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Quantitative piezospectroscopy of neutral copper in germanium
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Experimental results of the optical-absorption spectrum of neutral copper impurity in germanium
with and without an applied uniaxial compressive force F are described. The zero-stress spectrum
agrees with previous work and indicates that the absorption lines'observed correspond to the excita-
tion of one of the three bound holes to single-acceptor-like, higher-lying states. This is used as the
basis of a model (described elsewhere) to explain the piezospectroscopic behavior of the spectrum ob-
served with F~ ~(100), F~ (111),and F~

~

(110); this model is similar to that already exploited to
describe the behavior of neutral group-II acceptors in germanium. The results obtained are much
simpler than might be expected for such a complex system, although it has been shown that the an-

tisymmetric product of three single-hole I 8( Td) ground states is itself a I 8( Td) state and not a multi-

plet as is the case for neutral group-II impurities. A detailed comparison between the results
predicted by the symmetry analysis of the model permits the intensity parameters of some of the
transitions to be determined and also deformation-potential constants of some of the energy states.
The latter are found to be consistent with those for single-hole states in agreement with the model.
However, several discrepancies remain between the model and the observations. A characteristic
difference between the piezospectra of this impurity and the shallower group-III acceptors is that
the intensities of the lower-energy G components increase with increasing stress whereas for a
group-III impurity the higher-energy G components survive at large stress.

I. INTRODUCTION

The optical spectroscopy of impurities in semiconduct-
ors is a valuable method for categorizing energy states of
impurities and for also providing information about the
host crystal. Extensive studies have been made of the Ly-
man series in absorption arising from impurities in silicon
and germanium with and without external perturbations. '

The classic spectra are those of the group-III and group-V
impurities in these elemental semiconductors while some
results have been reported for the group-II impurities in
either their neutral or singly-ionized states. For example,
such studies for these impurities in germanium have been
madeforBe ' Mg, Zn, "andHg ' ''

The present paper reports similar observations for the
group-I impurity, neutral copper, in germanium, ' '
the perturbations used being uniaxial compressive forces.
The details of the group-theoretical analysis of the effect
of uniaxial compression on the energy states of a substitu-
tional triple acceptor in a group-IV semiconductor are
presented elsewhere. ' ' In this treatment the sym-
metries of the ground and excited states have been found
by considering that each hole moves in the average field
of the core and the other two holes. Thus, for example,
the ground state is found to be the expansion of
Il sX1 sX 1 sI, where 1 s is the four-dimensional repre-
sentation of the double group Td. Surprisingly this
reduces to I 8,

' ' giving a significant simplification to
the problem at least in terms of this model.

II. EXPERIMENTAL PROCEDURE
The single-crystal copper-doped germanium samples

were prepared by diffusing copper into the host at a

preselected temperature followed by a rapid quenching.
Oriented samples of germanium were cut from ingots of
essentially intrinsic material, ground roughly to size,
copper plated, encapsulated in a fused quartz tube (either
evacuated or filled with helium gas), heated to the desired
temperature, held at that temperature for one hour, and
then radiation quenched by dropping the capsule directly
from the furnace into a Dewar of liquid nitrogen. This
method is essentially that prescribed by Fuller et al.
The concentrations achieved for the different diffusion
temperatures were determined using the results given by
Fistul' et al. ' Samples of different orientations, but re-
quired to have the same impurity concentration, were dif-
fused at the same time in the same capsule. The doped
samples were then prepared for the stress measurements
by grinding and polishing these to an optical finish. The
completed samples were typically about 2&& 5 &20 mm in
size with a sufficient wedge along the length to suppress
channeled spectra. The cross-sectional area of a sample
was determined by direct measurement with a dial gauge
and then compared with that obtained from measuring
the length of the sample and its mass, using the known
density of germanium. The two estimates for the cross-
sectional area agreed to better than 0.75%. The orienta-
tion of some of the samples was verified using the stan-
dard x-ray technique.

The general procedures for mounting and stressing the
sample are described elsewhere. ' Some improvement
was made in the technique used to mount the sample. '

For measurements at very low stresses, the pressure head
of Ref. 23 was replaced by a platform on which were
placed calibrated weights. Masses of up to 20 kg were
used in this case. The pressure head itself was calibrated
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against a proving ring. The infrared spectrometer used
to carry out the absorption measurements was comprised
of a SPEX-1402 double monochromator suitably
equipped with source and sample optics all of which were
flushed with dry air to remove atmospheric water vapor.
The sample optics were arranged so that rotation of a sin-
gle mirror permitted the monochromator to be used in ei-
ther single or double mode, although in all the measure-
ments to be described the latter was employed. During
the course of the measurements, the calibration of the
monochromator was found to remain constant as deter-
mined from atmospheric water-vapor lines. A single in-
terference filter was found to be very efficient in
suppressing unwanted higher-order radiation while a po-
lyethylene pile-of-plates polarizer was used in the stress
measurements.

The detector was zinc-doped germanium cooled with
liquid helium in a modified MHD-3L Andonian cryo-
stat, ' the signal being chopped at 1.28 kHz and collected
with a lock-in amplifier. The output of the amplifier
was processed by a digital voltmeter which was inter-
faced to a Hewlett-Packard calculator, a Data General
Nova minicomputer, or a Rockwell International AIM-
65 microcomputer. The data was ultimately stored on
floppy discs and processed in the minicomputer equipped
with a hard-copy plotter. No smoothing or shape res-
toration of the data was deemed necessary since a suffi-
ciently high signal-to-noise ratio could be obtained with a
spectral slit width several times smaller than the width of
the spectral lines of copper impurity in germanium. More
details regarding the instrumentation and data collection
and processing are given in Ref. 17.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In this section we present the results of the optical-
absorption spectrum of copper impurity in germanium.
The spectral region involved overlaps part of the strong
lattice absorption of intrinsic germanium. In order to
obtain undistorted impurity spectra, it was found neces-
sary to make a precise measurement of the lattice absorp-
tion of germanium and subtract this from the various im-
purity spectra.
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FIG. 1. Part of the lattice absorption spectrum of intrinsic
germanium at liquid-helium temperature. The two vertical
dashed lines define the range of most of the observations made
on the spectrum of neutral copper in germanium. The spectral
slit width is indicated at. 40 meV,
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FIG. 2. Optical absorption spectrum of neutral copper im-
purity in germanium, lattice absorption subtracted. Liquid heli-
um used as coolant. Copper diffused at 730'C corresponding to
a concentration {Xc„)of substitutional copper of 4.7&10"
cm as estimated from Ref. 21. The spectral slit width is indi-
cated at 41 meV.

B. Zero-stress spectrum of neutral copper in germanium

The Lyman absorption spectrum of neutral copper im-
purity in germanium is shown in Fig. 2 after subtraction
of the lattice absorption. It is essentially the same as
those previously reported"' ' ' except that the A"' line
observed by Butler and Fisher' has not been observed.
The energies and energy spacings for the spectral lines of
copper are given in Table I along with those reported by
other workers as well as the corresponding average energy
spacing for group-III impurities in germanium. An esti-
mate of the ionization energy is also given in the table;
this has been obtained using the procedure given in Ref. 1.
It is clear from Table I that the spacings of the excited
states of copper and those of the single-hole acceptors in
germanium are the same, implying that the observed tran-
sitions for neutral copper are those of single-hole excita-
tions. A comparison of the average relative intensities of
the 8, C, D, and 6 lines for three different samples with
those of the single-hole acceptor gallium and a recent
calculation is given in Table II. From the results in
Tables I and II it would appear that the effective-mass
formalism is an adequate description of the excited states
of the triple-hole system.

A. Lattice absorption spectrum of germanium

The result of a precision measurement of the lattice ab-
sorption of germanium, near liquid-helium temperature,
in the photon energy range of 31 to 55 meV is given in
Fig. 1; an essentia11y intrinsic germanium sample was uti-
lized. The spectral slit width used was the same as that
employed in observing the impurity spectra in order that
the lattice absorption could be subtracted as completely as
possible. The dashed vertical lines in Fig. 1 define the
range of the photon energies encountered in the present
piezospectroscopic measurements.
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TABLE I. Energies and energy spacings (in meV) of spectral lines of neutral copper in germanium.

Line

Present work
Spacing relative

Energy to D line

Group-III
average value

Ref. 1 Ref. 4 Ref. 5 Ref. 14

Other workers

Ref. 15

G
D
C
B

g II

g a

38.67+0.01
40.37+0.01
41.12+0.01
41.76+0.01
42.07+0.04
42.27+0.05
43.25+0.01

1.70+0.02
0
0.77+0.02
1.39+0.02
1.70+0.05
1.90+0.06

1.69
0
0.75
1.39
1.73
1.87

38.67
40.40
41.12
41.79

43.28

38.61
40.33
41.06
41.76

43.21

40.39
41.13
41.75
42.08
42.27
43.27

40.35
41.10
41.72
42. 13
42.35
43.23

The ionization of energy EI is calculated assuming a binding energy of 2.88 meV for the final state of line D (see Ref. 1).

It is worth noting that one set of samples was initially
diffused at 650 C. These yielded none of the characteris-
tic neutral copper absorption lines of Fig. 1 but did exhib-
it significantly larger background absorption than that ob-
tained for samples diffused at 700'C and above. From
the results given by Fistul' et al. ' it is expected that the
D line for the 650'C sample should be at least as large as
the G line of the 730'C sample whose spectrum is shown
in Fig. 1. Note that Xz for a sample diffused at 650'C is
predicted to be 1.27&(10' cm by extrapolation of the
data given in Ref. 21. Neither this aspect nor the origin
of the large background is understood, but these have not
been pursued. It might be conjectured that the copper
forms a larger concentration of complexes at the lower
diffusion temperature producing copper-related centers
with ionization energies less than that of the substitutional
neutral copper. Copper-related complexes in germanium
have been observed by Hailer et al. ' and possibly by
Butler and Fisher. '

C. Effect of uniaxial stress

absorption line at -37.6 meV (-303 cm '). 7 The
"quench temperature" for this sample was chosen so that
the 8, C, and D lines could be studied with optimum-
absorption coefficients. The G line, weak at small
stresses, was further studied using a sample quenched
from 800'C which gave rise to a G line approximately 3
times more intense than that of the 730'C samples. Data
for the 800'C sample are not shown but were very similar
to those of the 730'C sample. ' Figure 6 illustrates the
stress dependence of the energies of the various stress-
induced components, the data for stresses ~0.3 kbar be-
ing obtained with calibrated weights whereas those above
were obtained using the pressure head. The solid lines in
the figure represent least-squares polynomial fits to the
most reliable of the data points excluding the zero-stress
energy of each component. The zero-stress energies of the
various lines are shown as square data points.

The following remarks can be made regarding the gen-
eral features of the spectra. First, the stress-induced spec-
tra are much simpler than one may expect for such a
complex system. The C, D, and G lines split into four

1. Applied force along a (100) axis

a. Stress dependence at a fixed temperature The.
behavior of the optical-absorption spectrum of neutral
copper impurity in germanium for a compressive force
F~ ~(100) is shown in Figs. 3—7 for a sample quenched
from 730'C. The radiation is polarized either parallel or
perpendicular to F. In Figs. 3—5 the structure designated
H20 is the residual of the strong atmospheric water'-vapor
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TABLE II. Relative intensities of absorption lines of accep-
tors in germanium.
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I(D) /I(B)
I(D)/I(C)
I(D)/I(G)

4.70+0.30
2.42+0.07

13.2+ 1.10

5.47+0.50
1.06+0. 10

11.58+1.15

13.33
2.40

63.16

'The intensity of the D line for a sample diffused at 730'C is
4.05+0.35 cm ' meV.
Reference 39.

'See Table I in Ref. 40, where the C and B lines are taken to be
a I g+ —+I 7 + I g transition and a I g ~I g transition, respec-
tively.
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FIG. 3. Effect of a compressive force, F, on the spectrum of
neutral copper in germanium with Fll(100) for a stress of
0.085 kbar. Liquid helium used as coolant. E is the electric
field of the radiation. Copper diffused at 730 C;
=4.7)& 10' cm . The encircled letters with their associated
arrows designate the zero-stress absorption lines. The spectral
slit width is indicated at 41 meV.
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FIG. 4. Same as for Fig. 3 but for a stress of 0.164 kbar.

components which is similar to the case of the D and 6
lines of single-hole acceptors. ' ' ' Also, the polariza-
tion and relative intensities of the stress-induced com-
ponents of the D line are remarkably similar to those ob-
served for thallium in germanium, ' although this similar-
ity must be qualified as will be discussed later. However,
the 6 line behaves in a fashion different to that of the sin-
gle acceptor. The above studies of the D and 6 lines of
single acceptors in germanium have confirmed the fact
that these lines correspond to I 8~I 8 transitions. It
should be pointed out, though, that the Zeeman measure-
ments of Soepangkat and Fisher for boron in germani-
um show that the behavior of the G line under the effect
of external magnetic field is quite different to that of the
D line. Secondly, the higher-energy stress-induced com-
ponents of the 8, C, and D lines have essentially disap-
peared at intermediate stresses, possibly due to their upper
substates being in resonance with the free-hole states of
the stress-split valence band, which may also be the
reason why all the 8 and B components have vanished at
the highest stress. Thirdly, the stress dependence of the
intensity of most of the stress-induced components is very
dramatic; this will be discussed later in detail. At stresses
higher than about 0.6 kbar, the component designated as

34.5 I I I I

0 0.8 1.2
STRESS ( kbor)

FIG. 6. Stress dependence of the energies of the components
of the 8, C, D, and 6 lines of copper-doped germanium for
FII(100). Calibrated weights used for stresses &0.3 kbar, a
pressure head used for stresses greater than this (see text).
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CI is found to grow in intensity with stress and was
thought originally to be a new line, but from Fig. 6 one
can identify this component either as a CI component or
a transition to a combined final substate of the original fi-
nal substates of the CI and DI components. It will be
seen later that the growth of this component may account
for the rapid decrease at higher stress of the intensity of
the 62 component. Fourthly, there is no clear evidence of
interaction between final substates of the 6 components
and the optical phonon of germanium at 37.2 meV.
This presumably means that the acceptor-phonon cou-
pling for the copper states in germanium is very weak.
Finally, it has to be borne in mind that there is some resi-
dual structure due to some water-vapor absorption lines
other than the one mentioned above, and this may well be
a source of errors in the determination of the energies of
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FIG. 7. Stress dependence of the splitting of the ground state
(b ~(N) and the splitting of the single-hole excited state of the D
line (b, IOO) for FII(100). Data obtained from the stress depen-
dence of the D components of copper impurity in germanium.
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low stresses (see Fig. 8) are the components which survive
at moderate stresses (see Fig. 6). This behavior is contrary
to that which has been observed for the case of single ac™
ceptors. ' ' This suggests for copper that the low-
energy components are each comprised of pairs of transi-
tions such that the one arising from the lower ground
state is dominant. The other notable feature is that the in-
tensity of D7 stays constant up to a stress of 0.3 kbar (see
Fig. 8). This could be explained, for example, if the effect
of the thermal population and depopulation with stress of
D2I and D2„respectively, is balanced by the interaction of
the final substates of the D line with those of the other
lines. This point will be returned to again when discuss-
ing the intensity variations of the various components
with temperature. The relative intensities of D2 and D3,
predicted from the model are'

0.0 I

0.05 O.I5
I(D[):I(D3)::(—,

' uD)—:(—,
' +uD),

STRESS (kbar)

FIG. 9. Stress dependence of the intensities of the com-
ponents of the G line of copper in germanium for F ~(100) at a
fixed temperature. Copper diffused at 800 C; Nc„——1.32&& 10"
cm

sources of error in these estimates. First, the small ab-
sorption due to the residual water-vapor absorption can-
not be taken into account when this is obscured by the
component whose intensity is being determined. Second-
ly, if the sample temperature changes with stress, as is
probably the case at small stresses, then the low-stress in-
tensity data would be somewhat unreliable. The third,
and probably the most important, uncertainty is the some-
what arbitrary choice of the background and the graphical
method of separating overlapping and partially resolved
components.

For the D line, the fact that of the four components ob-
served, the two for E~~ are intermediate in energy, leads to
the conclusion that the order of the stress-induced sub-
states of the ground state is the same as that of the stress-
induced single-hole final substates as is shown in Fig. 1 of
Ref. 16. Thus, we have only two possible arrangements
depending upon which of the ground substates,

{r7XI 7I XI 6 or {16X161XI"7, is the lower in energy.
In Fig. 1 of Ref. 16, the ordering of the substates of the
ground state and those of the {

I"
s X I s I X I s excited state

have been chosen to be consistent with the single-acceptor
scheme for the D line. For example, if the symmetry of
the lower-energy substate of the ground state of the single
acceptor is I 7,

*' ' then the substate represented by
{I 7 X I 7 I X I 6 would be the lower substate of the triple
acceptor. Since an observed component is predicted to be
comprised of two transitions, one originating from the
lower and the other from the upper ground substate, in
what follows these will be designated by the subscripts I
and t, respectively. For example, D&I represents that tran-
sition contributing to D~ arising from the lower ground
substate. The notable feature for the present spectra is
that the intensities of the high-energy components de-
crease with increasing stress whereas the lower-energy
components, although showing little change in intensity at

where I(X; ) is defined to be the intensity of the ith com-
ponent of the Xth line and uD is one of the two intensity
parameters demanded by symmetry which specifies the
relative intensities of the components of the D line. From
the extrapolated values of the intensities of D2 and D 3 to
zero strain in Fig. 8(a), one obtains

l ) I(D3 )"

giving a value of 0.22+0.04 for va where the estimated
error in I(D2 ) or I(D3 ) is about + 10%. Note that in the
extrapolation of the I(Dz) data in Fig. 8(a), the datum
point at 0.085 kbar was excluded and the difference be-
tween its value and the extrapolation of I(D2) subtracted
from the corresponding datum point of I(D3 ) to obtain a
point to be used in the extrapolation of I(D3I) [see Fig.
8(a)]. This was possible since D2 and D3 are the only
components for E~ ~F. If we substitute the above value of
vD into the expression for the relative intensities of
(Dl +D2) and (D3+D4), one obtains'

I(D I +D2 ):I(D3+D4)::—,(1+uD):—,(1—vD)

::0.61:0.39,
which is in good agreement with the extrapolated values
of the (D I +D2 ) and (D3+D4 ) data for zero strain ob-
tained from Fig. 8(b), viz. , 0.68:0.32. This result supports
the prediction made earlier about the relative ordering of
the ground and excited substates of the D line. A rough
estimate can now be obtained for the value of the second
intensity parameter uD, by utilizing the intensity of ei-
ther the D I or D4 component and the sum of the intensi-
ties of all the D components for Eq since'

I (D, ) =I(D4 ) = —,
' uDI(D I +D2 +D3 +D4 ) .

From the extrapolated value of I(Dl) at zero stress, in
Fig. 8(b), it is deduced that uD ——0.2. The value obtained
in the same manner from I(D4 ) is 0.4, giving an average
value of 0.3 for uD.

In general, as has been seen the agreement between the
theory and the experimental results for the D line, for
F~

~
(100), is very good; this is not the case for the

behavior of the G line even though the symmetry of the
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final state of the 6 line is believed to be the same as that
of the D line. The observation of four stress-induced
components for the 6 line is in agreement with the pre-
diction that this line is a I g~tI gXI gI XI g transition.
The polarization of these components, however, is not un-
derstood since of the two EII components Gz is of inter-
mediate energy while 64~~ is an extreme energy component
(see Figs. 3—6); this is contrary to the predictions, as may
be appreciated from the above discussion for the D line.
There are dramatic stress-induced variations in the inten-
sities of the 6 components, those of the low-energy com-
ponents GI and Gq being greatly enhanced (at least up to
moderate stresses) while the high-energy components G3
and G4 fall to zero. In Fig. 9 (and for the 730'C sample)
at low stress, the rate at which G3 decreases with stress
appears to be about the same as the rate at which G

&
in-

creases. Thi. s may be an example of the stress interaction
of the substates within a given manifold of final states of
the type described by Duff et al. ,

" whereas at higher
stresses the change in intensity might be due to interac-
tions between final substates belonging to different mani-
folds as first pointed out by Chandrasekhar et al. ,
and/or thermal depopulation effects. The first of these
interactions is attributed to the impurity atom not substi-
tuting exactly for the host atom but moving off the Td
site while the second type is due to strain-induced mixing
of substates of the same symmetry. Both of these interac-
tions were investigated" in the spirit of a linear expan-
sion of the strain potential in terms of the strain. "Off-
site interaction" has not been taken into account in the
present model. It is also observed that the stress-
induced 6 components are totally polarized. For in-
stance, at moderate stress and higher, 6& and 63 are ob-
served for Et alone while G2 and G4 only occur for EII.
In addition, the intensities of G, and G2 extrapolated to
zero stress (see Fig. 9) are very small.

In view of the above and the predicted relative intensi-
ties for I g~(l gXI gI XI g components, it is clear that,
unlike the case of the D line, no satisfactory assignment
can be obtained for the G components and thus no values
for uG and UG can be deduced from the results for
F~~(100).

The complexity of the interactions which may be taking
place is suggested by the result that the sum of the inten-
sities of C2, D3, and 62, as a function of stress, is con-
stant at low values of stress (see Fig. 31 of Ref. 17). This
may imply that interactions are occurring among final
substates of all three lines C, D, and G. A similar result
is obtained for components polarized with Elp. It
should be noted that, although the sum of these com-
ponents is almost constant with stress, this does not imply
a conservation of intensity for these transitions since
many other transitions are omitted from the summation.

b Temperature d. ependence at fixed stress. In addition
to any interactions which may be taking place, there will
be the effect of thermal depopulation on the intensities of
the various components. This is a consequence of the
variation of the ground-state splitting with stress. In or-
der to separate these effects from others such as interac-
tions, several measurements have been made at different
sample temperatures with a fixed stress; the different tem-

peratures were achieved by winding a heater onto the tail
of the stress centerpiece. ' The stress was chosen to be
high enough to ensure a sufficiently large ground-state
splitting for observable changes in the thermal popula-
tions of the two ground substates for the temperature
variation available. Figure 10 illustrates the effect on the
spectrum at different heating currents (the temperature of
the sample was not measured) for F~

~
(100), E~ ~F, and for

a stress of 0.268 kbar. Similar results are obtained for
EIF and for other samples, and the intensities of the vari-
ous components as a function of the square of the heating
current have been determined. A typical result is shown
in Fig. 11 for the G components at a stress of 0.227 kbar
for a different sample from that of Fig. 10. In summary,
for the D components at 0.268 kbar, D& and D2 decrease
in intensity, while D3 increases with increasing tempera-
ture; the behavior of D4 was not determined since its en-
ergy was close to that of C2 at this stress.

Recalling that on the model being used to describe this
acceptor each component is composed of two transitions,
one from each substate of the ground state, it is clear that
the effect of the thermal depopulation on the intensity of
the observed components need not be as simple as it is for
the case of single acceptors where each component corre-
sponds to a transition from only one of the ground-state
substates. Thus, if for a given component, the transition
from the lower ground-state sublevel is more probable
than for its partner from the upper ground-state sublevel,
an increase in temperature at a given stress will result in
an overall decrease in the intensity of the component as
the upper ground-state sublevel becomes more populated
at the expense of the lower and vice Versa. From the re-
sults obtained, for example, for the D2 component, which
very clearly decreases in intensity with increasing tem-
perature (see Fig. 10), it is deduced that I(DzI) is larger
than that of I(D2', ) at the stress employed. This is con-
trary, however, to the predictions of the model at zero
stress' ' for which I(Dz~) is calculated to be , I(Df', ). —
When similar comparisons are made for the remaining D

Ge(Cu) 422A-8

F II (100)
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FIG. 10. Effect of temperature on the stress-induced com-
ponents of the absorption spectrum of copper impurity in ger-
manium (lattice absorption subtracted) for F

~ ~
( 100 l, E

~
F, and

at a stress of 0.268 kbar. The symbol I denotes the heater
current. Copper diffused at 730 C; Nc„——4.7&(10"cm
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components the same conclusion is reached. No con-
sistent reordering of the substates of the ground and excit-
ed states rectifies this discrepancy. This apparent change
in these relative magnitudes with stress for the D com-
ponents suggests that interactions may be taking place be-
tween the final substates of these components and those of
other lines. Note that in the model being used, no mix-
ing"~o between the final substates has been included.
Parenthetically, it might also be noted that if mixing were
included the final substates of the two transitions making
up a given component might undergo different interac-
tions with adjacent substates thus leading to broadening or
even splitting of the component. Such an effect has not
been observed for any of the stress-induced components.

If the thermal depopulation is the only mechanism in-
volved in the observed intensity variations with stress for
the components of a given line, then it would be intuitive-
ly expected that the changes in intensity with increasing
temperature would be opposite to those changes observed
with increasing stress. Thus, for example, since the Dz
and DfI components decrease with temperature, these
would be expected to increase with stress. Nevertheless,
from Figs. 8(a) and 8(b) it appears as if I(D2) and I(D 2)
are constant with stress. A similar but opposite effect
occurs for 63 and 64 in that these stay constant with in-
creasing temperature (see Fig. 11), although the behavior
of 64 is not that well determined since it is weak. This
suggests that each of the D2, 63, and 64 components has
an intensity behavior dictated by a mechanism other than
that of thermal depopulation. The behavior of I(D3),
I(GI ), and I(62) with stress (see Figs. 8 and 9) is in qual-
itative agreement with the temperature dependence of
these components (see Figs. 10 and 11). However, since
no attempt has been made to calibrate the sample tem-
perature as a function of heating current, it was not possi-
ble to separate quantitatively the effects of the thermal
depopulation from those of other mechanisms.
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FICx. 12. Effect of a (111) compressive force on the absorp-
tion spectrum of neutral copper impurity in germanium for a
stress of 0.217 kbar. Liquid helium used as coolant. Copper
diffused at 730 C; Nc„——4.7&10' cm

2. Applied force along a {III ) axis

The spectrum for F~~(111) is shown in Figs. 12 and 13
for a sample quenched from 730'C. Figure 14 illustrates
the stress dependence of the energies of the various com-
ponents of the 8, C, D, and 6 lines. Another sample,
quenched from 800'C to enhance the 6 line, gave almost
identical results for both the energy and intensity depen-
dence of the 6 components as those shown in Figs.
12—14. In Fig. 14 the solid lines are aids to the eye except
for the G components for which these are linear least-
squares fits for stress up to the data points distinguished
by the arrow. In this figure the solid line through the
data obtained at higher stresses for Gl is an extrapolation
of the linear least-squares fit established for the low stress
data. In addition, the linear part of the solid line drawn
through the higher stress data of G2 is a linear least-
squares fit.

The 6 line splits into at least two components Gi and
62. The behavior of Gz is very striking; it exhibits a
linear increase in energy at low stress, a significant non-
linearity at moderate stress (causing its energy to decrease
to less than that of the original line), and again becomes
linear at high stress but now decreasing in energy with
stress following, apparently, the same stress dependence as
6i.

At 1ow stress, in contrast to the 6 line, the other lines
are unaffected except for a very small shoulder on the C
line, designated C& in Fig. 12. It is not until a stress is at-
tained at-which 6z starts exhibiting its nonlinear behavior
that any noticeable effect occurs for the other lines. Of
the 8, C, and D lines, the most significant behavior is the
splitting of the D line into two components, of which Dz
is relatively weak, and the fact that, at high stress, the
strong C and D components, C2 and D I, have essentially
the same stress dependence as 6& and 62.

The intensity of the 62 component undergoes a
dramatic change with stress. For example, at low stress
62 is initially much weaker than 6 &, the i~tensity of the
latter showing virtually no change with stress, whereas at
the largest stress 62 is stronger than 6i. The rapid
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ground state of a triple acceptor to be quite different from
that of the single acceptor and thus, although surprising,
it is not unreasonable that 6'1» ——0.

It is now possible to examine the polarization charac-
teristics of the components with a view to determining
uG. Under the condition that 6'111——0, the energy level
and transition scheme for FI l(111) (Refs. 17 and 18) be-
comes such that the six substates of the excited state col-
lapse into two substates while the ground state undergoes
no splitting. When the ordering of the substates of both
the ground state and the [I 8 X I sI &C I s excited state has
been chosen to be consistent with the single acceptor
scheme for the case of the 6 line, ' "' it is predicted for
neutral copper that only two 6 components be observed,
each in both polarizations, in complete agreement with
the experimental observations. %'hen an attempt is made,
however, to deduce the value of uG from the relative in-
tensities of these components inconsistencies arise. For
example, in order that 62 be essentially zero at low stress
(see Fig. 12), a value of two is required for uo, ' whereas,
theoretically, uG is restricted to lie in the range zero to
one. That no agreement is found between the observed
relative intensities and those predicted by the model for
the 6 line is not surprising as no satisfactory assignment
was found for the excited state of the 6 line for the other
case already discussed, i.e., Fl I ( 100).

3. Applied force along a (110) axis

In principle, the parameters which determine the split-
tings and relative intensities of a given spectral line can be
obtained from observations with FIj(100) and (111). It
is of value, however, and under special circumstances
sometimes essential, to investigate the spectral behavior
for an arbitrary direction of compression. The splitting of
a given I's for a single acceptor for any direction of ap-
plied force can be expressed in terms of the corresponding
splittings for Fll(100) and Fll(111) [see Ref. 50, Eq.
(15)]; this expression becomes quite simple for
FII(110). Relative intensities for a given transition
under this latter direction of force for single acceptors
have also been derived. Equivalent expressions for both
the splittings and relative intensities of a given line for
FII(110) have been determined for the triple accep-
tor 17, 18

Typical spectra of neutral copper impurity in germani-
um with FII[110] are shown in Fig. 16 for a sample
quenched from 730'C, where k, the direction of light
propagation, is parallel to [110]. In Fig. 17 the energies
of the various stress-induced components of the B, C, D,
and G lines are plotted as a function of stress for this
sample. The stress dependence of the G components for a
sample quenched from 800'C has also been studied and it
was found that at the highest stresses used, the 61 and Gz
components exhibited further splittings. The solid lines in
Fig. 17 are linear least-squares fits through the data for
the various stress-induced components, whereas the
dashed curves are simply aids to the eye.

A characteristic feature of the above spectra is that,
under stress, each of the B, C, D, and G lines splits into
three components. At moderate stress, the energies of the
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FICx. 16. Effect of Fll[110] and kll[110] on the absorption
spectrum of neutral copper in germanium at stresses of (a) 0.180
and (b) 0.538 kbar. Here k is the propagation vector of the radi-
ation. Liquid hehum used as coolant. Copper diffused at
730'C; Xc„——4.7X10"cm
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FIG. 17. Stress dependence of the energies of the components
of the B, C, D, and G. lines of neutral copper in germanium for
Fl I[110]and kl I[110]for the sample of Fig. 16.

81, C's, and 62 components exhibit nonlinear behavior.
It is interesting to note that the onset of this nonlinear
behavior and that of the corresponding behavior of the 6
components for Fl I (111)occurs at almost the same stress
(compare Figs. 14 and 17). Moreover, with increasing
stress, the energy of the G2 component appears to follow
the same stress dependence as that of G~, along with a
dramatic enhancement in its intensity accompanied by a
significant decrease in the intensity of the D2 component.
This behavior for 62 is almost identical to that of the G2
component for F

I I ( 111) . Another feature is that, as al-
ready mentioned, at higher stress both the G1 and G2
components for the 800 C sample appear to split into two
subcomponents. For the 730 C sample, these splittings
are not observed although there is a slight broadening. It
should be mentioned that similar splittings have been ob-
served for some of the stress-induced components of
lithium-oxygen donor complexes in silicon. This has
been attributed to an orientational degeneracy of this com-
plex with the donors having axes along (100) directions
and consequently giving a symmetry lower than that of
Td. These subcomponents have been observed for this
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TABLE IV. Splittings (in meV) of the ground and excited states of neutral copper in germanium for
F~

~
(110). (All entries are to be multiplied by

~

T ~; T is the stress in kbar. )

No. 11 (730'C) No. 3 (800'C)

~110

~110

(cG —&G )
3 1

(cD —cD )
3 1

(c~ —c~ )
3 1

(ca —cD )
2 1

2 1

1.66+0.05

1.71+0.03

1.61+0.03

0.59+0.03

0.72+0.04

1.62+0.02

0.75+0.02

'The average values of the splittings are A»0 ——(1.65+0.05)
~

T
~

meV, Ap~0 ——(0.59+0.03)
~

T
~

meV,
and 6~ ~0 ——(0.74+0.02)

~

T
~

meV.

complex with F~
~

(110) or F~
~
(100), which supports the

proposed model. For neutral copper, the additional split-
tings for the G components are not observed for F

~ ~
( 100)

or F~
~

(111),which appears to eliminate the possibility of
orientational degeneracy. Also, these additional splittings
have not been observed for the D components for
F~~(110) although, again, a slight broadening occurs
similar to that for the G components [see Fig. 16(b)].
However, such a broadening could also be due to either in-
homogeneity in the applied stress or overlapping of com-
ponents associated with other lines. Another possibility is
that the behavior of the two final substates associated
with the two superimposed transitions comprising a given
component undergo different interactions, as mentioned
above and thus causing an additional splitting. This latter
effect has not been seen for the other two orientations.

If one follows the approach for interpreting the results
for F~~(100) and F~~(111),where the ground state is as-
sumed to be a I 8 state, then a common splitting, the
ground-state splitting, should be observed among the com-
ponents of the various lines. In Table IV this common
splitting, designated 6'&&o, is given and is derived from the
components of each of the C, D, and G lines. The aver-
age of these three values is also given in this table. As the
number of data points for a given line was insufficient to
span the range of stress covered in the measurement and
since the value obtained for 6'»0 from each line is essen-
tially the same, a composite plot of the data for all three
lines was made' for the 730'C sample. In those cases
where two or three of the lines give separate values for
6'»o an average was used; this is designated as 6»0. '

The slope of the least-squares fit to these data gives a
value of (1.62+0.02)

~

T
~

meV for Z'»0. This value
compares very favorably with the result shown in Table
IV for 6»o obtained from the data of the 800 C sample
for the splitting of the G line alone, viz. , the energy spac-
Ing of G) and G3 ~

Just as for single-hole acceptors, a relation exists be-
tween A~oo, 6'»&, and 6»o. ' ' This relationship is

~110 Y~ [(~100) +3(~111)

Since for neutral copper 5»& is interpreted to be zero, this
relation then becomes simply

1~110= 2 ~100 ~

From the results obtained for At00 this yields

~ito=(1 59+0 04)
I
T

l

meV

in excellent agreement with the observed result (see Table
IV) and appears to confirm that 6'»& ——0.

The excited-state splitting for the D and G lines can be
determined from the energy spacings ca —cD and

2 1

e~ —cG, respectively. For the case of the G line this
2 1

choice for the excited-state splitting is justifiable as
cG —EG is equal to cG —cG within the experimental er-

3 2 2 1

rors, and, also, components G~ and G2 are those which
survive at the highest stress and thus must arise from the
lower ground-state sublevel. The values of 5»o are given
in Table IV. These agree well with the value of
(0.76+0.04)

~
T

~

meV obtained from an expression of the
same form as Eq. (1), utilizing the results obtained for
6»& and h~oo. From the experimental results, it has not
been possible to decide, unambiguously, that
6&~o ——ca —cD since all three D components are still ob-

2 1

served up to the highest stress used. This assignment has
been made on the basis of b.~~0

——(0.66+0.02)
~

T
~

meV
predicted from the experimental results for b, f00 and 6tt&.
This value is much closer to the observed spacing
En —eD ——(0.59+0.03)

~

T
~

meV than to the spacing

ea —ca, the only other choice for 6»0, determined to be

(1.03+0.05)
~

T
~

meV from the data of Fig. 17.
A summary is given in Table V of the experimental

splittings of the ground state and the excited states of D
and G for the three orientations investigated. Also in-
cluded are the predicted values for the splittings for
F~

~
( 110) (see column 4), based on Eq. (1).

The relative intensities of the components of a I 8~I 8

single acceptor transition for F~~(110) become as simple
as for the other two directions of compression if there is
no splitting of both the ground state and the excited state
for either F~ ~(100) or F~

~

(111). In fact, for
h]~~ ——4~]~ ——0, the calculated relative intensities for
F//[110], k/ f[110]are identical to those for F//(100) ex-
cept the polarizations are interchanged, i.e., the E~~ com-
ponents for F~

~
(110) have the same relative intensities as

the Et components for E~~(100) (see Table XVIII of
Ref. 49) and vice versa. Because of the correspondence
between the predicted results for the single and triple ac-
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TABLE V. Summary of splittings (in meV) of the ground and excited states of neutral copper in germanium for F~~(100),
F~~(111),and F~~(110&. (All entries are to be multiplied by

~

T ~; Tis the stress in kbar. )

~hkl
D

~hkl
G

~hkl

1on of
ess F~~& 100&

3.17+0.08
1.32+0.03
0.46+0. 11

Experimental
Fii(111)

0b

0b

0.84+0.03

F~~ &110&

1.62+0.02'
0.59+0.03
0.73+0.04

Predicted'
F~~(110&

1.59+0.04
0.66+0.02
0.76+0.04

'The predicted values for F~
~

(110) are based on the experimental values of b, &00 and h~~~ and Eq. (1).
No measurable splitting for the D line (see text).

'The value given here is 6

halo

(see text).

ceptor, this simplification is carried over to the present
case. Thus the model predicts that the intensity pattern
of the E~~ components for the D line for F~ ~[110],
k~~[110] should be identical to that observed in Et for
F~

~
( 100) and vice versa. A comparison between the spec-

tra of F~
~
(100) (see Figs. 3 and 4) and those for F~

~

(110)
(see Fig. 16) shows that this prediction is clearly not borne
out. This is not understood.

For the 6 components, little can be said about their in-
tensities with F~ ~(110) since the intensity parameters uG
and UG could not be extracted from the experimental data.
Some simplification of the expressions for these intensities
can be accomplished since 6'»] ——0, however, little purpose
is served in pursuing this, at this time.

D. Deformation potential constants
and intensity parameters

The deformation potential constants for the different
energy states can be obtained from the experimental
values of the 6's and the theoretical expressions for
these. ' ' The values of the compliance coefficients, s»,
s&2, and s44, used in extracting the deformation-potential
constants have been taken from Fine. The results ob-
tained are given in Table VI. Also given in this table, for
comparison, are the corresponding deformation-potential
constants for gallium and singly-ionized zine ' in

' germanium. The deformation-potential constants of the
single-hole acceptor states have been evaluated from
effective-mass wave functions' ' and the experimental

values of the valence-band deformation-potential con-
stants. One set of these is shown in column 4 of Table
VI.

It should be noted that the sign of b' for neutral copper
is opposite to that of the single acceptors, gallium and
singly-ionized zinc. From the equations developed for
neutral copper, ' ' this is expected when the model used
is applied directly taking into account, as has been done,
the experimentally observed ordering of the stress-induced
substates of single acceptors. This correlation has also
been used to specify the signs of the other deformation-
potential constants of neutral copper.

The relative intensity parameters which have been ex-
tracted from the experimental data for copper in germani-
um are uD ——0.22 and UD ——0.3. These values are to be
compared with -0.1 and -0.2, respectively, for boron in
germanium and 0.23 and 0.25, respectively, for singly-
ionized zinc in germanium. Calculated values of these
two parameters for shallow acceptors in germanium are
0.19 and 0.37, respectively.

IV. CONCLUDING REMARKS

The group-theoretical analysis' ' used to understand
the present group-I results has been developed on the basis
of the self-consistent-field approximation. In this model,
the residual Coulomb interactions among the holes (hole-
hole coupling) is assumed negligible since no splittings for
the excitation lines of neutral copper in germanium have
been observed at zero stress. Within the limits of this ap-

TABLE VI. Deformation potential constants for acceptors in germanium (in units of eV). [(Compliance coefficients of germanium
{Ref. 53) used were s» ——9.585X10 "cm /dyn, s~2 ———2.609X10 "cm2/dyn, and s44 ——14.542X10 "cm /dyn. )]

ceptor Cu' Zn Calculatedd

bt
d'
bD

bg
dG

'See text.
"See Ref. 42.
'See Refs. 9, 10, and 54.
See Refs. 17 and 42.

1.30+0.03
-0

0.54+0.01
-0

0.19+0.05
—1.00+0.04

—1.33+0.03
—2.91+0.06

0.60+0.10
& [0.06/

0;213+0.007
—1.10+0.06

—0.75+0.02
—2.32+0.09

0.65+0.02
0.15+0.03

—1.45+0.09

—1.15
—2.53

0.46
0.36
0.25

—1.12
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proximation, it is shown that triple acceptors have a I 8

ground state and more complex excited states. The
predicted spectral behavior of a triple acceptor on this
model is almost identical to that of a single acceptor, the
only difference being that, in general, each stress-induced
component of a triple-acceptor absorption line is com-
pounded of two transitions one from each substate of the
ground state.

The experimental results presented show that the spec-
tra of neutral copper in germanium under stress are gen-
erally of simple structure and are indeed similar to those
observed previously for single acceptors. This simplicity
appears to confirm the assumption made that the
ground-state splitting is replicated in the excited
state. ' ' A comparison of the spectrum in Fig. 3 for
neutral copper and that reported by Jones and Fisher ' for
thallium in germanium illustrates the predicted similarity.
Furthermore, the above predictions are borne out by the
fact that the splitting obtained for each state of neutral
copper for F~

~

(100) is almost equal to that for the corre-
sponding state of gallium in germanium (see Table VI), al-
though it is surprising that this should be so for the
ground state. From the experimental results for
F~~(111), this similarity is again well illustrated by the
stress dependence of b, ~» (see Fig. 15); this is almost iden-
tical to that observed for gallium. Furthermore, the
characteristic feature, b, ~~| ——0, observed for single accep-
tors is also found for the present case; this value is sub-
stantiated by the calculations, ' ' particularly when the
ratio

~
dz/d

~

=0.076 is compared with that observed. In
fact, the conclusion that 6'&~~ ——0 is the only quantitative
difference between the splittings of the ground states and
the excited states of the D and 6 lines of copper and galli-
um in germanium; this result is quite surprising. It might
be expected that both b, ]oo and A]]~ for copper should be
different from those for gallium. However, since 6&po is
the same for these two acceptors, it is not at all clear why
the b, &~~ are so different. The excellent quantitative agree-
ment between the splittings obtained for the various states
with F~ ~(110) and the corresponding values predicted on
the basis of the model using the results from the other two
directions of F seems to confirm the interpretation of the
experimental results up to this point.

Notwithstanding the above consistencies, there are
several serious differences and discrepancies as has al-
ready been seen. The survival of the low-energy com-
ponents for the various lines of the copper acceptor is in
contrast with that reported for single acceptors.
This distinct feature cannot be explained on the grounds
of the predicted energy-level scheme alone. In this
scheme, as already mentioned, each stress-induced com-
ponent is comprised of two transitions, one arising from
each of the two ground substates. It is clear that the
thermal depopulation effects on their own cannot be re-
sponsible for the complete disappearance of the high-
energy components of the various lines at higher stress.
However, the dramatic intensity variations of the com-
ponents with the stress accompanied by a nonlinear stress
dependence for some components and their intensity vari-
ation with temperature at a fixed stress strongly indicate
that mixing among the associated final substates must be

taking place. This mixing might be an example of the in-
teraction described by Chandrasekhar et at'. for accep-
tors. in silicon and demonstrates that the components of a
stronger line "feed" those of a weaker line, such as in the
present case of the D and G lines for all the three orienta-
tions investigated.

This type of mixing taken together with the thermal
depopulation effects, however, is still not adequate to ex-
plain the complete elimination of the G3 and G4 com-
ponents since the G line is the weaker of the two. This
leads to the possibility that either the G line "feeds" an
even weaker line or there is still an additional mixing
among the substates associated with a given spectral line;
a possible example of such an additional mixing is report-
ed by Duff et al. for singly-ionized zinc in germanium. "
The only line which has not been observed for neutral
copper, compared to the spectrum of a neutral single ac-
ceptor, is the E line which, however, is expected to lie out-
side the range of the present measurements, and since it
corresponds to a 1s~2s transition, is usually very weak.
It might be of value in the future to investigate the stress
dependence of the E line not only for neutral copper but
for other acceptors. It has been shown (see Fig. 27 of Ref.
17) that the rate of increase of G& is almost the same as
that of the decrease of G3 at low stress which strongly
favors the possibility of the above additional mixing.

A particularly serious difficulty with the comparison
between the experimental results and those predicted by
the model is that the polarization behavior of the 6 com-
ponents violates the selection rules for F~~(100). An in-
sufficient number of 6 components is observed to deter-
mine whether or not this same difficulty arises for
F~~(111). Unlike the G line, the behavior of the D line
for F~~(100) appears to be in good agreement with the
predictions. Also, for this orientation it has been conclud-
ed that the order of the substates of the ground state is the
same as that of the final substates of the D line. Because
of the ambiguity in the sign of the intensity parameter v~,
it was not possible to determine the order of the ground
substates; these orderings have been chosen to be con-
sistent with the single acceptor scheme for the D line.
Irregardless of the success achieved in the understanding
of the behavior of the D line for F

~ ~
( 100 ) and F

~ ~
( 111)

the intensity parameters extracted from the former orien-
tation fail to predict the intensity pattern observed with
FR~[110], k~~[110]. Finally, it is found that the com-
pound shift of the center of gravity for the components of
a given line are not equal for the three orientations
chosen. The origin of this is not understood.

The discrepancies summarized above for the behavior
of neutral copper indicate that the present model needs
some modifications. It appears that including the type of
mixing (interactions) mentioned above is not a sufficient
modification to this model. It is difficult to understand
that the small misorientation of the samples cou1d lead to
these discrepancies since the direction cosines parameter
X [defined in Ref. 50, Eq. (15)] exhibits its extrema along
the three orientations chosen for the present observations.
In order to gain more information about neutral copper, it
might be necessary to investigate orientations other than
the three already used but in the same plane ([ 110] plane).
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The general expression for the splitting of a I q state can
give a guide as to which orientation is the most likely one
for which four components of both the D and 6 lines
might be observed. For example, the same splitting of a
given I q state obtained for F~

~ {110) can also be obtained
with F~ ~[112],bearing in mind that the sphttings should
be more sensitive to misorientation for the latter crystallo-
graphic direction.

Additional information would be obtained presumably
if either Zeeman or Piezo-Zeeman studies were made.
This would, of course, not only, involve an experimental
investigation but also at least a similar group-theoretical
analysis to that carried out for single acceptors.
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