

layer can increase the electrical conductivity of the ZnO layer. 

We postulate that the holes which migrate into the zinc oxide 

layer are captured at interstitial Zn  , converting them to Zn  , 

and enhancing the zinc oxide conduction electron lifetime.  This 
p 

mechanism was first proposed by Mollwo  to explain the photo- 

effect in zinc oxide films, but has been superseded by other 

6 9 models based on the results of field effect measurements ' . 

However, hole-capture by Zn  is consistent with the assumption 

of p-type conductivity in eosin and with the temperature depend- 

ence of the sensitized photoeffect, which appears to be an 

enhancement of the dark conduction. 

A simple volume-kinetic analysis gives results in agreement 

with the observed rate equations.  The current is assumed to be 

given by: 

i = A(Zn+)  + (B - A) (Zn++) , 
o ' 

where (Zn ) and (Zn  ) are the interstitial ion concentrations, 

the subscript refers to dark conditions, and B>A.  The extent 

of sensitization is controlled by hole-capture and release: 

k' 
Zn  + p '  Zn 

—k—7 
k2 

The rate equations are given by the solutions to: 

d(Zn++)/dt   + k2(I/V1/2   +   k2 (Zn++)   -k2(I/k1)1/2(Zn+)o   =  0, 
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where it has been assumed that the rate of hole generation in 

the eosin layer is photostationary.  If it is further assumed 

• - 1/2 
that k >> k (I/k,)L/   , then: 

c. 2     X. 

Steady-state i*  = (3-A)(kQ/k')(I/k,)
1/2 (Zn+)  ,  ■   pn 2  2     1 o 

* i 

Build-up     i . = i .  (l - exD-k^t) , 
 &      ph    ph        *  2 

The above equations predict correctly that the initial rate 

of build-up and the steady-state photocurrent vary with the one- 

half power of the light intensity and that the build-up and 

decay are exponential in time.   They are not in good agreement 

with the dark current effects.  There is increasing evidence 

that the "fast" photoeffect in zinc oxide films and crystals 

depends on dark current because of a surface electron-trap 

6 9 + distribution ' .  If this is the case, then (Zn )  is constant 
' o 

for a particular condition of oxygen and eosin adsorption and 

the rate constants for build-up and decay should be identical 

and independent of dark current, which is not in agreement with 

the data of Table I.  However, the non-dependence of the build-up 

and decay rate on temperature indicates that neither process 
1 

is thermally activated and suggests that k  and k_ are not hole- 

capture and release coefficients in the usual sense.  The 

observations indicate that a statical condition occurs, in which 

holes move short distances across the interface under the action 

of illumination and return when the excitation is removed.  Thus, 
1 

k_ and k  could depend on the interfacial space charge layer, 

which in turn varies with the filling of the surface traps. 
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The energetics of sensitization can be shown on a diagram 

based on the two-band model.  For simplicity, the secondary 

influence of adsorbed oxygen on the undyed region of the surface 

potential 
is neglected and it is assumed that no barrier/exists between 

the zinc oxide and eosin layers in the dark.  Fig. 9 shows the 

energy level scheme based on this model.  The eosin band gap 

(2.3 ev) is taken from the absorption maximum of the dyed film 

and the photoelectric work function (5.5 ev) is taken as 

approximately the same as erythrosin  .  The photoelectric work 

function of zinc oxide (6.3 ev) is taken from the measurements 

of Wilessow and Terenin   on evacuated powder at room temperature. 

The donor energy level for neutral, interstitial zinc is taken 

12 + 
as 0.05 ev from the work of Hutson  , and the Zn  level is taken 

from the activation energy of 2.3 ev as obtained by Pohl   for 

the high-temperature electrical conductivity of zinc oxide 

crystals in equilibrium with oxygen.  It is interesting to note 

that the eosin valence band lies close to the interstitial Zn 

levels, but this may be coincidental and not essential to the 

model since other dyes can sensitize zinc oxide photoconductivity. 
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Figure 1.     Optical absorption spectra of zinc oxide   (a)  and  eosin-dyed 
zinc oxide   (b) films and the excitation spectrum of photocurrent  (c) as 
measured with narrow-band filters. 
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Figure ^. Build-up of sensitized photoeffect at 300° K as a function of 
eosin-light intensity. 



23;; 

100 

I 
I 
I 

0.5 1.0 1.5 
TIME- MIN 

Figure 7.    Decay of sensitized photoeffect at 300°K, 



236 

INTENSITY   OF "EOSIN   LIGHT"   (ARB.) 
O.OI 0.1 1.0 

IOC r 

1.0 
ü 

\ 
Ö 

LÜ 

< 

< 

t 0.1 

0.01 

T 1—I    I   I  I I I 

0 

SLOPE = 0.51 

I     i I   I i I 11 

i—I—l   I l l I l 

o 

Q, 

J I    I   I  I I I I 
10 

DARK    CURRENT-MO 

100 

Figure 8.    Dependence of initial build-up rate of sensitized photoeffect 
on dark current and eosin-light intensity. 



237 

0 

> 

or 
Lü 

LiJ 

-CONDUCTION   BAND 

(Zn0); 

M 

r<j\ 

0.05 

0 

(Zn+V 

(Zn*); 

FILLED    BAND 

h     ZINC    OXIDE 

CONDUCTION   BAND 

FILLED    BAND 

EOSIN 

Figure 9. Approximate energy level diagram. 



238 

E4.  FIELD ELECTRON EMISSION FROM SEMICONDUCTORS 

W. R. Savage 
Materials Research and Development Laboratory- 

Texas Instruments 
Dallas, Texas 

ABSTRACT 

The phenomenon of high field electron emission consists 

of the tunneling of electrons through the deformed potential 
barrier at the surface.  The thinned barrier results from the 
action of a high electrostatic field at a conductor-vacuum inter- 
face.  For a semiconductor tie field emission current originates 
from both the conduction band, j , and valence band, j .  The 
relative magnitudes of j  and j cdepend on the bulk properties 
and surface condition of the semiconductor.  Stratton has recently- 
revised the theory of field emission from semiconductors.  The 
theory includes corrections for the difference between effective 
and free electron masses with detailed results obtained for spheri- 
cal energy surfaces.  The current arising from tie conduction band 
is proportional to the probability for emission from the Fermi 
level for positive Fermi energies or the bottom of the conduction 
band for negative energies.  Deviations from linearity- in the' 
Fowler-Nordheim graph, lnj  versus 1/F, arise from changes in 
surface potential as a function of external field.  The current 
arising from the valence band is approximately proportional to 
the probability of emission from the too of the valence band and 
is essentially independent of temperature.  Experimentally the 
emission parameters of Fermi energy, surface potential and elec- 
tron affinity plus band gap energy may be varied by selection of 
cathode material, bulk doping levels and surface treatment.  The 
essential features of the theory are qualitatively consistent 
with experimental results. 

Introduction 

When a high electrostatic field is applied to the sur- 

face of a metallic or semiconducting material, electrons are 

emitted through the potential barrier at the surface by the quan- 

tum mechanical tunneling effect.  The experimental observation 
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of field electron emission has been known for almost as long as 

thermionic, photoelectric and secondary electron emission.  Field 

emission certainly occurred in early physical electronic experi- 

ments and was described by V/ood in 1897»   The experimental ob- 

servations of field emission have been difficult and beginning ■ 

with the application of Schottky's theory of field enhanced ther- 
2 mionic emission the theory has generally been in advance of the 

measurements.  The first successful explanation of the field 

emission phenomenon was given by Fowler and ilordheim in 1928. 

The first major advance in experimental technique was the inven- 

tion and development by Müller  of the xield electror emission 

microscope in 1937.  The subject of field emission has been 

reviewed by Good and Müller5 and in an elementary way by Gomer . 

Recently, the theory of field emission frcm semiconductors has 
7 

been described by otratton and a number of experiments have been 

8      9 performed on semiconductors.  Only three authors, Allen , Perryy 

10 and Fischer  , report field emission froir c.ean and smooth 

semiconductor cathodes. 

Theory 

Fowler and Nordheim use the electron gas model of the 

conduction electrons end the effective potential model of the 

metal.  In addition the electrons inside the conductor remain 

essentially at equilibrium although a current is drawn from the 

material.  When N(E )dE is the number of electrons incident per- 
.A.      -A. 

pendicular to the surface with the x-part of their energy within 

dE per second per unit area and D(E ) is the probability of 

passage through the surface potential barrier, the product 
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P(E )dE gives the number in the range dE which emerge per second XX X 

per unit area from the conductor. 

P(Ex)dEx = D(Ex) N(Ex)dEx    . (1) 

The electron c rent emitted per unit area is obtained from 

Eq. 1 as 

0 = ef P(2 )dE  = eT D(E ) N(S )dE     ,        (2) 
1 E      A    A        g      A        Jt    A 
J"x J "x 

where e is the unit electron charge.  The function N(E ) has 

come to be called the supply function and D(E ) the transmission 
-A- 

coefficient.  The supply function is found from the equilibrium 

distribution function and following Jood and I'diller^  is obtained 

by finding the number of electrons per second per unit area 

moving in the x-direction v/ith x-momentum within dp .  The result 
X 

is 

P  f  p   2  do dp dp r -, N J   :  IX     - x Fy ^z     , (3) 
-*>     *o m "3 l + exp  (E- ; )/kT 

where m is the electron mass, h is blank's constant, E is the 

total energy,  P is the chemical potential, k is 3oltzmann's 

constant and T is the absolute temperature.  However, 

p dp = mdE and *x *x     x 

oo  oo    dp dp 
N(E )dE  =  2 dE  r   f  **       W xx  —?      x , ö—2 

h5    J-oo J  ,    / E - V + p^+p \ 
-°° 1+exoj  x 0  L2_l£ 

'.  kT   2mkT / 
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The transmission coefficient is found from the solution to the 

time-independent Schrödinger equation for the motion of a single 

electron in the x-direction.  Figure 1 gives the effective po- 

tential energy diagrams for a metal and a semiconductor.  For 

the metal J is the Fermi energy, 9 the thermionic work function 

-Wa the electron energy at the bottom of the conduction band. 

For the semiconductor c|> is the electron affinity, E is the band 

gap energy, X- i-s the work function, cj> + E is the photoelectric 

work function, E  and E, are the energy levels of acceptor and 

donor surface states.  In Figure 1 the correction to the diagram 

for image potential is omitted. 

In the [1KB  approximation the transmission coefficient 

is 

4 v   (9-Ev)
3/2 ..,evF1/2 (5) 

X   I 
"Ux; = exp  - 3 zv -■  x     vy-^% 

tabulated function  arising from the image force correction, 

1/2 1>  = (€ -l)/(£ +1)   , and €   is the dielectric constant.  For 

a metal the field emission current is given by 

0m - ill exp 
8K ht sp 

n ,„3/2     -1/2  j 
5 K V- v CÄ-)    ,     (6) 

where K = 2m/n , F is the external electrostatic field, v is a 

f 

I 

I 

I 

I 

i 

1 

where t is another tabulated function of the same argument as 

(For details of the derivation, see Sood and I lull er .) 
7 

Following Stratton  the treatment of field electron 

emission will now be outlined.  The requirement of the free 

electron mass model used in obtaining Eq. 6t can be removed by 
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replacing Ex with E(p , p , p )-Ei , where 

E_L- Cp| + P^)/2m (7) 

and E(p , p , p ) gives the momentum dependence of electron x  7       z 
kinetic energy for the semiconductor.  For the conduction band 

the current is given by 

DCE-EJ       .E 
äc  =  e^[      l"  f 1+exp C (E->)A!Pj ai" dPxdVP

Z ' (8) 
J px -°° ^°° 

where c'S/cPp is the velocity of the field emitted electron 

perpendicular to the surface.  ?or spherical energy surfaces, 

where £ depends on the magnitude of the electron momentum, the 

integration can be performed.  For non-spherical energy surfaces 

the maximum value of E depends on the orientation of the ma- 

terial with respect to the surface and the integral must be 

evaluated for a given orientation.  Similarly to Eq. 8 the 

valence band current is given by 

d„ -  e-g-f DY("E,+ g±2 il    dp dp dp,       , (9) ■ _      ^      ^=- v V   u uu     uu     uu 

X 
h? Jl + exp  r-QE +  E    + J   )/VE] ^- 

where the bar indicates the measurement of the quantity with 

respect to the top of the valence band, and D is the penetra- 

tion coefficient with the photoelectric work function substi- 

tuted for 9.  The detailed integration of Eqs. 8 and 9 is 
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n 
discussed by otratton' and only the principal results will be 

summarized here.  The subscript 0 will denote the result of the 

analysis for the free electron mass.  The results apply for a 

field sufficiently high to give appreciable emission and suf- 

ficiently low temperature to have no significant thermionic 

emission. 

.For positive Fermi energy the conduction band emission 

is given by 

e4-7im(kT)' 
'co H,exp 

" 3 K 
3/2 

v ( e F1'2) (10) 

where H, is a slowly varying correction function tabulated by 

Stratton.  For materials where the work function is independent 

of the external field, a plot of In j  vs (1/F) would be a 

straight line and deviations would result primarily from a 

field dependence of work function and not the slow variations 

of H, upon field.  Fields of the order of 5 x 10 volts/cm are 

required for field emission.  For slight negative Fermi energy 

the conduction band emission is given by 

! 

I 

i 

, = e^m(kT)2 H0exp 

h3 
'co 

5/2 

L 
-5K"V v( evF 

1/2 

4; 
■) KT 

(11) 

where HQ is another slowly varying function.  HQ varies even 

more slowly than H, .  If the first term of a series expansion 

of Hn is retained and the relation between Fermi energy and 

electron density n, 
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exp(5/kT)   = n h5//2(2TTmkT)5/2 (12) 

is used, the expression for .i  iB 
CO 

Jco - en (kT/2nm)
1/2 exp i K - 3 K 1 

3/2 
v( e>P 

1/2 

4> (13) 

1/2 2 The quantity n(kT/2n:m) '     electrons/cm sec is the rate at which 

conduction electrons impinge upon the surface from the interior. 

In general, conduction band emission is temperature dependent 

by means of the influence of temperature on the pre-exponential 

factor in Eqs. 10, 11 and 13. 

For field electron emission from the valence band the 

result is 

]v = ^2 0-p "1)exP ! 3 K 
(<H-E )3/2  _lPl/2 

JS. v( ev. 
(|)+j •) 

g 
(14) 

where C  = 2 \'2  m1/2t/hF, Ir     = I-m /m, 
P 

where m is the effective mass of holes taken near the top of 

the valence band.  The valence band emission is temperature 

independent.  The main contributions to the valence band elec- 

tron current come from near the top of the filled band if 

m /m<l.  Otherwise a detailed knowledge of the relation of 
ST 

electron energy on momentum would be required for the valence 

band if m /m is not less than unity.  The corrections to field 
P 7 

emission are detailed elsewhere' and will not be given in 

this brief account. 

i 
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In Figure 1 the effect of surface parameters have "been 

indicated by subscript s and the general effect of surface states 

by the bending of the electron bands at the surface.  When an 

external field is applied to a semiconductor,'the induced charge 
12 15 is located in an extended space charge region  '    or it 

appears in the surface states.  Depending on the bulk parameters 

and the particular-surface states, the reduced Fermi energy at 

the surface, hence, the field emission current, will be a func- 

tion of the external field.  For low fields the surface states 

will hold the surface in its initial condition and a given field 

emission current will he observed.  Then as the field increases 

the surface states will be filled and the bands become strongly 

bent down.  The current should increase more strongly than ex- 

ponentially in this transition region cad a curvature would be 

observed on the In j vs (1/F) plot.  The range of field for 

which this curvature is observed will depend upon the material 

and surface treatment.  ilso, wh3ther conduction band or valence 

band emission or a combination of both is observed depends upon 

the bulk parameters of a material. 

experimental 

In order to obtain the high fields required for the 

electron emission process, the experimental apparatus consists 

of a fine pointed cathode and a suitable anode arranged in an 

ultra-high vacuum apparatus.  Figure 2 is a drawing of a field 
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electron microscope tube as it is usually constracted of Pyrex 

glass.  The cathode is chemically or electrochemically etched    x 

to about one micron radius and mounted in the tube with pressure 

clamps for semiconductors.  The anode ring serves as a means 

for applying a high voltage to the space near the cathode. 

Usually, voltages of one to ten kV are necessary.  The forward 

glass surface (which may be flat or hemispherical) is made con- 

ducting and is coated with a fluorescent material to permit 

observation of the electron emission from the various crystal 

faces of the cathode point.  The usual ultra-high vacuum pro- 

cedures are used to obtain the required operating pressures of 

-9 less than 10  torr.  The emission patterns are intense enough 

to be photographed.  The physical data required are emitter 

shape, obtained by an independent observation of the cathode 

in a conventional electron microscope, and electrical measure- 

ments of emission current and applied voltage. 

Results 

?ield electron emission has been observed for a num- 

7 ber of elemental and compound semiconductors.  Stratton gives 

a list of references (which will not be repeated in this report) 

to experimental studies of field emission from Cdo, CdSe, VpC, 

MopC, SiC, AlpCU, SiOp, Zn3, Te, Si and Ge.  Additional work 

has been reported on silicon (see Ref. S, 9 and 10) and 

germanium (see Ref. 8).  Also, recent work is reported for 
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compounds CdS ,CdTe ^ and InSb  .  Figure 3 is a reproduction 

of Allen's results for germanium field emission characteristics 

and Figure 4 for silicon.  The experimental results on germanium 

and silicon by Allen, Perry and Fischer do not permit a clear 

interpretation on the role played "by valence and conduction 

band emission.  The best that may be said for the remaining ex- 

perimental work is that the results- are consistent with theory. 

Usually, a linear voltage-current result is obtained and usually 

either conduction or valence band emission will describe the 

transfer characteristics of the tube.  In the case of the photo- 

conductors GdS, Cd3e and CdTe, the effect of enhanced emission 

under the influence of external illumination is established even 

for the contaminated cathode.  Most attempts to measure tempera- 

ture dependence have been crude but most investigators find no 

effect on emission current upon cooling to liquid nitrogen 

temperatures. 

In the future detailed measurements of the tempera- 

ture dependence of field electron emission should be a fruitful 

experiment.  In this way the conduction and valence band 

emission may be separated.  Since the usual voltage-current 

curve depends on an average over all tie exposed crystal faces, 

the effects of crystal anisotropy and local work function could 

be obtained by collecting and measuring emission currents from 

just one crystal plane.  One of the most complex experiments 

and, perhaps, most informative is the measurement of the energy 

distribution of the field emitted electrons.  Preliminary 
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17 results have been published by Zhdan and Elinson ' for the 

energy distribution of field emitted electrons.  Now that 

methods are available for preparing reproducible field emission 

patterns, the major advance will result from experimental re- 

sults directed toward establishing the range of application of 

the theory and the usefulness of the method as a materials 

research tool. 
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PI. (Invited paper) PR0FERTI2S OF NONSTCICHIOMETRIC COMPOUND 
SEMICONDUCTORS 

By 

Wayne V7. Scanlon 
U. S. NAVAL ORDNANCE LABORATORY, WHITE OAK, MARYLAND 

ABSTRACT 

The composition, and hence the electrical properties, of a 

binary compound semiconductor crystal is a function of temper- 

ature and composition of coexisting gaseous or liquid phases. 

The types of composition changes which can occur in a given 

crystal and their dependence upon temperature and time are 

discussed.  Illustrations of equilibrium values of composition 

and effects of composition change on various electrical 

properties of PbS and PbTe are given. 

INTRODUCTION 

One of the important requirements of semiconductor 

materials used in thermoelectric devices is stability of 

electrical properties while under thermal stress.  The materials 

must be able to operate for long periods of time at high tem- 

peratures and large thermal gradients without deterioration of 

electrical characteristics.  In the temperature range under 

consideration the electrical properties of the semiconductors 

are called extrinsic and are determined by the presence of 

various point defects in the pure crystal such as foreign atoms 

in normal lattice sites, lattice vacancies or interstitial atoms 

These imperfections are the source of donor or acceptor energy 
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levels in the band structure of the semiconductor so that their 

kind and concentration control the electrical behav ior *>f the 

semiconductor.  In the case of thermoelectric materials fairly 

high concentrations of donors and acceptors are desired in 

order to optimize the thermoelectric efficiency.  Carrier con- 

19   3 centrations of about 10  /cm  are desired for this purpose. 

In elementary semiconductors, extrinsic carrier concen- 

trations are governed by the addition of suitable concentrations 

of foreign atoms to the crystal structure.  These concentrations 

are generally found to be fairly insensitive to crystal tem- 

perature.  In compound semiconductors there are two independent 

competing processes for adding carriers.  One is by the addition 

of foreign atoms; the other by producing stoichiometric 

deviations in the composition of the crystal.  The latter is a 

thermodynamical property of the crystal and is dependent upon 

the crystal temperature and the composition of liquid or vapor 

phases in contact with the crystal .  Changes in temperature or 

ambient conditions result in internal changes in crystal com- 

position and hence its electrical properties.  The time rates 

of achieving equilibrium are governed by diffusion processes, 

which proceed more rapidly as the crystal temperature is in- 

creased.  Hence at the elevated temperatures at which thermo- 

electric devices operate one may expect changes in the extrinsic 

carrier concentrations due to changes in the stoichiometric 

proportions of the elements in the crystal.  The importance of 

these changes upon the electrical properties of the semiconductor 

2 
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depends upon the nature of its phase diagram.  If the solid 
i 

phase exists over a wide range of composition, stoichiometrie 

deviations could play an important role in the instability of 

the electrical properties.  On the other hand, certain compounds 

have a very narrow range of nonstoichiometric composition and 

therefore might be expected to be stable under thermal stress. 

The purpose of this paper is to discuss the underlying 

principles governing nonstoichiometry of composition in semi- 

conductor compounds and to illustrate the principles with 

experimental studies of the phase relationships and electrical 

properties of a group of semiconducting compounds. 

STOICHTOMETRY IN COMPOUND SEMICONDUCTORS 

The bonding of atoms to form simple gaseous molecules is 

governed by fundamental principles of chemistry, such as the law 

of definite proportions.  The resulting union can be expressed 

in terms of a unique and simple v/hole number of individual atoms . 

The atomic basis for this law is that the composition is governed 

by the number of covalent bonds that can be formed by the com- 

ponent atoms or by the valency of the ions. 

l.'hen the compound condenses to form the solid phase, other 

considerations enter into the problem which may modify the exact 

composition predicted from electronic considerations alone.  In 

the polar and valence crystal lattices the basic structural unit 

is the unit cell rather than the molecule.  The composition of 

the unit cell is governed in addition to valence consideration 

by conditions of atomic packing and balance of charge.  These 
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geometrical and electrical considerations result in a character- 

istic crystal structure associated x/ith the compound. 

In ionic compounds the basic feature in the construction of 

the unit cell is the purely geometrical disposition of a group 

of ions of characteristic radius and charge in a manner which 

has the greatest possible number of opposite charges around a 

given charge consistent with the conditions of electrical 

neutrality.  In valence crystals the demands are more exacting 

because the bonds must satisfy certain orientation conditions as 

well . 

The crystalline phase may incorporate certain lattice 

defects such as rtoms or ions missing from normal sites or 

occupying interstitial positions.  The resulting strain on the 

lattice is compensated by slight movement of neighboring atoms 

or ions and trapping of electrons or holes by the vacancy . 

'■'hen these defects are predominantly of one atom or ion 

species, v.'hich is the usual case, then the composition will 

deviate from the ideal or stoichiometric proportions.  Gen- 

erally, the omission of more than a strall proportion of one 

species from the lattice, much less than Y/o,   distorts and breaks 

up the crystal structure, so that stable compositions usually 

lie close to the ideal chemical formula. 

DEFECTS IN CRYSTALS 

In a binary compound having the formula AB, stoichiometric 

deviations may be incorporated in the lattice in three ways . 

For the case i.'here there is an excess of B atoms in the crystal 
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the three types of nonstoichiometry are illustrated in Fig. (l), 

and are described as follows: 

1. Substitutional:  Extra B atoms replace A atoms on 

lattice sites normally occupied by A atoms. 

2. Subtractive:     B atoms occupy normal B sites, but 

some A sites are vacant. 

3. Interstitial:    Extra B atoms occupy interstitial 

positions . 

In e   real crystal it is possible to idertify the important 

defect type on the basis of certain tests.  In semiconductors 

with substitutional defects the conductivity is p-type vhen 

there is an excess of the cation or positive ion.  The con- 

ductivity is n-type with an excess of the anion.  Cn the other 

hand, with s ibtractive or interstitial defect solids the con- 

ductivity is opposite, being n-type for excess of the cation and 

p-type for excess of the anion. 

A distinction between interstitial and subtractive defect 

solids can sometimes be made on the basis of careful X-ray and 

density measurements.  An increase in density is observed for 

interstitial crystals, whereas a decrease is observed for 

subtractive crystals.  Most nonstoichiometric crystals have 

subtractive or interstitial defects, and only a few incorporate 

the substitutional defects. 

Substitutional crystals are likely to be intermetallic 

compounds in which ion repulsion is weak,  Furthermore, a 

difference of atom valency of unity is desired.  A well known 
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semiconductor of this type is Bi„Te_.  Excess Te resides in 
^3 »   " ;:oc;v 

normally Bi sites resulting in an n-type crystal, while excess 

Bi resides in normally Te sites making the crystal p-type .  The 

Te atom has six valence electrons so that when it takes the 

place of a Bi atom which has a valence of five, the extra 

electron occupies a donor level.  A similar argument applies 

to Bi in Te sites yielding acceptor levels . 

Nonstoichiometric crystals of the subtractive type may be 

of three different types, illustrated in Fig. (2).  Most of the 

semiconductors of interest fall into Group C with conductivity 

being n-type for excess cations and p-type for excess anions. 

lie   shall consider next the magnitude of the deviations 

from stoichiometry and the dependence upon temperature and 

associated phase composition. 

EQUILIBRIUM CONDITIONS FOR DEFECTS IN SOLIDS 

The maximum permitted deviation from the stoichiometric 

proportions in crystals of binary compounds seldom exceeds 

1%,   however there are extreme cases that range as high as 20 

to k0%   in substances like TiO or Cu S down to almost imper- 

ceptible amounts in some of the intermetallic compounds like 

GaSb or InAs .  Some substances, such as FbS or FbTe, tend to 

support larger departures from the ideal formula than covalent 

structure due to the less exacting demands regarding spatial 

orientation of bonds in ionic crystals.  In principle, however, 

all crystals of compounds should show deviations in composition 

at temperatures above absolute zero. 

6 
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In a given crystal, addition or removal of excess atoms or 

ions generally takes place with the gas or liquid phases sur- 

rounding the solid.  The equilibrium concentration of the excess 

atoms in the solid depends upon the temperature and composition 

of the vapor phase or liquid phase contacting the solid.  The 

principle of the phase relationships was established over 30 

years ago by Wagner and Schottky  but only recently it has been 

used effectively to control the composition of binary compound 

semiconductors. 

Let us consider the system composed of a crystal of FbS in 

equilibrium with its vapor, irhich might consist of atoms of Pb 

and S as well as of molecules of PbS and other molecular species 

of Pb and S.  This system has two phases and two components so 

by Gibbs' phase rule it has two degrees of freedom.  By fixing, 

for example, the temperature and pressure of one of the com- 

ponents the equilibrium system is perfectly defined.  The com- 

position of the solid and hence its electrical properties are 

also fixed. 

In applying these principles to a given compound it is 

important first to establish the maximum limits of deviation 

from the stoichiometric composition.  In the case of PbS these 

2 
limits were found experimentally by Bloeni and Kroger  by 

observing the onset of melting in a crystal held at a fixed 

temperature while the partial pressure of sulfur was increased. 

The composition of the crystal at the melting conditions was 

obtained by electrical measurements made on the crystal after 

being quenched rapidly to room temperature. 
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The maximum deviation in composition from the stoichio- 

metric proportions for PbTe was obtained by a different 

technique by Brebrick and /llgaier .  In the equilibrium 

system composed of crystals of FbTe immersed in a Te rich or 

Pb rich liquid surrounded by the vapor phase, the crystals 

assume the maximum departure from  ' oichiornetry corresponding 

to the temperature of the system.  Ln this three phase-two 

component system there is only one degree of freedom.  Thus the 

temperature alone fixes the system.  A curve illustrating the 

limits of composition of PbTe is shown in Fig. (3) •  Here we 

note that the maximum solubility of excess Te is about .012% 

and for Fb it is .005%.   'hile these amounts do not appear to 

be large departures from the stoichiometric formula, they 

result in about 10   to 10   electrons or holes in the con- 

duction band and therefore play a large role in the electrical 

properties of these semiconductors.  Similar limits apply to 

PbS and PbSe.  The maximum melting point for FbTe occurs on the 

Te rich composition, hence the first material to crystalize 

from a near stoichiometric melt  ill possess this composition 

and be p-type.  In the case of FbS the maximum melting point 

mixture lies in the excess Fb composition and is n-type.  For 

FbSe the limits of the compound v;ere established by Brebrick 

and Gubner  and the maximum melting temperature occurs for a 

p-type composition. 

A continuous range of composition exists within the 

maximum limits of solubility of the excess atoms of these 

8 
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compounds.  The crystal composition is established through an 

equilibrium with the gaseous phase at various temperatures that 

can be expressed analytically.  For the compound /.B, the 

reaction equations involved have the form 

g^ s    B 

or 

B ^B +   V, 
g   s    A 

where the suffix g refers to the atom in the gaseous state, 

s when it occupies a lattice site in the crystal, and V. or 

V  is the associated lattice vacancy created by the reaction, 
b 

The lav; of mass rction defines a relationship between the 

concentrations C.  and C,.    _ , , 0 ., A       V_, of A atoms aria E vacancies in the 
s       B 

solid and the pressure F  , of the vapor of A surrounding the 
g 

solid. 

CA  CVR /
PA  = K- s   B    g 

Similarly the Schottky constant is 

CV  CV  = ks 
A   B    S 

The equilibrium constants are fur^tions of Z/fT, where E is an 

activation energy and T is the temperature. 

In experiments on semiconductors, the concentrations 

measured are usually for electrons or hcles obtained from 

values secured by the hall coefficients.  Assumptions must be 

made as to the number of such carriers associated with each 

defect and their ionization energy.  Brebrick  worked out the 

analytical solution for the equilibrium system where each 
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vacancy contributes one electron or hole.  He obtained the 

following expression containing the deviation from  stoich- 

iometry, 6: 

ln(FB/PB
i) = sinh"1(_^ ) + sinh"1 ( ^_) 

2rl 
2Jk~ N s 

where FR is the pressure of the B component of the vapor, 

PR  is the pressure of the B component corresponding to the 

stoichiometric composition, 6 is the concentrction of free 

electrons minus the concentration of holes or (n-p), r. is 
l 

the intrinsic carrier concentrations and k  is the Schottky 
s 

constant. 

Experimental studies of the vapor-solid equilibrium system 

of FbS have been made by Bloem  and Brebrick and Scanlon .  The 

combine»' data is summarized in Fig. (4).  Lines of constant 

composition are indicated as v/ell as the line for the stoi- 

chiometric composition. 

The comparison of the experimental data on PbS with the 

theory shoves that the partial pressure for the stoichiometric 

composition agrees with theory but the curves of non-stoi- 

4 
chiometric composition are in disagreement . 

Studies of the electrical properties of the PbS, FbSe, 

and PbTe crystals at high temperatures are complicated by the 

changing composition of the crystal unless special care is taken 

to adjust suitably the vapor composition at each temperature in 

order to maintain the fixed composition.  The phase diagram 

also shows the equilibrium conditions required to produce any 

10 
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desired crystal composition and hence any desired electrical 

properties x/ithin the limits of solubility of the compound. 

PRECIPITATION EFFECTS IN CRYSTALS 

An examination of the solidus curve for PbTe in Fig. (3) 

reveals regions of retrograde solubility in both the excess Pb 

and excess Te composition regions at temperatures below 700° - 

800°C .  Vithin the retrograde solubility region a crystal 

possessing the maximum excess concentration of cations or anions 

at a given temperature will become supersaturated upon cooling 

to a lower temperature.  The excess ions may be disposed of by 

an internal precipitation process in which ions diffuse from 

normal sites to precipitation centers where they deposit out as 

neutral atoms.  Dislocations in crystals act as centers for 

precipitation. The process is reversible. 

Precipitation is therefore another mechanism which leads to 

lacl< of stability in the electrical properties in crystals since 

it results in thermal changes in the concentration of donor or 

acceptor levels in semiconductors.  The rate of change in the 

concentration of these levels due to precipitation may be 

different from the rate of changes resulting from exchange of 

atoms through the surface to a surrounding liquid or gaseous 

state.  The average distance to an internal precipitation center 

such as a dislocation is much shorter than the average distance 

to the surface.  Hence equilibrium times for the internal 

process might be expected to be less than for the vapor diffusion 

process at the same temperature. 

11 
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Recently I have made a study of precipitation rates in 

7 
PbTe crystals .  P-type PbTe pulled crystals with an initial 

hole concentration corresponding to the maximum solubility of 

Te at 700°C were held at various lower fixed temperatures until 

the composition came to the equilibrium value appropriate for 

the temperature.  Composition changes were monitored by 

observing the rate of change of thermoelectric power.  This data 

was used to evaluate the rate of change in hole concentration 

and hence the precipitation rate.  Similar experiments showed 

that excess Pb may also precipitate in the crystals but at a 

:r.uch lover rate than for Te. 

A   typical precipitation rate curve is shown in Fig. (5) 

for Te in FbTe.  The unprecipi tated fraction is VJ and the time 

is expressed in terms of a reduced time factor  jr which 
s 

normalizes for different diffusion constants D, and radii r 
' s 

of the trapping cylinder around e   dislocation.  The latter 

number is related to the density of dislocations, N, through 

2   1 
7tro  = TT.     Theoretical precipitation curves are drawn for 

comparison with the experimental points. 

The ecmilibrium hole concentrations for PbTe at various 

temperatures are shown in Fig. (6) and the times to reach 95 

of saturation concentration are shown in Fig. (7).  From this 

data an activation energy for precipitation of Te in FbTe is 

found to be 0.88 ev assuming an exponential law governs the 

process.  Also the rate of reaching equilibrium for internal 

precipitation is very fast at the higher temperatures; at 400°C 

12 
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it is about an hour.  By comparison, equilibrium times of the 

order of 1000 hours are required at this temperature for 

diffusion by the vapor process. 

I 

ELECTRON TRANSFORT PROFERTIES 

We have seen hoiir compound semiconductor crystals may change 

their internal composition through changes in their coexisting 

phases, as a result of temperature changes or by internal pre- 

cipitation.  We will now describe how these changes affect the 

transport properties of these materials. 

An experiment v:as designed to demonstrate the influence of 

the gaseous phase of a PbS crystal upon its internal properties. 

An initially n-type crystal of PbS was held in a flow of helium 

in order to carry away the gaseous components and maintain a 

negligibly low partial pressure of these gas components near the 

crystal.  Hall effect and resistivity curves were obtained from 

room temperature up to successively higher temperatures.  The 

data sho^m in Fig. (8) indicate the magnitude of changes in 

electrical properties resulting from the heat treatments.  The 

time required to obtain these curves was about 10 minutes per 

point.  The ultimate composition that would be reached in these 

experiments corresponds to the atability limit for the crystal 

at the maximum temperature selected.  In the experiments just 

described no attempt was made to obtain the equilibrium com- 

position; nevertheless, order of magnitude changes in com- 

position occurred during the course of a single Hall effect or 

resistivity run requiring but a few hours.  Changes occur so 

i 

13 
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rapidly at the highest temperatures that it is difficult to make 

the measurements. 

The effect of internal precipitation of Te on the thermo- 

electric power of p-type FbTe crystals is shown in Fig. (9).  In 

this experiment relatively low temperature effects were studied. 

The crystal was held at various temperatures, ranging from l80°C 

to 3Ö0°C, for sufficient time for the crystal to come into 

I 
equilibrium.  These times ranged respectively from a month to 

two hours .  The thermoelectric curves were then measured as 

quickly as possible.  Extrinsic carrier concentrations, obtained 

from Hall effect measurements, show an order of magnitude change 

in these experiments. 

In n-type PbTe crystals, internal composition changes 

resulting from the precipitation of Pb were also studied. 

Crystals uere held for various times of the order of days at a 

given fixed temperature of 400°C.  Equilibrium was not reached 

in these experiments.  The initial conditions and changes in the 

Hall effect and resistivity of the crystal folloving anneal 

times of 15, 35 -,   and 59 hours ere shown in Fig. (10).  Again 

large changes in crystal composition result from the internal 

precipitation mechanism. 

CONCLUSIONS AND DISCUSSION 

!<7e have discussed two mechanisms by "hich the internal com- 

position of non-stoichiometric compound semiconductors may be 

changed.  One is through the thermodynemic relationships which 

exist betx^een coexisting phases.  The other is by internal 

■ 
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precipitation.  Both of these effects may play a significant 

role in the stability of the electrical properties of compound 

semiconductors.  Changes in electrical properties of an order of 

magnitude are observed in PbS or PbTe.  The larger the range of 

stability of the compound, the more serious these effects become 

if stability is required in a given application of the material. 

In some applications requiring very high carrier concen- 

trations, it may be possible to dissolve foreign impurity atoms 

in sufficient quantity to provide donor or acceptor level con- 

centrations greatly exceeding the ones established by phase 

considerations.  In such cases the electrical properties of the 

crystals might be little influenced by the internal composition 

changes discussed in this paper. 

I 
I 
I 
I 
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POINT   DEFECTS   IN   A   DIATOMIC    CRYSTAL 
SUBSTITUTIONAL SUBTRACTIVE | NTERSTITIAL 
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1.  Types of point defects in a diatomic non-stoichiometric 

crystal. 
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3.  Composition stability limits for PbTe crystals, (R. F. 
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I 

10.  Changes in Hall effect and resistivity in n-type PbTe 

due to precipitation of Pb. 


