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A piezospectroscopic study of the Lyman spectra of arsenic, antimony, phosphorus, and
magnesium donors in silicon has been made using a quantitative-stress cryostat. Within
experimental error, all four impurities yield the same value for the shear-deformation-
potential constant'=„of the (100) conduction-band minima. The average value of "„thus ob-
tained is 8. 77+0. 07 eV. The shift of the 1s(A~) ground state under stress is characterized
by a value of „which is lower than the above, viz. , 8.3, 8. I, and 7. 0 eV for antimony,
phosphorus, and arsenic, respectively.

I. INTRODUCTION

Piezospectroscopic studies of the excitation spec-
tra associated with donors and acceptors in semi-
conductors have proved to be very useful in es-
tablishing the site symmetries of the impurities
and in providing a symmetry classification of the
impurity states. If, in addition, a quantitative
stress is employed in. such experiments, the de-
formation-potential constants may be determined
for both the ground and excited states. To the ex-
tent that these states are described in terms of the
band structure, ' i. e. , the conduction-band minima
for the donor states and the valence-band maximum
for acceptor states in silicon and germanium,
these deformation-potential constants should be
closely related to the corresponding deformation-
potential constants of the band extrema. ' For the
donor states, in the effective-mass approximation,
these constants should be exactly equal to those of
the conduction-band minima, whereas for accep-
tors they have been shown to be related through
numerical factors to those of the valence-band
maximum. For silicon, Krag et al. ' have re-
ported values for the shear-deformation-potential
constant of the conduction-band minima "„from
the piezospectroscopic studies of sulphur, phos-
phorus, and bismuth donors. These values range
from V. 1 to 7. S eV and differ significantly from
the 11-eV value determined by Wilson and Feher
and Watkins and Ham' using electron-paramagnetic-
resonance (EPR) measurements on group-V and

lithium donors, respectively. Also, the value for
:-„determined by a variety of other techniques lies

in the range 8-9 eV (see Table 1). We have de-
signed and constructed a quantitative-stress cryo-
stat and have measured .

„

from the piezospectro-
scopic effects of the Lyman spectra of donors in
silicon. The present paper reports the results of
this investigation.

II. EXPERIMENTAI. APPARATUS AND PROCEDURE

The Perkin-Elmer double-pass monochromator
(Model No. 112 G) and its associated entrance
and exit optics used in these measurements have
been described elsewhere. The quantitative-
stress cryostat utilized is an adaptation of a glass
cryostat used for a number of years in our labora-
tory (see Fig. 1). 'o The modification consists of
replacing the glass centerpiece by one of stainless
steel designed to allow an adjustable uniaxial com-
pression to be applied to the sample. The stress
centerpiece was also designed to give quantitative
information about the stress, very low frictional
losses, good cryogenic contact between the sample
and the coolant, and a reasonable length of coolant
time. In addition, the design parameters allowed
for a force in excess of 1x10 dyn to be applied to
the sample under study.

Figure 2 shows the stress centerpiece; details
of the upper and lower sections are shown in Figs.
3 and 4, respectively. The centerpiece is mated
to the optical cryostat by means of the stainless-
steel cone joint G. The pressure head B is
pressurized with nitrogen gas through the port A

and the resultant force produced by the piston is
transmitted by a hollow push rod II which passes
through the coolant I and makes contact with the



DETERMINATION OF THE DEFORMATION- POTENTIAL. . .

&ABLE I. Comparison of values of
„

for silicon determined by various methods.

Method

1. Piezospectroscopy of donors (excited states of Sb, P,
As, Mg).

2. Piezospectroscopy of the excited states of sulfur
donors in silicon.

3. Piezospectroscopy of phosphorus donors in silicon.
4. Piezospectroscopy of the indirect absorption edge.

5. Piezospectroscopy of the indirect exciton spectrum.
6. Linewidth of cyclotron resonance.
7. Pie zoresistance.
8. Piezo-optic effect.
9. Effect of uniaxial stress on EPR of group-V donors.

10. Effect of uniaxial stress on EPR of lithium donors.
11. Effect of carrier concentration on elastic constants.
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8. 77+0.07 ( 10'K)

7.9+0.2 (low temp. )
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11.3+1.3 (300'K)
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Koenig, Phys. Rev. 130, 1667 (1963).

sample O. The sample is compressed against the
bottom of a hollow copper cylinder Q which is
threaded to the coolant reservoir J; Q will be re-
ferred to as the tail piece in the rest of the descrip-
tion. Two apertures were cut in the lower portion
of the tail piece to allow light to pass through the
sample. This tail piece is readily interchangeable
with others such as one having a third windom for
right-angle Raman scattering. ' In such studies,
the tail piece was made of stainless steel rather
than copper so that stresses of an order of magni-
tude higher than those employed in the present in-
vestigation could be applied. After being trans-
mitted by the sample, the force is returned to the
top of the centerpiece via the walls of the reservoir.

The coolant is introduced through the hollow push
rod by removing the pressure head. Small holes
E and N in the lower section of the push rod allow
the coolant to flow into 8; note that, as shomn in
Fig. 4, the lowest portion L of the push rod is made
of copper to insure good cryogenic contact. The
bole N also serves to remove efficiently any pre-
coolant. With the present design of the stress
centerpiece, liquid helium typically lasts about
10~ h with an initial charge of -

& liter.
The lower bellow' M completes the vacuum seal

between the optical cryostat and the stress center-
piece. The upper bellow D mainta, ins the alignment
of the push rod and seals off the space above the
coolant forcing the evolved gas through the port I'.
The rate of evaporation of the liquid coolant can
thus be monitored directly by means of a gas-flow-
rate meter. " In addition, the spring constants
of the upper and lower bellows were chosen so that
they suspend the push rod in static equilibrium.
The height adjustment collar C is used to adjust the

equilibrium position of. the push rod to be just in
contact with the sample at zero gas pressure thus
insuring efficient transmission of the applied force
from the pressure head to the sample. The adjust-
able collar E serves as a safety stop in the event
of sample breakage.

Nitrogen gas from a commercial cylinder is used
to pressurize the pressure head. The pressure is
adjusted by means of a regulator' and measured
by tmo precision gauges' having maximum ranges
of 30 and 100 lb/in. ~. The pressure head was cali-
brated initially against a tensile-stress apparatus. '
Later it mas found that calibration against a corn-
mercial platform scale' was more convenient and
accurate for the relatively small pressures used in
the present experiments. Figure 5 shows two of
the calibration runs using the platform scale. Non-
linear effects at very low pressures and hysteresis
effects are avoided by almays making measurements
above -5 lbjin. in the direction of increasing
pressure.

The samples cut from suitably doped ingots of
silicon were oriented with either x ra,ys or the
optical technique of Hancock and Edelman. The
optical surfaces mere prepared by grinding with
carborundum of successively finer grit followed
by an etch; during the sample preparation special
care was exercised to maintain the desired crys-
tallographic directions. Typical sample dimen-
sions were 20&5& 2 mm, the long dimension being
the direction of compression. The cross-sectional
area was determined by measurements with a, depth
gauge; this was checked by measuring the length
and mass of the sample and calculating the cross
section using the known value of the density of sili-
con. ~' The accuracy of the measurement of the
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4 millimeter stopcock

wards the position in 0 space of the jth minimum.
The subindex n or P designates a component along
one of the cubic axes of the crystal, and u ~ are
the components of the strain tensor. The symbols
:"„and"„arethe defox mation-potential constants.
In the effective-mass theory of donors, the donor
wave functions are Bloch functions characterizing
the conduction-band minima, modulated by "hydro-
genlike" envelope wave functions. The donor states
thus have a degeneracy arising from the multivalley
nature of the conduction band. The envelope wave
functions satisfy the effective-mass wave equation
in which the anisotropic effective mass and the di-
electric constant are incorporated. Provided the
dielectric constant and the effective masses char-

—To pump

.Glass Bellows

Blac
0-R

Ligh
beam

Optic

Copp
Sample

l.i i~..l~&
0 5 lO

Centimeters

Section X X
(Optical windows not shown)

FIG. 1. Glass optical cryostat with glass centerpiece
(see Ref. 10).
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cross-se«ion»»ea is estimated to be about 0. 5%.
The ends of the sample were ground perpendicular
to the length of the sample and glued into the copper
cups I' shown in Fig. 4. The bottom of the lower
cup was coated with a thin layer of Apiezon-N
grease to improve the thermal contact with the
tail piece.

III. THEORETICAL CONSIDERATIONS

A uniaxial stress applied to a multivalley semi-
conductor shifts the conduction-band minima with
respect to one another. Following Herring's de-
forrnation-potential analysis, the shift in energy
of the jth minimum, which lies along (100) for Si,
is given by

where A'~' and Kz~' are components of a unit vector
pointing from the center of the Brillouin zone to-

FIG. 2. Stainless-steel-stress centerpiece. This
replaces the glass centerpiece shown in Fig. 1.
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splitting; following Price, similar calculations
have been made by Wilson and Feher for silicon.

For the jth valley of Si, replacing K'~' and Ez~'

by the direction cosines l, m, or n, we have from
Ec(. (1) the energy shift of the jth valley;

a Z"' = =,(u„„+u„,+u„)+=„(f'u„„+m'u, „+neu„

I

Q I/ I/ 5/

INCHES

+ 2mnu„, + 2nlu„,+ 2lmu„,). (2)

The shift of the center of gravity of the valleys
will be given by

(4E ) (~g+ 3 ~g) (u . +u +u )

The shift of a given valley with respect to the cen-
ter of gravity 5E'~' is

5&
' ' = "„(fu„„+m u, +n u„+2mnu„, + 2nl u,

„

+2lmu„,) ——,':-„(u„„+u„+u„). (4)

The strain components u z are related to the stress
components v&& by the elastic compliance constants
for cubic crystals as follows '.

g& eR~SS STAINLESS STEEL (+505)

FIG. 3. Details of the upper section of the stress
cente J.piece.

acterizing the conduction-band minima are unal-
tered byasmallstrain, then, for given valley, the
energy-level scheme of a donor will be unaffected
by the stress. However, the energy-level schemes
bearing different valley labels will be shifted rela-
tive to one another by the amounts given in Eg. (1).
This will be true for all states which are well de-
scribed by the effective-mass Hamiltonian, such
as the P states. The symmetry of the donor levels
must conform to the site symmetry of the donor,
which is T„in the absence of stress for the donors
discussed in this payer; hence the donor wave
functions will form basis functions for representa-
tions of T„in the absence of stress and the appro-
priate new site symmetries when the stress is ap-
plied. ' Itis wellknown that even for the unstressed
crystal, the degeneracy of the 1.s ground state
is lifted, consistent with the T~ site symmetry,
by the chemical splitting. For silicon, the totally
symmetric 1s(A, ) level is depressed below the
effective-mass position whereas the 1s(E) and
1s(Te) levels remain close to it. Price has con-
sidered the effect of strain for donors in germani-
um explicitly taking into account the chemical

0 ~/g ~/2 &/~ I

J.N CHES

303 STAINLESS STEEL COPPFR

BRASS

FIG. 4. Details of the Iovrer section of the stress
centerpiece.
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o~, =+(P p)(E q) T, p, q=x, y, s

where the positive sign is used for tension and the
negative sign for compression, and T is the mag-
nitude of F divided by the cross-sectional area of
the sample. Also let R, be a unit vector along the
direction from the center of the Brillouin zone to
the jth valley. Then for silicon with the six valleys
1, . . . , 6 along [100], [100], [010], [OTO], [001], and

240
t ' l

200

Thus,

6E' ' = .„((s„—su) [l o„„+m o + n o„
—s (a„„+cr~+o„)]+s44(mna„+lna„+Ima„,)] .

(6)
Compact expressions for 5E"' can be obtained in

the following manner: Let E be a unit vector along
the direction of the applied force F then

[001], respectively, as shown in Fig. 6, Eq. (6)
for compressive force reduces to

6E"' = —=„T(s„—s,s) [(Aq ~ F) ——,'] . (6

For a general direction of force F with 8 and Q as
defined in Fig. 6, one obtains

6E" '= —T=„(s„—s,s) (cos 8sin Q —3)

6E"'"=—T=„(s„-s„)(sin'8sin'y ——,'),
6E"'" = —T "g(s„—s,s)(cos'Q ——,')

Figure 7 depicts 5E'~' as a function of 8 and P
for a given compressive force as given by Eqs.
(9). It is clear from the figure that for an arbitrary
direction of applied force each excited state will,
in general, split into three sublevels. The follow-
ing features corresponding to the force applied
along directions of high symmetry should be noted:
For FII [111], i.e. , 8=45' and p=arccos(1/~),
6E'~'= 0 for all j; for F II [100], i.e. , 8=0', p =. 90',
6E ' '= ——T:" (ski —s&s), and 5E ' =5E
=-, T:.„(s»—s,s) and the excited states split into
two sublevels, the one of lower energy being shifted

teo

Z, [OOI]

80

40

tO Zo SO
GAS PRESSURE (lb/In~)

x, taboo] ,
' 6

FIG. 5. Calibration of the pressure head, i. e. ,
resultant force vs applied gas pressure. The solid line
represents a least-squares fit to four sets of data points,
two of which are shown in the figure; P is the gas pres-
sure. These were obtained in the direction of increas-
ing pressure. Note the nonlinear section below -5 lb/in. 2

of gas pressure.

FEG. 6. Constant energy ellipsoids of the conduction-
band minima of silicon along (100). Also shown, for
convenience, are the coordinate axes, the direction of
applied compressive force F, and its polar coordinates.
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FIG. 7. Energy shifts of the conduction-band valleys
of silicon from the center of gravity as a function of ~

and (t), defined in Fig. 6, for a given compressive force.
The horizontal plane corresponds to the center of gravity
of the valleys. The energy sheet labeled "1,2" cor-
responds to valleys along f100] and [100], the sheet
labeled "3,4"' corresponds to valleys along j010] and
[OTO], and the third sheet corresponds to valleys along
I,001] and [001].

5E = &,[3+—x ——(x + —, x+4)' ], (10)

where 6&, is the singlet-doublet splitting of the
ground state and

x= —[:- (s„-s„)T]/3a,
for compression.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 8 shows a typical spectrum of arsenic
donors in silicon under a uniaxial compression of
3.7&10 dyn/cm . The lines observed are those

twice as much below the center of gravity as the
other is shifted above it; for F li [110], i.e. , 8=45',
/=90, 5E ' ' =5E 'e = ——' T:" (s —s ) and
6E ' = —, T:.„(s»-s,2), and again the excited
states are split into two substates but now the high-
er-energy sublevel is the one which is shifted
twice as much above the center of gravity. It is
interesting to note that for P = arccos(1/W) and 8
arbitrary, the excited states are split into three
sublevels, one remaining at the center of gravity
and the other two symmetrically displaced about
it. This is also true for g =90 and 8= arccos~s.
It can also be seen from the figure that a much
smaller misalignment of the force from the desired
direction is required to produce a third sublevel
for F II [110]as compared to F II [100].

In addition to the chemical splitting, the energy
of the ground states vary as a function of stress.
A calculation by wilson and Feher, for silicon
with F ll [100] yields the following result for the
shift of the singlet Is(A, ) ground state from its
zero -stress position;

corresponding to Is(A. q)- nfl transitions. In this
case, the force was applied along a direction close
to 8 = 36. 2' and g =-77.8'. As can be seen, each
excitation line is split into three components with
the central component very near the zero-stress
position. Had the force been precisely along the

) I $ I I

40

ES6

C9K
QJ

QJ 52

28—

-4—

6I i I I I i I ) I

0 4 8 l2 I6
STRESS (l08dyn/cm~)

20

FIG. 9. Stress dependence of the energies of the two
components of the 1s(&~) 2p~ line of phosphorus donors
in silicon for F II [100]. Liquid helium used as coolant.
The solid straight lines are the energy shifts of the two
components of the 2p, line from the zero-stress position,
calculated from their energy difference divided in the
ratio of 2:1. The curved solid line represents the shift
of the 1s+~) state with stress; the solid points were
computed by tatu, ng the difference between the straight
line and the data points.

FIG. 8, 1s +g) 2p0, 2p 3pp and 3p lines of the
excitation spectrum of arsenic-doped silicon under
compressive force along a direction v ith &=39.8 and

Q =74. 6' (see text). Liquid helium used as coolant. The
zero-stress positions are indicated with arrows. Room-
temperature resistivity -6 0 cm.
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l6E
+I

cu l2
LLj

p

As

FIG. 10. Splitting of the 2p~ line
with F~~ [100] a,s a, function of stress
for Sb, As, P, and Mg donors in
silicon. The solid lines represent
least-squares fit to all the data for
a given impurity. The slope m of
each line is m(Sb) =0. 853 +0. 001;
m(As) = 0. 860+ 0. 002 m(P) = 0. 844
+0. 002; m(Mg) =0. 853+0. 003.
Boom-temperature resistivity:
Si(Sb) -15 ~ cm; Si(As)-6 ~ cm;
Sl(P) ¹1.3 -6 ~ cm; Si(P) g 1.8-6
~ cm; Si(Mg) estimated to be -5
~ cm.

STRESS (IOsdyn/cma)

direction corresponding to the values of 8 and P
given above, the central component would have
remained at the zero-stress position and the other
two components would have been equally displaced
on either side of it. From the observed splittings,
using Eqs. 9 and a value of:"„=8.77 eV (see later),
8 and P were calculated to be 39.3' and 74. 6',
respectively; these values were found to be con-
sistent with an x-ray orientation of the sample.
Observations were also made for F II [100] and

[110]. As mentioned earlier, for the latter orien-
tation the alignment of the applied force is very
critical. In most of the measurements made for
this orientation, the lower-energy component was
observed to split into two. This observation could
be accounted for by assuming misorientations of
about 2'. Hence measurements from which:-„was
deduced were confined to F II [100]. In the present
investigation, polarized radiation was not used; a
detailed study of the polarization effects and selec-
tion rules has been described in an earlier publica-
tion. '

In Fig. 9 are shown the positions of the high-
and Low-energy components of the 2p, lin as a
function of stress for phosphorus donors in silicon

with F II [100]. The difference in energy between
the two components is given by

4E =5E ' ' ' ' —5E ' '=T:"(si —s ). (11)

Thus a plot of &E», vs T will lead to a direct de-
termination of:"„.Figure 10 shows such a plot
for the four impurities studied in the present in-
vestigation. The solid lines represent the least-
squares fit to the data points. With s„—s»= (9.745
+ 0. 02/g) && 10 ' cm /dyn at 4. 2 'K for silicon, ~ the
values of the shear-deformation-potential constant
obtained are

:"„(Sb)=8.76+0. 13 eV, :.„(As)=8.76&0. 25 eV,

:"„(P)= 8.65 e 0. 20 eV, :-„(Mg)= 8. 91 a 0. 20 eV;

the errors indicated were obtained by adding the
fractional errors in the determination of the cross-
sectional area, in the calibration of force vs pres-
sure (Fig. 5), and in the slopes of &E2~, vs stress.
The values of:"„werecomputed for each individual
run and the above values represent an average.
Thus the present investigation demonstrates that
within experimental error, =„is the same for all
impurities with an average value of:-„=S.77 ~0.07
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I averaging the results of 6&, computed from Eq.

(10) for each data point. As can be seen, the solid
curves for the group-V impurities depart from the

data, the discrepancy being most significant for
arsenic and least for antimony. Following Wilson
and Feher, x as a function of s '= —2(sqq-sq2)T
can be obtained from Eq. (10) by using the experi-
mentally determined values of 5E~ and 4,. Fig-
ure 12 shows this dependence and the least-squares
fits, assuming a linear dependence of x on s '.
From the slopes of the lines the values of:"„ob-
tained are 8.3, 8. 1, and 7. 0 eV, for antimony,
phosphorous, and arsenic, respectively. The
dashed curves in Fig. 11 are drawn for these
values of "„.Interpreted in this fashion, the

shear -defor mation -potential constant deduced from
the ground-state shift appears to be dependent on

the chemical species of the donor.

V. CONCLUDING DISCUSSION

8 I2

sTREss (lO~dyn/cm~)

l6

FIG. 11. The shift of the 1sg~) ground state as a
function of stress, deduced in the manner shown in
Fig. 9. The solid line for each impurity is calculated
using the value of &~ shown and „=8. 77 eV in Eq. (10).
The dotted curves for Sb, P, and As were obtained with

the values of -„and&~ shown for each impurity; the
values of -"„wereobtained from Fig. 12.

As pointed out in Sec. I, it is evident from Table
I that the measured values of:"„fall into two

groups, viz. , one clustered about 8. 5 eV and the
other about 11 eV. It is interesting to note that,
except for the piezo-optic measurement of Schmidt-

eV, where the mean absolute error is given. In
the spirit of the effective-mass theory, this value
should thus represent the shear-deformation-po-
tential constant of the conduction-band minima of
silicon and is included in Table I.

Also shown in Fig. 9 with solid lines are the en-
ergy shifts of the two components of the 2p, line
from the zero-stress position calculated from
their energy difference divided in the ratio of 2:1,
predicted theoretically. If one assumes that the
difference between the solid straight lines and the
actual data is solely due to the shift of the ls(A, )
ground state, then this shift can be determined and

is shown by the curve at the bottom of the figure.
The shift of the 1s(A,) ground state as a function
of stress, calculated in this manner for all the
impurities studied in the present investigation, is
shown in Fig. 11. Also shown, as solid lines, are
the shifts calculated using Eq. (10) and the experi-
mentally determined values of 6&, and:-„, viz. ,
6&, = 12.28, 13.10, and 22. 5 me V for antimony,
phosphorus, and arsenic, respectively, and:-„
=8. 77 eV. In the case of magnesium, ~ 6&, is not
known experimentally. The solid curve in Fig. 11
for magnesium is drawn for =„=8.77 eV and 64,
=54 meV; a value of 55+3 meV is obtained by

0&

2
-lO'S'

FIG. 12. Plot of x= f- -„(s~f sf2)T']/~+ vs s'
=-2(s~&-s&2)T for compression. The values for x were
obtained using Eq. (10) together with the appropriate
experimentally determined values for &~ {Ref. 28). The

solid straight lines represent least-squares fit to the
calculated points. The values of -„determined from
the slopes of the straight lines are "„(Sb)=8.3 eV,
-„(P)=8.1 eV, and "„{As)=7. 0 eV.
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Tiedemann, all those techniques which directly
measured the effect of stress on the conduction-
band minima yielded values in the lower group. It
is gratifying that the values of:"„determined in
the present investigation and those of Krag et al. ,

'
from the yiezospectroscoyy of the excited states,
fall in the lower group. It is evident from the
table that the spread in the values of =„cannot be
attributed to any significant temperature dependence
of this quantity.

Two of the measurements which give values in
the higher group utilize the effect of uniaxial stress
on the EPR of the donor electron in the 1s(A,)
ground state. The discrepancy between the two
groups of values has been pointed out previous-
ly, '~ and has yet to be explained. The situation
has become even more intriguing in that the values
of:.„deduced in the present investigation for ls(Aq)
states are loaner than those obtained for the excited
states and further, seem to depend on the chemical

nature of the donor. Krag et al. have also obtained
a smaller value of:"„from the stress dependence
of the ground states of bismuth donors in silicon.
Castner et a/. ' have considered corrections to the
ls(A, ) wave function based on the (100) minima by
admixing the low-energy regions of the lowest con-
duction band and have proposed that as a conse-
quence the shear-deformation-potential constant
of this state is donor dependent and need not be the
same as that of the conduction-band edge.
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