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calculated by both methods, however, agree fairly well. Table I
and Fig. 1 show the results at diferent temperatures for the cold
probe method. The straight hnc of Fig. 1, plotted by least, squares,
gives an activation energy of 51,000 calories. This value provides
the follovring tentative diffusion equation which applies within
experimental error -to both arsenic and an.timony,

D~,=Dsb=0.71 exp( —51,000/RT) where 8=1.98 calories.

The writer is indebted to %. Van Roosbroeck for formulations
of Eqs. (1) and (2) and to J. A. Ditzenberger for assistance with
the experimental work.

"Work very similar to that described here has just been reported by
W. C. Dunlap, Jr. fBull. Am. Phys, Soc. 27, No. I, 40 (19S2}].See the ac-
companying Letter by McAfee, Shockley, and Sparks, Phys. Rev. , this issue.

' &eal, Sparks, and Buehler, Phys. Rev. 81, 637 (I9SI).
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Measurement of Di8usion in Semiconductors by
a Capacitance Method

K. B. McAFRH, We SHocKLEv, AND M. SPARKs

Bell Telephone I.eborctories, Murray Hill, Nnu Jersey
(Received February IS, I952)

HOCKLEY' has derived a relationship between the capaci-
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tancc of a P-n junction biased in the reverse direction and
the gradient a of the difference between the concentrations of
donors and acccptors in the transition region. If onc of the
impurities is present uniformly throughout, a junction can be
made by introducing a larger concentration of the opposite
type impurity into one end of the sample. In such a junction a
will be just the gradient of the nonuniform impurity. At high
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FIG, I. Diffusion constants of antimony and arsenic
as a function of temperature.

Because germanium when heated above 500'C tends toward

p-type, all specimens were equilibrated at 500 C for 40 hours

before measurement. Figure 2 shows plots of barrier distance

(cold probe method) against square root of time for arsenic and

antimony diGusions. The linear trend of these plots indicates

that, for thc surface concentrations employed, ideal behavior is

approximated.
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FIG. I. Change in cRpacltance of a p-s junction %Pith heat treRtment,
A dielectric constant of I6 is assumed for germanium.
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Fic. 2. Diffusion distance eersls time for antimony and arsenic.
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The diffusion constants for indium and zine determined by

this same method are 0.9&10 '~ and 2.3&10 '~ cm2 per sec

(775'C), 4.0X10 '~ and 1.0X10 "cm' per sec (845'C), respec-

tively. The activation energies are approximately 50,000 calories

for both elements.

temperatures thc nonuniformly distributed lInpullty wiB disuse
into the material. Measurement of the capacitance of the junction
before and after one or more heat treatments thus determines

the change of the gradient of one impurity. From this and a
knowledge of the llmitlng conccntl'atlons of donols and acccptol's

immediately adjacent to the transition region, a diffusion constant

may be calculated for the nonuniform impurity by solution of

the diRusion cquatlon.
Experiments have been performed vrith single crystals of

germanium in which gallium was the uniformly distributed ac-

ceptor, and arsenic was the nonuniform donor. The capacitance
data for one junction are shown in Fig. 1, and the deduced con-

ccntratlons of these two 1Dlpul'ltlcs ln the rcglon of thc junction

arc shown in Fig. 2. Ten similar junctions were studied at tem-

peratures between 600 and 925'C. Heat treatments werc about

50 hours each. The calculated. diffusion constant for arsenic in


