
PH YSICAL REVIEW, VOLUME 89, NUMBER 5 MARCH l, 19' g

Properties of Theruially Treated Germanium

LEO ESAKI
Kobe Kogyo CorporatiorI„Hyogo-kg, Kobe, Japan

(Received July 28, 1952)

Upon heating a piece of germanium in a vacuum of 10 6 mm Hg, the following results have been obtained,
(1) Below 350'C, the rectification characteristic is improved. Heating the specimen at a temperature
between 400'C and 600'C destroys the rectification, which is not recovered completely when it is heated in
vacuum. However, heating in an oxygen atmosphere leads to a slight recovery of the rectification.

(2) Treatment above 550'C makes the formation of acceptor levels detectable. %ith continued heating
at 500'C for about 48 hours, the specimen returns again to n type similar to the original state. The formation
and disappearance of acceptor levels were followed when the specimen was quenched from a fixe tem-
perature to room temperature. The equilibrium concentration at the heating temperature was determined
to be 3=2.5)&1021 exp( —27 000/ET) cm '.

(3) On the assumption that the acceptor levels produced on the surface disuse into the interior, the data
could be fairly well represented with an estimated dift'usion coefficient: D= 300 exp( —37 000/ET) cm2 sec 1.

(4) The resistivity and Hall coefficient from room temperature to about 200'C have been measured for
several specimens.

I. INTRODUCTION 2. EXPERIMENTAL APPARATUS

For the thermal treatment, a steatite furnace of small
heat capacity of 7)&7)&16 mm' was constructed. A
schematic diagram is shown in Fig. 1(a). Along its
central axis a rectangular hole of 1.5)&4 mm' was
drilled, into which a germanium specimen of 0.76X2.65
&(8 mm', illustrated in Fig. 1(b), was inserted. On both
sides of the specimen four tungsten whiskers, for
measuring the rectification and other electrical proper-
ties, were pressed against the specimen through small
holes marked in Fig. 1(a). Previously the germanium
surface was lapped with 500 mesh carborundum and
etched with a mixture of HF and HNO3 for several
seconds. Then tantalum ribbons of 1)&0.05 mm' were
tightly wound around both ends of the specimen as
nonrectifying electrodes. Both tungsten and tantalum
were chemically inert with germanium over the entire
experimental temperature range. A tantalum heater
wire of 0.2 mm diameter was coiled through many holes
of the furnace body and a thermocouple of Pt —PtRh
was also put into one of those holes.

The assembled furnace was mounted on a stem and
sealed in a tube. A getter chamber. was connected to the
main experimental tube. The whole system was sealed
oG after evacuating carefully and fIashing a batalum
getter. The pressure remained less than j.0 ' mm Hg
throughout the experiment.

The cooling speed of.the furnace could be represented
by the experimental formula, dT/dt= —To/(1+t)',
when the heater current was cut oG. T and t are the
temperature in 'C and time in minutes, respectively,
and To the initial temperature. The change of the
furnace temperature with time is given in Fig. 2.
"Quenching" in the present paper usually means such
cooling.

ECKNTI. Y several investigators have suggested
that quenching' or high energy nucleon bombard-

ment' produce lattice defects which are eGective for
forming acceptor levels in germanium. Theuerer and
ScaG especially studied phenomenologically the thermal
eGect upon the resistivity.

In the present paper, it will be described how the
properties of pure e type single crystalline germanium,
whose concentration of conduction electrons' is 1.88
&(10'4 cm ', is affected by thermal treatment. A small

Ge specimen was quenched or annealed arbitrarily by
adjusting the heater current of a tiny vacuum furnace;
and the rectification characteristic, the resistivity, and
Hall coeScient of the specimen were measured at any
desired temperature.
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FIG. 1. Sketch of the furnace and the specimen.

' K. Lark-Horovitz, NDRC Report, unpublished; H. C.
Theuerer and J. H. Sca8, J. Metals 189, 59 (1951).

2Lark-Horovitz, Bleu)er, Davis, and Tendam, Phys. Rev. 73,
1256 (1948); Davis, Johnson, Lark-Horovitz, and Siegel, Phys.
Rev. 74, 1255 (1948); N. H. Brattain and G, L. Pearson, Phys.
Rev. 80, 846 (1950); Cleland, Crawford, Lark-Horovitz, Pigg,
and Young, Phys. Rev. 83, 312 (1951);84, 861 (1951).

'That used by Cleland, Crawford, Lark-Horovitz, Pigg, an
Young is 4X10'4 cm 3.

3. PRELIMINARY EXPERIMENTS

Prior to each thermal treatment, the dc rectification
characteristic at room temperature, the specific resis-
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tivity, and the Hall coe%cient up to 200'C were
measured by the four whiskers, using the conventional
method. Typical changes in the resistivity and Hall
coeKcient of the specimen, subjected to the treatment
given in Table I and quenching, are presented in Fig. 3.

When the specimen was heated at a relatively low
temperature, the rectification characteristic underwent
a large change, which is illustrated in Fig. 4. The initial
characteristic is curve No. 1, but it was improved to
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Treatment
conditions

Identification
No. after
treatment

Treatment
conditions

Identification
No. after
treatment

300'C, 30 min
400'C, 30 min
460'C, 30 min
525'C, 20 min
545'C, 25 min
570'C, 20 min
585'C, 20 min-
180'C, 30 min;
15'C, several
days

595'C, 20 min
625'C, 20 min
355'C, 20 min
535'C, 15 min
520'C, 60 min
550'C, 20 min

9
10
11
12
13
14
15

550'C,
535'C,
515'C,
495'C,
480'C,
460'C,
440'C,
425'C,
580'C,
550'C,
540'C,
530'C,
520'C,
505'C,
490'C,
475'C,
450'C,

18+5'C,
500'C,

12 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
12 min
15 min
30 min
30 min
30 min
30 min
30 min
30 min
30 min
3000 hr
48 hr

17
18
19

TAsLE I. Conditions for thermal treatment.
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This essential feature is quite similar to the result
found in the vacuum heat treatment of a silicon point
contact rectifier. 4 The temperature above which rec-
tification is completely lost was 1250'C for silicon, while
that for germanium is only about 550'C. The tentative
discussion for silicon may also be applied to the present
case.

Moreover, it is interesting that the above-des|„-ribed
damage of rectiication has the same behavior as that
due to neutron irradiation on the germanium rectifier. '
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FIG. 2. Cooling of the furnace after cutting off the heater, i.e., the
quenching process. LogT is plotted against log (1+t).

curve No. 2 by heating at 300'C for 30 minutes. On
continuing to heat further, the rectification charac-
teristic became worse at higher temperatures as indicated

by Nos. 3, 4, and 11 in Fig. 4(c). The lost rectification
did not recover to the original sharp characteristic by
any heat treatment in vacuum; this suggests that the
rectification is not always dependent upon the formation
of acceptor levels. The experiment on the recovery of
rectification is described in more detail in the next
section.
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l i I I I

I 2 34 & 6 7 3 9!4~& ~2t3t4tSt6&7II)Q
I

Fxo. 3. The effect of miscellaneous treatments on the resistivity
and Hall coefficient. The conditions for treatment are listed in
Table I.

4 L. Esaki, Phys. Rev. 89, 398 (1953).
~ W. E.Johnson and K.Lark-Horovitz (private communication).
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On subsequent heat treatment beIow 550'C, the specific
resistivity increased to a maximum and then began to
decrease. At the same time the sign of the Hall coef-
ficient again became negative. While No. 17 was kept
at room temperature for about 3000 hours, the proper-
ties remained unchanged. Finally, the specimen re-
covered the same properties as in the original state,
except for the rectification characteristic.

The changes in the specific resistivity and Hall coef-
6cient from room temperature up to 200'C are plotted
in Fig. 5. The experimental values were satisfactorily
reversible, indicating that no detectable annealing
occurs in the measured temperature range. The concen-
tration and mobility of carriers for Nos. 1 and 11 are
listed in TabIe II together with severaI other quantities.
The critical temperature at which the p type specimen
converts to e type decreases with progressive heating
at a temperature between 500'C and 600'C as seen
in Table III, suggesting the gradual disappearance of
acceptor levels.

C. RESULTS AND DISCUSSION
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To study the behavior of thermally produced ac-
ceptors more exactly, the changes of resistivity and
Hall coefficient at room temperature were observed
successively for the specimen subjected to heating at a
fixed temperature from 690'C to 500'C. The results are
shown in Fig. 6 (1a), (2a), (3a), (4a), (Sa), (6a), and
(7a). In Fig. 6 (1a), (2a), (3a), and (Sa), after the
initial rapid increase or decrease, the resistivity finally
approaches a steady value, which becomes smaller at
higher temperature. The Hall coe%cient indicates that
the specimen is p type over the entire range. On the
other hand, in Fig. 6 (4a), (6a), and (7a), the resistivity
increases initially to a maximum and then decreases
gradually to a constant value in the same way that was
observed in the preliminary experiment. The Hall coef-
ficient shows that P-e conversion occurs near the
maximum resistivity and that the steady state is e type
below 540'C. In general, at lower temperatures the
changes are much slower.

From the observed values of the specific resistivity, p,
or conductivity, 0, and the Hall coefficient, II, the con-
centration of electrons, e, and holes, p, are determined
by'

I 1

-2 -I 0 t 2
Volta

I io. 4. The change of rectification characteristics.

After heating the specimen at about 600'C, the
specific resistivity at room temperature increased
gradually at erst and then began to decrease, with an

accompli, nying reversal in the sign of Hall coefficient.

p
0. ep~(mb+p)

3m nb' —pa= ——
8 e(eb+p)'

(2)

where p„ is the hole mobility and b the ratio of electron
mobility to hole mobility. The mobilities of electrons
and holes will be assumed to be nearly independent of
the acceptor concentration thermally produced. The

' See W. Shockley, Electrons used Holes in Semiconductors {D.
Van Nostrand Company, Inc., New York, 1950);
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Fro. 5. Speci6c resistivity p and Hall coeKcient H (logarithmic scale) ss reciprocal of absolute temperature.

hole mobility is determined to be 3600&100 cm' volt '
sec ' for the various specimens in which p is much
larger than e, as shown in the last column of Table IV.
Therefore the ratio b is about 1.2, using the electron
mobility 4340 cm' volt ' sec ' in the original specimen.
The calculated p, e, and their product were plotted in
I'ig. 6 (ib), (2b), (3b), (4b), (sb), and (6b). The con-
centrations of holes and electrons decrease or increase,
and tend to certain values corresponding to each
heating temperature. By using the values of p and I,
the concentration of acceptors is approximately evalu-
ated as follows: The net charge density is given by

e(D—A) —e(e—p —p )=0, (3)

where D and A are the concentrations of donors and
acceptors, p, that of holes bound. to acceptors. The
ionization energy required to excite an electron from a
donor to the conduction band is so small that excess
electrons bound to donors are neglected. The equation

TABLE II. Speci6c resistivity, Ha11 coeKcient, and concentration
and mobi1ity of carriers for specimens, No. 1 and No. 11.

By using Kq. 3, this is modified to

p(D+p e) =Ep, — (4)

where D, p, and I in the left term have already been
numerically determined. (D=1.88&&10'4 cm '). The
equilibrium constant E is statistically given by

E=2h '(2s.m„kT) & exp{—(E~ E,)/kT), —
where E& and E, are the energies of the acceptor level
and the valence band, and m„ is the effective mass of a
hole. The value of 8&—E„ is not yet known exactly,

TABLE III. P-lV transition temperature for specimens from
No. 11 to No. 16.

governing the relation among holes p, ionized acceptors
A —p„and neutral acceptors p may be written

holes+ionized acceptors~neutral acceptors.

Therefore, the equilibrium concentrations satisfy

p(A —p.)=@p..

Specimen
number Type

7.7
12.2

3.93X10"
5.05X10'4

Specific Hall coef-
resist. ficient (cmg

(ohm-cm) coulomb l)

Concen-
tration
(cm g)

1.88X 10'4
1.41X10'4

Mobility
(cm' volt-~

sec ~)

4340
3600

Specimen No.

11
13
14
15
16

I'-N transition temperature

93'C
81'C
63'C
63'C
39'C
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FIG. 6. (a) The changes of the specific resistivity p and the Hall coeKcient II with heating time. Open and solid circles indicate p
in ohm-cm on the left ordinate and II in cm~ volt ' sec ' on the right ordinate, respectively. The full and dotted lines connecting
the solid circles represent the positive and negative signs, respectively, in the Hall coeS.cient. The black circles with white centers,
in (ja) give the resistivity calculated from the spreading resistance at the point contact. (h) The changes of the concentrations of
electrons e and holes p and the product pXe with heating time. Open, black with white centers, and solid circles are p, n, and
pX@, respectively. The left and right ordinates represent the concentration in cm ' and the product in cm ', respectively.

TABLE IV. Acceptor concentration and diffusion coeKcient as
several temperatures between 500'C and 690'C, and hole mobility
at room temperature.

Temp.
dc

690
650
645
610
600
580
550
540
500

AQ or DQ

QA. «QD*

cm 2

180X10"
95

50
40
27
19
17

7

2.5X102'
27 kcal/g atom

=1.2 ev

cm2sec l

152X10-s
82

25

12
7.1
5.5
1

3X10'
37 kcal/g-atom

=1.6 ev

lttn
cm2 volt 'sec ~

3500
3750
3540
3540
3660

Mean value
of p„
3600&100

4' Af =Ao exp( —OA/RT); D =Do exp( —OD/RT).

r Y. A. Johnson and H Y. Fan Phy. s Rev 79, 899. (1950). .

but may be assumed to be the order of 0.2 ev or less,
so that E is evaluated to be 10" cm ' or more, if the
temperature dependency of EA —E, is taken into con-
sideration. ' Comparing both terms in Eq. (4), p, must
be much smaller than p, suggesting the full ionization
of acceptors. Therefore, from Eq. (3),

A=D+p rt. —

The plots of logtsjA —Af~ vs t at various temperatures
in Fig. 7 are almost straight, where A~ is the final con-
centration at the corresponding temperature. Experi-
mentally, the relationship between A and t is expressed
by

A=Ar+(A, —Af) exp( —kt),

A; being the initial concentration and k a function of
temperature. This is the familiar first-order built-up
equation, analogous to that derived in the study of
neutron bombardment of germanium.

During heating at 500'C, the recti6cation charac-
teristic at room temperature changed gradually, as
illustrated in Fig. 8. The number designated on each
curve in Fig. 8 corresponds to the number given in the
lower side of Fig. 6 (7a). The spreading resistance R
evaluated from the slope of the current-voltage curve
in the forward direction provided that the rectihcation
is weak, is given by'

~= p'/2Z ohms,

where d is the diameter at the point contact and p'
the speci6c resistivity near the surface. Only when the
specimen is uniform, is p' equal to p. For instance, the
curve No. 0 in Fig. 8 for the specimen of p= p'=3.5
ohm-cm which was attained by prolonged heating at
645'C, gives X=500 ohm, resulting in d=3.5XTO '
cm. The same value of d was also derived for the speci-
men heated for a long time at any temperature. In
curve No. 1, p' is not equal to p; this indicates that the
specimen was unfortunately not homogeneous at the
start of the treatment at 500 C. At the beginning of the
treatment p' usua11y divers markedly from p, and
6nally both p' and p approach the same value, as in
Fig. 6 (7a). These curves suggest that the spreading
resistance changes faster in approaching the steady
value than the bulk resistivity. In other words, the

8Cleland, Crawford, Lark-Horovitz, Pigg, and Young, Phys.
Rev. SB, 312 (1951).



PROPERTIES OF THERMALLY TREATED Ge 1031

rs
$0

I I r

ceo'C is
10 6$0 C

ro

(c)
I r I

584' g

so
IO

(e)

SSO'C

14
rp

r4
rp

tp

)0

t0

I r I

0 5 ro rS 20 0 rp 20 30 +0 p 20 go 6p $0 top r20

rrr I Q vrr I vl

0 l 2
bours

0 2 0 6
40urs

o 4 8

40tar g

FIG. 7. Log&o [ A Ai
~

—os Jesting time, where A and Ai are the acceptor concentrations at a given time and at the equilibrium state,
respectively.

surface concentration of acceptors becomes constant
instantly and they disuse gradually into the interior.

As previously mentioned, the recti6cation is de-
stroyed with treatment at a comparatively low tem-
perature and is lost completely if the concentration of
acceptors exceeds 3X lor4 cm '. In p type no rectifica-
tion was observed, but the lost recti6cation is slightly
recovered as n becomes richer than p (Fig. 8). Curve
No. 11 did not change even by heating at 415'C,
320'C, and 230'C, for each 8 hours. However, it was
improved to curve No. 12 and curve No. 13 when the
specimen was exposed to atmosphere at room tempera-
ture for several hours and when it was heated at 380'C
for ten minutes in oxygen of pressure from 2X10 ' to
10 ' mm Hg, respectively.

The fact that the product of the electron and hole
concentrations is not constant near the beginning of the'

heating in Fig. 6 (3b), (4b), (Sb), and (6b), leads to an
inhomogeneous distribution of donors and acceptors.
According to statistical theory, in the homogeneous
specimen the product is independent of impurity con-
centration at any temperature, having the relation

nP = 4/r o(2~rnekT)' exp f —(8,—E,)/kT), (2)

in which x is the distance and D the diGusion coefficient
of acceptors. The solution, when the boundary condition
is A =AJ at x=p and x= l, and A =A; at I,=O, is given

by
4 ~ 1

A =Af+ (A;—Ar) —Q
rr ~=o (2n+1)

(2n+1)' i (2n+1)
Xexp- rrsDt ~ sin rrx, (8)

p l t

where the notations A; and Af are the same as in Eq.
(6) and t is the thickness of the specimen. On integrat-

ing, we obtain

N 1
Ad@= Aft+(A; —Af)—Q

rr' ~-o (2n+1)'

(2n+1)'
)&exp t- v'Dt .

l

where m* is the geometric mean of the eGective masses
of the carriers, and E, and E, are the energies of the
conduction band and valence band. Johnson and Fan
estimated this product to be 9X10'6 cm at 22'C. ~ In
the present experiment it ranges from 3X10"cm to
3X10'~ cm '. The wide distribution in the product will

be ascribed to the inhomogeneity in the specimen.
Moreover, in Fig. 6 (5b) and (6b) the product tends to
6X10" cm, indicating that the specimen becomes
homogeneous with prolonged heating in agreement with
the conclusion from the spreading resistance.

It seems quite reasonable that acceptor levels,
produced on the surface, disuse into the interior ac-
cording to Pick's law, which, if the concentration of
acceptors be A, is written

No~. 8-iS
No, 7
No. 6
No. S
&o. &

No. 5
No. 2

—-~rl
No. l5

-i Q

Now. 7- & &

No&. $-6
No. 4
No.
No. 2

I I

2 g 0 5
Volts

8A/Bt =D8'A/Bx' FIG. 8. Changes of the rectidcation characteristics.
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corresponding to activation energies of about j..6 ev
and 1.2 ev, respectively. The activation energy in
germanium (37 kcal/g-atom) is higher than that for
self diffusion in lead (28 kcal/g-atom), "but lower than
those for silver (50 kcal/g-atom), " copper (45-61
kcal/g-atom), and gold (63 kcal/g-atom).

The final state of each treatment may be expected
to be nearly homogeneous. Therefore, on plotting the
acceptor concentration A at the last points of 500'C,
540'C, 550'C, 580'C, and 610'C in Fig. 6 against the
conductivity 0., we obtain Fig. 10, in which a dotted
curve represents the following equation derived from
Eqs. (1), (5), and (7):
o.= s'e {{(D—A)+ P(D—A)' —4c'jl}tt„

+{(A —D)+ L(A —D)' —4c'j') tt„], (10)

where D, p,„and p„were defined previously and are
numerically known, and

"8
IO

Q.OO~0

I

0,00' i

4 )0

I
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Therefore, the first approximation is given by

dx 8
A—=Af+(A, —Af)—exp~ — Dt ~.

—
s J sr' 0 Js

Fxo. 9. The diffusion coefFicient D in cm2 sec ' and the equi-
librium concentration Af in cm ', plotted vs reciprocal absolute
temperature.

c=np=.' 6&&10se cm '.

During the treatment, however, the concentrations
n and p vary not only with time but also with distance
from the surface, so that the basic Eqs. (1) and (2) for
a homogeneous specimen should be reconsidered. If the
transverse dimensions of the specimen of germanium
plates are given by / and m, where m is equal to the
distance between probes for the Hall voltage measure-
ment and is much larger than I, the mean values of
n(x), p(x), and o(x) may be written:

~l
n(sc)dec= n/, p(sc)dec= pl,

40

This equation is similar to the experimental equation
(6); k in Eq. (6) is equal to (m-s/P)D in Eq. (9). The
numerical values D obtained at various temperatures
are listed in Table IV together with the values Af and
the hole mobilities p,„.In Fig. 9, D and Af are plotted
against reciprocal absolute temperature, and they are
represented by"

D=300 exp( —37 000/ET) cm' sec ',
At ——2.5X10"exp( —27 000/RT) cm ',

' In the main part of the present treatment, (sr'/P)Dt is larger
than 0.3. For instance, when t =2.0, 3.6, 11.8, 24.5, 41.3, and 53.5
minutes at 690'C, 650'C, 610'C, 580'C, and 540'C, respectively,
(sr/P)Dt becomes 0.3. In this case, the approximation employed
is good because the second term is only one hundredth of the
6rst one.

The author is grateful to Dr. C. S. Fuller and Dr. van Roos-
broeck for an interesting discussion on this point.' While the present study was in progress, there appeared a
Letter to the Editor by Fuller, Theuerer, and van Roosbroeck,
Phys. Rev. SS, 678 (1952), which has a close connection with the
author's study. The values of D and A determined by Fuller et ul.
are

D=0.02 exp( —12 000/RT) cm' sec '
A=2.1&(10s"exp( —27000/RT) cm '.

While the value of A is in a fairly good agreement with that of the
author, the value of D divers signi6cantly even though possible
experimental errors are taken into consideration. These two values
coincide at 1300'K. This deviation may probably be ascribed to

0.20

O, l5
7$

O

.s' O. IQ

O.0$

c3

I I

0 ~ I" a& State at SOO'5 F'&. 6
N 5'4O' C

3 es $5o'c
4 $8o'g

6 I 0'g

i
yO

~o &

I l

lO 20 30 40
A ccep&o~ COncerttr+t tOn

$0,
x lO

Fio. 10. Acceptor concentration versus conductivity. The circles
designated by 1, 2, 3, 4, and 5 represent the 6nal states at 500'C,
540'C, 550'C, 580'C, and 610'C. The dotted curve indicates

o = tteD (D A)+P(D A)' 4c'g&—)ts + ((A ——D)—
+L(A —D)'—4c'g'its, g.

the differences in both material and temperatures used. Fuller
et ul. used mainly polycrystalline germanium and obtained their
results at high temperatures."See, for example, W. Seith, Diguseost sm MetatleN (J. Spring'er,
Berlin, 1939)."R. E. Ho&'man and D. Turnbull, J.Appl. Phys. 22, 634 (1951).
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p Z

o(x)dx= e(np„+pp„)dx
"p

TssLz V. The maximum and minimum values of the conduc-
tivity o calculated from Eqs. (g) and (10)during the thermal treat-
ments at 580'C, 550'C, and 540'C. The unit is mho cm ~.

=e(nl „+pl „)l
= o-L.

~l
And@= 0,

Z

I Apdx = 0, and

Therefore, we get

Aodx=0, (11)

Time of
treatment,

hours

2
3

6

580 C
0'max 0'm in

0.055 0.032
0.055 0.042
0.055 0.048

Sso'C
&max +'min

0;059 0.031
0.044 0.031
0.033 0.031

s40 c
Omax &min

0.059 0.031
0.035 0.03.1

kp aJ p

where n(x) —n =hn; p(x) p= —Ap, and o (x)—o = ao.
Although the formation of space charge by diffusion and.
recombination of electrons and holes and other sects
would not be negligible, the Hall voltage Vp induced
between the probes by an uniform magnetic field 8,
could be tentatively expressed by

Ve ——— BI(x)H(x)dx,1J,
where I(x) and H(x) are current density and Hall coef-
6cient at x, respectively. Using the relations

Therefore, we have
3' 1

Bp
8 en

3%. 1
Ol

8 ep

37K 'N e
Vp ———BE (——np„— Any„'—+plj,„'+

capp~')

8 L o~p
( a~ (aoq'

Xi 1— +i
E n Eu& )

Case 2. If
~

Ao ~/o is small throughout the specimen,
Eq. (12) for V& becomes

and
I(x) =Err(x) =Ee(nlj.„+plJ,,),

3e. —np„'+ pp~'
II(x) =

8 e(np„+pp„)'

Neglecting terms of order (bo/o)', hn(do/o), Ap(ho/o),
and of higher order, and using Eq. (11), we get

3x t' —ng„2+ p p~~ 'l
Ve='. wBE]—

8 E nor, „+pp„
we have

37I w t' np~ +pij,~
t/'p= ——&E — — dx,

8 1 &e ny+ pro
(12)

Io=w t I(x)dx
Jp

= wE
J

o (x)dx
p

(13)

=w/Ee(np„+ piJ,„).

Now, let us derive the Hall coe%cient Bp, which is
equal to Vol/BIe, observed for the inhomogeneous
specimen in the following cases: Case 1. If n))p or
n((p, Vp and Ie can be simply written

3Ã 3'
Vp=. ——'%BEp,„or —NBEp»

8 8

Ip=. mLEenp„or m1LEepp„.

where E is the applied electric 6eld. The total current
Ip through the specimen may be represented by

This leads to

3'' np~ +ppp
Hp

8 e(np„+pIJ,„)'

3m- nb'+ p-
Ol

8 e(nb+p)'

The condition for Case 1 may be fu16lled both in the
main ranges of treatment at 690'C, 650'C, and 610 C,
and in the beginning of those at 550'C and 540'C, as
seen from Fig. 6(a). By using Eqs. (8) and (10), the
maximum and minimum values of r are obtained as
written in Table V. In such a state as listed, the mean
value of (ho/o)' relative to x is less than 0.02. Therefore,
it is found. that Case 2 may be applicable both to the
main range of treatment at 580'C, and to those at
550'C and 540'C except for the initial few hours. Thus,
the values of n and p determined in the present study
from Eqs. (1) and (2) may indicate approximately
ordinary mian values, so that the results may be fairly
understandable.

It is di6icult in the present study to determine the
type of lattice defects forming acceptor levels. However,
it is noteworthy that nearly all of the eGect of lattice
defects which were produced. by neutron bombardment
could be removed merely by heating up to 400'C, and
also some of them could be considerably annealed even
at room temperature, s in contrast to the behavior of
lattice defects produced thermally. Therefore, these
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two kinds of defect may be considered to be diferent
in type;" it may be that the defect produced by bom-
bardment is Frenkel type, while the thermally produced
defect is Schottky type.

5. SUMMARY

The changes in some properties of germanium, sub-
jected to heating, are explained quite well by assuming
that acceptor levels are formed by the lattice defects
produced on the surface and diffusing into interior.
When germanium is quenched from a high temperature
in a vacu'um furnace at a rate given by dT/dl=:
—To/(1+3)' 'C min ', it contains a fairly large number
of lattice defects "fronzen in." These defects are not
easily annealed up to 200'C.

On heating in vacuum, the rectification characteristic
is improved at comparatively low temperatures, but is
destroyed at higher temperatures, perhaps not only

'3 See N. F. Mott and R. W. Gurney, Electronic Processes As
Ionic Crystal (Oxford University Press, I.ondon, 1940), p. 36.

because lattice defects are produced but also because
the surface becomes free from adsorbed gas. No theory
satisfactorily explains all the phenomena of rectifi-
cation.

The author wishes to express his particular thanks
to Mr. H. Nelson of the Radio Corporation of America
for preparing the germanium specimen and also
acknowledges his gratitude to Dr. T. Arizumi of the
Kobe Kogyo Corporation for his discussion and
encouragement.

Pote added t'rt proof: (1)L—ately Fuller and Struthers
(Phys. Rev. 87, 526 (1952)) have reported that copper
may be an impurity responsible for thermal acceptors
in germanium. The diffusion constant at 825'C obtained
by them, 1.3)& 10 cm' sec ', is in a very good agreement
with the value, 1.36&(10 cm' sec ', calculated from the
above-derived equation, a=300 exp( —37 000/ET).
(2) The recent results published by Goldberg t Phys.
Rev. 88, 920 (1952)] have several points of agreement
with the present study.
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Vapor-Liquid Equilibria in He' —He' Solutions
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Recent measurements of the vapor pressures of He' —He4 liquid solutions by Daunt and Heer and by
Sommers are used to evaluate the solution non-ideality, for the calculation of which the large deviations of
the vapor from ideality are taken into account. Estimation of the standard chemical potential of normal
He4 at temperatures below the lambda-point is discussed. Agreement of excess chemical potentials of He4
above the lambda-point and the values obtained from the simple theory demonstrates the usefulness of the
theory in discussions of e8ect of nonideality on the shift of the lambda-point with He concentration.

I. INTRODUCTION

EASUREMENTS of vapor-liquid equilibria can
- ~ be used successfully to study thermodynamic

properties of He' —He4 solutions, particularly the devia-
tions from solution ideality, as has been pointed out
previously. ' These results are especially valuable since
they can be used above the lambda-point, for which
condition speculations about superQuid and its in-
Ruence are not limitations. Recently some measure-
ments of solution vapor pressures both above and below
the lambda-point have been made by Daunt and Heer'
and by Sommers. ' The results above the lambda-point
can be used to give direct information about the mag-
nitude of solution nonideality and about the relative
likeness of a simple solution model' and the real solu-
tion. From these equilibrium measurements one can
calculate the model nonideality parameter u, which,
for a binary mixture of nonelectrolytes, gives the excess

' J. C. Morrow, Phys. Rev. 84, 502 (1951).
~ J. G. Daunt and C. V. Heer, Phys. Rev. 86, 205 (1952).' H. S. Sommers, Jr., Phys. Rev. 88, 113 (1952).

chemical potential of component j as V,af s, where, V
is the molar volume of pure j and f; is the volume frac-
tion of i. One of the features of such experimentally
evaluated parameters which one would immediately
subject to scrutiny is concentration dependence, since
the model parameter is independent of concentration.
The results of Sommers must be used in such an in-
stance since the measurements by Daunt and Heer
refer to a single liquid concentration.

II. EQUILIBRIUM ABOVE THE LAMBDA-POINT

Following Sec. III of reference 1, one has for the
chemical potential of component i in the binary liquid
mixture

tt, t'(P,', T)+V;t(P I'P)+ET in';+tt, ~, —

where the first term is the standard chemical potential
of the pure component at temperature T and pressure
equal to the vapor pressure of the pure component at
T; V;~ is the'partial molal volume of liquid i; I' is the


