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A study of the excitation spectrum of singly ionized zinc in germanium under very high signal-to-noise ratios
has revealed the A’, A”, and G lines of this acceptor; the latter line is extremely weak. A number of
further features have been observed at stresses higher than those previously used. The most striking effect is
the dramatic growth of the G components under stress due to very strong interaction between the substates of
the excited state of the G line and those of the excited state of the D line. This interaction also causes strong
nonlinear effects in the stress dependence of the energies of the stress-induced components of the excitation
lines. More reliable deformation-potential constants are obtained than those previously given.

I. INTRODUCTION

In two previous papers™? results were presented
of a study of the piezospectroscopic effects of the
excitation spectrum of singly ionized zinc in ger-
manium. Since then the more extensive use of a
quantitative stress cryostat,® with an improved
technique®* for mounting the samples, has yielded
richer stress-induced spectra and more reliable
values for the deformation-potential constants.
The observations have been extended to higher
stresses than those used before as the mounting
technique permits more homogeneous strains to
be obtained at high stresses. In addition, several
other excitations have been observed, including
the G line,® thus giving this acceptor spectrum the
same status as for other acceptors in germanium.®

The system of singly ionized zinc, Zn" in ger-
manium presents several experimental advantages
over that of a group-II impurity. First, the ener-
gy spacings of the excitation lines of Zn~ are about
four times larger®” than the corresponding spac-
ings of the group-II impurities.® Consequently,
large enough perturbations can be applied to pro-
duce resolvable components but still enable the re-
sults to be compared with linear theory.»® Second-
ly, the excitation lines occur at much shorter
wavelengths than do those of the group-III impur-
ities which translates the measurement to a region
of the spectrum where the experimental conditions
are better.

II. EXPERIMENTAL PROCEDURE

In all cases but one, the samples used were the
same as those described in II. All samples were
prepared from ingots which were double doped with
Zn and Sb at levels sufficient to give observable
concentrations of Zn". More details of this are
given in II. The samples were subjected to uni-
axial compression by use of the quantitative stress
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cryostat described in Ref. 3. The technique which
was developed to produce more homogeneous
strains is described in Ref. 4. The spectrometer
used to study the excitation spectra consisted of a
linear wavelength drive E — 1 monochromator?®
equipped with a zinc-doped germanium detector.™
The infrared beam was modulated at 1.4 kHz to
maximize the signal-to-noise ratio. The output
of the lock-in amplifier was encoded onto punch
cards by a novel interface,* the data being pro-
cessed by a computer which provided a precision
plot of absorption coefficient vs photon energy.

In order to obtain an extremely high signal-to-
noise ratio, some spectra were recorded a num-
ber of times and computer averaged. In some
cases, the parameters of the observed excitations,
such as areas and energies of peaks, were deter-
mined from a curve-fitting program.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Zero-stress spectrum

The spectrum of Zn~ in germanium is shown in
Figs. 1, 2, and 3. In these figures, and those
which follow, the samples are designated by their
code number which permits comparison of the re-
sults with those presented in II. Figure 2 is the
average of two scans of the higher-energy part of
the spectrum of Fig. 1 expanded to show the weak
lines more clearly. These four lines, labeled A’,
A”, A", and a, were not observed previously for
Zn", nor was the shoulder C” although a was ob-
served under stress in II but not identified. The
labeling of the A lines is the same as that used for
those of copper impurity in germanium.'?> There is
some ambiguity involved in labeling these transi-
tions since, for aluminum, Haller and Hansen'®
appear to have observed four A lines, one of which
is to the high-energy side of A’ and A” and the
other to the low-energy side. The energy spacings

5465



5466 N. R. BUTLER AND P. FISHER 13

~ |6e(zn sb) 4378-3 |P
Eel
-
4
n
:._)|2' C
[T
3 6
(8]
8
s |
by B
S o
(72
@
<
0 8.4 l 6.3 = ';2 A 76 l éO l 84

PHOTON ENERGY (meV)

FIG. 1. Excitation spectrum of singly ionized zinc im-
purity in germanium. Liquid helium used as coolant.
The energy of the G line is deduced from Fig. 3.

of the present three A lines are similar to those
of the three higher-energy lines of Haller and
Hansen. Figure 3 is the result of averaging 8
scans of the signal transmitted by the sample with
4 scans of the reference signal in the region of the
spectrum at ~68 meV. The sample used was not
the same as that of Figs. 1 and 2. The G line has
not been observed before, although some attempt
was made to do so.? A fairly precise prediction of
its energy was obtained by extrapolating the ener-
gies of its stress-induced components® to zero
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FIG. 2. A portion of the excitation spectrum of singly

ionized zinc impurity in germanium expanded to show the
weak high-energy lines.
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stress; this determined the energy range through
which the multiple scans, summarized in Fig. 3,
were to be made. Discussion of this is given in
Sec. IIIB.

The energies and energy spacings for the spec-
trum of Zn" are given in Table I. The energies of
the B, C, C’, and D lines are those of II.22}* The
ratios of the energy spacings to the average spac-
ings of the corresponding lines of the neutral
group-III impurities in germanium® are shown in
the fourth column of Table I. It is seen that all the
ratios are greater than four in agreement with the
conjecture given in II to explain such ratios. It
must be noted, however, that if the A lines are
identified with the sequence given by Haller and
Hansen, the ratios for the spacings A’-D and A”-D
become less than four, requiring that both con-
jectures given in II be invoked to understand the
ratios.

B. Effect of uniaxial stress

1. Applied force along (111) axis

The effect of a compressive force F on the spec-
trum of Zn" in germanium for F||(111) is shown in
Figs. 4-7." Figures 8 and 9 illustrate the stress
dependence of the energies of the various compo-
nents; in both these latter figures, the full lines
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FIG. 3. The absorption of singly ionized zinc in ger-
manium near the G line. This is a computer-averaged
spectrum obtained from 8 scans of the signal transmitted
by the sample and 4 scans of the reference signal.
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TABLE 1. Energies and energy spacings of excitation lines of singly ionized zinc in

germanium,
Energy Spacing relative Spacing relative

Line (meV) to D line to group II?
A 82.79 0.1 7.80+0.1 4.1740.1
A" 82.20 +0.1 7.2120.1 4.19+0.1
A™ 81.47 +0.1 6.48+0.1

B 80.697+0.011° 5.710.02 4.12+0.07
a 79.78 £0.1 4.79+0.1 4.32+0.2
c” 78.8 0.2 3.8 £0.2

c 78.326+ 0.002° 3.33+0.01 4.40+0.1
c 78.19 +0.04° 3.20+0.05

D 74.994+ 0.005° 0

G 67.80 +0.07 7.19+0.07 4.25+0.05

2 Average spacings of group-III impurities in germanium obtained from Ref. 8.
b See Ref. 2. In this reference the energy of the D line was reported incorrectly.
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FIG. 4. A portion of the stress-induced spectrum of
singly ionized zinc in germanium for three different
stresses with a compressive force F parallel to (111)
direction. Liquid helium used as coolant.

are smooth curves drawn through the data points.
The origin of the labels G, and G, is discussed
below. The intensity I(G,) of the G, component as a
function of stress is also shown in Fig. 8. The
data given in Fig. 9 are the result of three separate
measurements made with two different samples
using polarized radiation; in this figure no attempt
has been made to distinguish the data points since
these are numerous and fall close to each other.
Figure 4 shows the effect of small stresses on
the C and D lines for a sample with a relatively
low concentration of Zn". This result is to be
compared with that of Fig. 8 in II and demonstrates
unambiguously that, at stresses low enough to
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FIG. 5. Excitation spectrum of Zn~ for F| (111) for
a stress of 0.55 kbar.
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FIG. 6. Similar to Fig. 5 but for a stress of 1.65 kbar.

minimize depopulation effects, the D, component
is stronger than the D, component. This clearly
verifies the assignment given in II of the ordering
of the ground-state sublevels for this direction of
compression. The spectra of Figs. 5-7 are for
higher stresses than those of Fig. 4 and have been
obtained using a sample of higher Zn~ concentra-
tion.

The spectra of Figs. 5-7 demonstrate a startling
effect. Two sharp, clearly observable, G compo-
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FIG. 7. Similar to Fig. 5 but for a stress of 2.21 kbar.

nents make their appearance in the range from
~68 to 71 meV and grow dramatically as the stress
is increased. The nonlinear dependence of their
energies on stress (see Fig. 8) and the strong
stress dependence of their intensities clearly in-
dicate that the states involved in these transitions
are undergoing strong interactions with other
states. The stress dependence of the energies of
the D components, shown in Fig. 9, implies that
much of the interaction is between the states of
the G and D excitations. This is an effect identi-
cal to that observed by Chandrasekhar et al.'® for
the components of lines 1 and 2 of the group-III
acceptors in silicon. The calculations in this lat-
ter work predict that for two adjacent I';~ T,
transitions several components can undergo dras-
tic changes in intensity owing to interactions under
stress. It is clear that the stress-enhanced com-
ponents arise from the G line, a I'y—~TI'; transi-
tion.?2 The rapid decrease of the intensity of the
D, component (see Figs. 5-7) and the growth of

G, (see Figs. 5-8) implies that it is from D, that
G, gains its strength. From Table III, Ref. 16
and I and II, it is deduced that, under a (111)
compression, the sublevels of the final I'; state

of the G line are ordered in the same way as those
of the I'; ground state. However, with this ar-
rangement, the interaction described in Ref. 16
does not permit G, to be any larger than the ex-
tremely weak zero-stres_g parent line. In the case
of Zn" in Ge though, for F||(111) there is very
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FIG. 8. Energies of the stres_g-induced components
of the G line versus stress for F || (111) and the intensity
of the G, component as a function of stress.
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little splitting of the final state of the D line (see
II), and hence the interaction between the T', sub-
states of the final states of the G and D lines could
be substantially larger than the corresponding ef-
fects for lines 1 and 2 of, for example, boron in
silicon.’® This interaction could account for the
G, component of Figs. 5-8 but we have not carried
out this analysis. The decrease in D, appears to
be much larger than the combined growths of G,
and G, implying that further interactions are in-
volved. In Fig. 9, the stress dependence of the en-
ergies of the D,, D,, C;, and C, components ex-
hibit an inflection at a stress of ~1.7x 10° dyn/cm?,
suggesting that the sublevels of the final state of
the C line also are involved in the interaction.

It might be mentioned that the discovery of the
G components originated from the observation that
at low stresses D, and D, crossed in energy as
did D, and D,,'” suggesting that a lower-energy
state was interacting with the final states of the
D line. This prompted measurements at higher
stresses which showed the dramatic decrease in
the D, component described above, in turn indi-
cating that transitions to the lower-energy state
involved in the interaction should be observed
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FIG. 9. Energies of the various stz_'.ess-induced com-
ponents of the B, C, and D lines for F| @11) as a func-
tion of stress.

under stress even though the zero stress transi-
tion is too weak to be readily observed.

The large nonlinear shift of the D, component
has separated it from the D; component (see
Figs. 5-7 and Fig. 9), where the symbol L means
the radiation is polarized perpendicular to F.

This component was predicted in I but not reported
in II since the stress used in II was not sufficiently
large. The rapid decrease in the intensity of D,
with increasing stress also contributes to the res-
olution of Dj.

The splitting of the ground state Aj;, as a func-
tion of stress is shown in Fig. 10. The straight
line is a least-squares fit to the data points and
yields a value of |4}, |=(1.95+0.07) X 10"°|S|,
where S is the stress in dyn/cm? and A, is in
meV. This leads to —2.32+0.09 eV for d’ which
is to be compared with -2.18+0.06 eV given in IL
In view of the nonlinear splitting of the excited
state of the D line even at moderate stresses, it
does not seem possible to obtain a reliable value
for d .

Proceeding as in II, a value of 0.23 was again
obtained for the parameter u,. This value was the
average of six ratios of the areas of components
D, and D, at low stresses. The areas were ob-
tained from the curve fitting program. Low-stress
values were used to minimize the effects produced
by the unusually strong interaction between the G
and D sublevels. A value of 0.12 is found for u,
from the D}, D}, and D! components. Here the
symbol || means the radiation is polarized paral-
lel to F. Since D! has now been observed, it must
be taken into account in estimating u,. The value
of 0.12 is larger than that obtained in II following
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FIG. 10. Ground-state s;_)!itting of Zn~ in germanium
as a function of stress for F|| q11).
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the same procedure but is significantly lower than
that determined from D, and D,. This is not under-
stood but should not be due to the interaction ef-
fects since the ratios used do not show any signi-
ficant variation with stress at the stresses in-
volved.

The data in Figs. 5-7 and Fig. 9 _s_how that there
are at least five C components for F||(111) instead
of the three reported in II. The additional compo-
nents are seen only for stresses >10° dyn/cm? and
are only observed by virtue of their enhancement
due to interactions. Further discussion of the C
line will be given below.

2. Applied force along (100) axis

The behavior of the Zn" spectrum under (100) com-
pression is depicted in Figs. 11-13. The stressde-
pendence of the energies of the various components is
illustratedin Figs. 14 and 15. The results for the B,
C, and D lines are very similar to those of II ex-
cept that an additional weak C component is seen
which has necessitated relabeling the highest-en-
ergy C component. At a stress of 0.66 kbar (not
shown) there is a clear indication of the presence
of the D; component. The effect of depopulation
of the upper ground state with strain was observed
for this component over a limited range of stress.
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FIG. 11. Excitation spectrum of Zn~ for F || (100) for a
stress of 0.33 kbar.

For stresses >0.6 kbar, D; is sufficiently small
not to influence the position of D;. At stresses
larger than ~1.2 kbar, D; shows a further decrease
in intensity which is presumably not due to D; and
suggests that D; is being affected by an interaction.
The stress dependences of Al and A2, the
ground- and excited-state splittings, respectively,
have been found in much the same manner as in
II. Linear least-squares fits were made to D, and
D, omitting the zero-stress energy of the D line;
these fits are represented by the straight lines in
Fig. 15 and yield the stress dependence of A{,,
+ A2 . The values of A2, for the three data points
in the range 0.6-1.0 kbar were obtained as the
differences between the energies of D, and D,.
The average of these results gives A2 =1.59
X10"|S| meV, with S in dyn/cm® and an estimated
error of 3%. From this value and that obtained
for Al +AR,, it is found that Af,,=1.84 X 10™°|S|
meV, again with an estimated error of 3%. These
values are larger than those given in Eqgs. (3) and
(4) of II. The present stress dependence of the
energies of D, and D, are about 16% and 7% larger,
respectively, than those found in II. The large
difference between the two values for D, is under-
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FIG. 12. Excitation spectrum of Zn~ for F || 100) for
a stress of 0.99kbar. The energy range has been ex-
tended compared with that of Fig. 11 in order to show the
G components.
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with an expanded ordinate to illustrate better the weak

components and dramatize the G components.
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FIG. 14. Energies of the stress-induced G components
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standable since this component is always weak ex-
cept at low stresses where it is not well resolved.
The present data for D, exhibit less scatter than
that seen in Fig. 15 of II. Part of this may be
simply a manifestation of the procedure adopted
in II to calibrate the strain jig measurements in
terms of stress. A comparison of the spectra of
Fig. 14 of II and Fig. 12 of the current work shows
that in the latter a much more uniform stress has
been achieved, suggesting that the present results
are more reliable.

The results for A],, and AD give for the magni-
tudes of the deformation-potential constants b’
and b}, values of 0.75+0.02 eV and 0.65+0.02 eV,
respectively. From these values one can predict
the position of the D, component at a given stress.
In the case of the spectrum, taken at 0.66 kbar,

D, should occur at an energy of 75.01 meV, which
is in good agreement with the position of a low-en-
ergy shoulder to Dj.

Figures 12 and 13 cover a larger energy range
than does Fig. 11 and illustrate the growth of the
G components. Figure 13 is plotted with an ex-
panded ordinate to illustrate the weak components
and dramatize the G components. The stress de-
pendence of the energies of the G components is
displayed in Fig. 14. It is assumed that these
grow in intensity at the expense of the D; compo-
nent.

The intensities of the D components can be used
to obtain a value for |v,|. Since D) and DY have
not been resolved, it is necessary to consider
those stresses for which D is essentially depop-
ulated in order to compare D! with Di. In the
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FIG. 15. Energies of the stress-induced B, C, and D
components for F|| (100) as a function of stress.
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analysis, D; was separated from the last vestiges
of D; by the curve-fitting program. The ratio of
Dt to DY is independent of depopulation effects and
was found to have an average value of 0.385 for the
spectra with stresses in the range 0.6-1.2 kbar.
As already mentioned, at stresses larger than
this range, D; shows an interaction effect. The
ratios obtained gave a value of 0.25 for |v,| using
the value of 0.23 obtained above for u,. This re-
sult for v, confirms the tentative value given in
IL.

3. Applied force along (110) axis

Spectra obtained with F||(110) are shown in
Figs. 16-19. Unlike the other two orientations ex-
amined, the intensities of the stress-induced com-
ponents for E, depend upon the direction of light
propagation k,'® as may be seen from the figures.
Figures 20 and 21 are plots of the energies of the
various components as a function of stress. The
present results for this direction of compression
are very similar to those given in II except that
now the region of the stress-enhanced G compo-
nents has been scanned for k||(110) and two G com-
ponents observed (see Fig. 17). Also, a wider
range of stresses is covered here, which enables
the observation of several other new features.

T T T T

Ge(Zn, Sb) 4378-3
Fu[no]; ¥ u[io]

STRESS =12.8 x 10° dyn/cm® -
ENF ----

ELF —

@

o

o

ABSORPTION COEFFICIENT (cm™)
[

1 1 1 |

75 79
PHOTON ENERGY (meV)

_FIG. 16. Excitation spectrum of Zn~ for F |[110] and
k [ [110] with a stress of 1.28 kbar.
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FIG. 17. Excitation spectrum of Zn~ for F[|[110] and

K ||[170] with a stress of 2.26 kbar.
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FIG. 18. Excitation spectrum of Zn~ for F [|[110] and

K |[[001] for a stress of 0.77 kbar.
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FIG. 19. Similar to Fig. 18 but with twice the stress.

One of these is the appearance of the D; compo-
nent for kl|<001), which was predicted in II but

not observed (see Fig. 20 of II and Figs. 18 and 19
of the present paper). In addition, at the higher
stresses, more C components appear than previ-
ously observed and many of the components show
strong interaction effects for both their intensi-

T | T | T [ 1 | T | 1
Ge(Zn,Sb) 437B-3

- Funo);knfiio) -
ELF

PHOTON ENERGY (meV)

4 8 12 16 20
STRESS (108dyn/cn?)

FIG. 20. Energies of the stress-induced G components
vs stress for F [|[110] and K || [1T0].

ties and energies.

The present study, employing the quantitative
stress cryostat, also enables the stress depen-
dence of the various components for FlI(110) to be
determined. The measured values of Aj , and
AD  can then be compared with the values pre-
dicted using Eq. (29) of I. Figure 22 shows plots
of A],, and AS as functions of stress. It should be
noted that the data for these two quantities are not
very reliable since at low stresses the lines are
not well resolved, while at high stresses the D,
and D, components vanish and D, and D, exhibit
nonlinear shifts. The straight line labeled Af,,
is drawn from the origin through the most reliable
data point, that at 6.4 X 10® dyn/cm?. This line
gives A],,=(1.80+0.09) X 107 |S| meV in good
agreement with the value of (1.92+0.07)x 107°|S|
predicted from the values of A}, and 4], given
above. It is interesting to note that, just as in the
case of group-III acceptors in silicon,'® the pres-
ent values for A}, Al,, and A, are the same
within experimental error; Zn" in germanium may
also exhibit stress isotropy.

In Fig. 22, the initial part of the line labeled
AP is a straight line drawn through the origin
and the most reliable data point for this case, that
at 10.2 X 10® dyn/cm?. From this straight portion
it is found that A5,=0.71X10"°|S| meV. It is dif-
ficult to estimate the error for this case since

I | I T I | 1 I | |
& Ku[iio]- Ge(zn,Sb) 437 B-3
o ki[00l|-Ge(zn, Sb) 437 B-4

Fulio]
82|~
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~
o

o

~
N

| | | 1 1 | | | 1 |
0o 4 8 12 16 20

STRESS (10° dyn/em?)

FIG. 21. Energies of the stress-induced components
of the B, a, C, and D lines for F ||[110] as a function
of stress for both directions of k.
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the effect of interactions is unknown. This value
is to be compared with (0.80+0.03) X 10™|S| pre-
dicted from the value of AZ given above and A5,
=0. The ratio of A}, to AP obtained from Fig. 22
is 2.5, in good agreement with that given in II,
and is to be compared with the value of 2.4+ 0.14
obtained from the predicted values of A}, and
Af,- -
It is shown in I that, for F||(110), the intensities
of the D components depend upon the deformation-
potential constants for both the ground state and
the excited state, as well as u;, and v,. In Table
XVII of I, the intensities are given in terms of
the quantities ¥ and 6§ where y=x+(1+x2)*/2? and
x=04},,/Y3A!,. The quantity 6 is defined in the
same manner, but for the excited state. We find
that for the present values of Aj,;, and A],,, ¥
=1.68+0.05, which is to be compared with the
value of 1.62+0.03 quoted in II. The change in ¥
is not large enough to warrant a recalculation of
the intensities for this direction of compression.
The original calculation is particularly justified
since the component D} for kl[001] has now been
observed. Further, as may be seen from Fig. 23,
the component D? for k||[170] is actually the
strongest component for this direction of polariza-
tion as was predicted in II. The other relative in-
tensities observed in the present measurements for
Fll(110) are consistent with those calculated and
observed in II.

4. Stress-induced components of the C, B, and a lines

The results presented here show that the excited
state associated with the C line splits into at least

T T T T T 7 T T T T
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15— g/ —
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[ 110
e \ /Q/ |
2 ADllo -
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STRESS (10® dyn/cm?)

FIG. 22. Af, and A9 as functions of stress.

four sublevels for F||(111) and into at least five
sublevels for F||(100) and (110). In addition, there
is some evidence that the C” shoulder to the C
line arises from a separate level (see Fig. 15).
This confirms the conclusion given in II that the
excited state of the C line is at least tenfold de-
generate. Symmetry assignments may be made

to some of the sublevels of the C component by
carrying the measurements to higher stresses and
noting the identity of those components of known
symmetry with which these sublevels interact.
Such an experimental investigation may be difficult
in view of the large number of relatively broad
components which need to be separated.

For the B and a lines, at most one sublevel is
observed for each and this clearly undergoes in-
teraction effects, but the quality of the data is
such that very little information about these two
lines has been obtained.

T T

Ge(Zn, Sb) - 437B-3 F 11[110]
0 ¥ 1 [170]
12 + ! ELF -

(¢) 5.1x10° dyn/em® 12

—
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8 -——(b)
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(a) 1 1 !
75 79
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FIG. 23. Excitation spectrum of Zn~ for three di_t;— .
ferent small stresses with F||[110], k ||[1I0], and ELF.
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IV. CONCLUDING REMARKS

The present investigation has resulted in a com-
plete verification of the theory of the D transition
as developed inI and II. The only remaining am-
biguity in the data is the large variation in the
value of u, obtained by estimating this parameter
in different ways. However, there are many sys-
tematic errors associated with the measurement
of intensities which might account for this discrep-
ancy. The complex nature of the final state of the
C line has been confirmed by the need for at
least five sublevels to understand the stress pat-
tern.

Samples with different concentrations of Zn"
used in this investigation indicated a definite trend
for the energy of the D line to depend on the con-
centration, with higher concentrations leading to
higher energies. This effect may be associated
with the asymmetry observed for all the lines.
Although the C line is the most remarkable ex-
ample of this, all the lines show some asymmetry,
with the low-energy side appearing broader than
the high-energy side. For the sample of Fig. 1,
for example, the low-energy side of the D transi-
tion is about twice as wide as the high-energy

side, as determined by the curve-fitting program,
and the line has shifted to 75.002 meV, rather
than the 74.994 meV found for the lower-concen-
tration sample. Sidorov ef al.’® have reported that
the D line of Zn~ occurs at an energy of 75.4+0.2
meV in samples which apparently have higher

Zn" concentration than the ones used here; this
may be another manifestation of this effect.

There is little doubt that the most startling as-
pect of the present study has been the detection of
the G line. The spectacular way in which the
stress components of this line grow is quite re-
markable. It should be mentioned that there is
some evidence®® that the G line of neutral copper
in germanium® also undergoes dramatic stress
enhancement. This effect is being further ex-
plored for copper and the other acceptors in ger-
manium.
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