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This paper presents the experimental part of a piezospectroscopic study of the symmetries and
deformation-potential constants of the energy states of singly ionized zinc in germanium. From the
behavior of the excitation spectrum of this impurity under uniaxial compressions along the (111) and
(100) directions, symmetry assignments have been made for the ground state and the excited states of
the C and D lines, and it is found that d’' = — 2.18 4- 0.06 eV, d'D = 0.15 4 0.03 eV,

b’ = —0.6540.03 eV, and b’ = 0.61 4 0.02 eV, where these are deformation-potential constants for
the ground state of the impurity and for the excited state of the D line. These conclusions were
reached by making a detailed comparison of the experimental results with the theory and were
corroborated by similar measurements with compression along a (110) axis.

I. INTRODUCTION

In a previous paper, ! we discussed the theoretical
basis for the interpretation of piezospectroscopic
studies of the excitation spectra of single-hole
acceptors in group-IV semiconductors. The present
paper gives the results and interpretation of such
an investigation for singly ionized zinc in germa-
nium. Preliminaryaccounts of this workhave been
given elsewhere.?® The reader is referred to I for
an introduction to the subject and for the appropriate
references.

II. EXPERIMENTAL PROCEDURE

Ingots of germanium doped with zinc and antimony
were prepared by first mixing pieces of pregrown
zinc-doped germanium and antimony-doped ger-
manium with pieces of pure germanium, and then
growing single crystals using the Czochralski tech-
nique. No attempt has been made to determine the
degree of compensation achieved, but each ingot
used was p-type over its entire length. Of the three
ingots that were made, samples cut from both ends
of each ingot when cooled to near helium tempera-
ture exhibited an excitation spectrum that is thought to
be characteristic of singly ionized zinc?** (see Sec.
III). The spectrum was found to differ in quality at
the two ends of an ingot and hence only that portion
of an ingot that yielded the sharper set of excitation
lines was used for sample preparation. Samples of
different crystallographic orientation were cut from
the “good” parts of the ingots, these being oriented
either by x rays or by the optical method described
by Hancock and Edelman.’® Optical samples were
prepared by grinding the surfaces successively with
No. 600, 1200, and 3200 carborundum and then
etching to a “highly reflective” surface, a suitable
wedge being included in the thickness of the sample
to suppress channeled spectra. Single-beam double-
pass Perkin-Elmer grating monochromators, Mod-

?

el 99-G, were used for the optical-absorption mea-
surements; these were calibrated using the 15-pu
rotational-vibrational absorption spectrum of atmo-
spheric carbon dioxide® and the pure-rotational
absorption spectrum of atmospheric water vapor. 7
Unless otherwise specified all measurements were
made with the use of a grating blazed for 20 u. A
Reeder thermocouple® with a diamond window was
used as the detector., The samples were cooled to
temperatures near that of liquid helium using a glass
optical cryostat, °

Uniaxial compression was applied to the samples
in two ways. The first employed a strain jig which
utilized a differential-thermal-contraction tech-
nique similar to that described by Rose-Innes'® and
Jones, ! whereas the second method employed a
quantitative-stress cryostat'? in which a calibrated
gas pressure was transmitted to a rod that pushed
directly on the sample. In several measurements
with the strain jig, two different samples, of half
the length of the normal specimens, were placed
end to end in the same jig. These “half’ samples
had the same cross-sectional area and hence ex-
perienced the same stress. In order that the trans-
mission of each half sample could be studied inde-
pendently, either the upper or the lower half of the
entrance slit, depending on the sample, was masked.
The spectra obtained under strain were studied us-
ing plane-polarized radiation produced by passing
the infrared beam through a Perkin-Elmer wire-
grid polarizer!? with either a silver chloride or a
polyethylene -substrate.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Zero-Stress Spectrum

In Fig, 1 is shown a typical absorption spectrum
obtained from a sample prepared in the manner de-
scribed in Sec. II. A scan of the range 55.5-83.5
meV has not revealed any extrinsic excitations

5285



BARRA, FISHER,

T T T T T T T T
—Ge(Zn,Sh)432D No.|_|

———Ce 1058
+

(&)}
T
|

»
T
1

Absorption Coefficient (cm™)
—F

T

0 1

B T } et el e v Wk e
74 76 78 80 82
Photon Energy (meV)

FIG. 1. The upper curve is the excitation spectrum of
singly ionized zinc in germanium. Grating used was
blazed for 12 p with 75 grooves per mm. The lower curve
shows the absorption of pure germanium. Liquid helium
used as coolant,

other than those shown. Also plotted in Fig. 1 is
the absorption characteristic of essentially pure
germanium, illustrating the level of lattice absorp-
tion in this spectral region., The positions of the
lines B, C, and D are given in Table I. In each
case the values given are an average of the results
of a number of measurements. An estimate of the
energy of the shoulder designated by C’ is also in-
cluded in the table. The energies given for the C
and D lines are essentially the same as those ob-
tained previously, #* but disagree with those re-
ported by Sidorov et al. % The energy spacings B
toC, CtoC’, and C to D are also given in Table I
and compared with those of neutral zinc, 11 1t should
be noted that if the spacings B to C’' and C' to D

are compared with B to C and C to D of neutral zinc,
then the ratios obtained are 4.20+0.17 and 4. 04

+0. 21, respectively.

Figure 2 gives more details of the lines C and C’'.

This figure was constructed by first subtracting the
background absorption to give the full curve, then
folding the high-energy side of the C line over onto
its low-energy side (this gives the dashed curve),
and finally subtracting the two curves to give the
dotted curve. The asymmetric shape of the dotted
curve is characteristic of that which is obtained
when the above procedure is followed with other
measurements of this spectrum, - It suggests that
C’ may not be due to only one type of transition,
An alternative explanation is that C’ is very broad
and also gives rise to the high-energy wing of the
C line. Inthis case, the C’ line could be due to a
single transition, but it is not clear why it should
be so broad.

The half-widths of the lines C and D in Fig. 1 are
about 0,13 meV, which is essentially the same as
the widths of the excitation lines of group-II*® and
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TABLE 1. Energies and energy spacings in meV of singly

ionized zinc in germanium.

Spacing relative to

Line Energy?® (meV) Spacing (meV) neutral zinc®
B 80,697 + 0,011 B-C 2,371 0,013 3.82+0,15
(o] 78.326 + 0,002 C—C’ 0.136+ 0,042 eee
C’ 178.19%0.04 Cc-D 3.332+ 0,007 4,38+ 0,13

D 74.944:0.005 !

2Except in the case of C’, six or more measurements
have been averaged for these values.

YIn this column is shown the ratio of the energy spacings
of the lines of singly ionized zinc to the corresponding
spacings of the lines of neutral zinc in germanium. The
excitation lines of the latter impurity have the energies
31.48+ 0.01, 30.86+ 0,01, and 30,10+ 0,01 meV, re-
spectively, for the B, C, and D lines (see Ref. 11).

neutral-zinc '*''® acceptors in germanium; line B

is about twice as broad. Samples cut from two
other ingots have also been studied. All ingots
were prepared in the same way but the latter two
contained a higher concentration of Zn", The ex-~
citation lines observed for samples cut from dif-
ferent parts of these ingots exhibited considerable
variations in width., In some cases line B was not
observed and C and D were very broad. We attrib-
ute this to a Stark effect resulting from the varia-
tion in concentration of ionized impurities in these
highly compensated ingots. The absorption spec-
trum of one of these samples was also examined in
the spectral region where the excitation spectrum
of neutral zinc occurs. *'!**1%'!7 No such spectrum
was observed, indicating that the compensation was
effective. A broadening effect can also be produced
if the impurity concentration becomes high enough
to cause significant overlap of wave functions of
different impurities. However, for Zn", the wave
functions are more localized than for neutral accep~
tors and hence concentration broadening should oc-
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FIG. 2. C and C'’ excitation lines of singly ionized zinc
in germanium. The full curve is that of Fig. 1 with the
background absorption subtracted. The dashed curve is
the result of folding the high-energy side of C over to the
low-energy side. The dotted curve is the result of sub-
tracting the dashed curve from the full curve.
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cur at much larger concentrations than for neutral
acceptors.

A comparison of the relative intensities of the
lines B, C, and D of Fig. 1 with those of neutral
zinc, #1117 neutral copper, *'*"!® neutral beryl-
lium, ! and neutral mercury'’'22! in germanium,
reveals that qualitatively they are the same. This
is part of the basis for the labeling. The fact that
the energy spacings of the lines in Fig., 1 are near-
ly four times those of their counterparts for neutral
zinc is strong evidence that the correlation made is
valid. Further verification of this point will be ob-
tained in Sec. III B where the symmetries of the en-
ergy states are elucidated by the piezospectroscopic
studies of the spectrum.

The implication of the above is that a fairly ac-
curate description of the excited p-like states of
Zn" in germanium can be obtained from the effec-
tive-mass theory for acceptors?® by simply alter-
ing the charge on the impurity ion from - e to - 2e,
i.e., from a neutral heliumlike acceptor to an
ionized heliumlike acceptor. The deviation of the
ratio from four could be explained considering that,
unlike ionized helium, the impurity ion possesses
a large number of core electrons whose effective-
ness is shielding the nucleus may vary from one
excited state to another. Since we are dealing with
a hole bound to a negative ion, this would imply
that the maximum value this factor can have is four,
corresponding to complete screening of the im-
purity nucleus by the core and valence electrons.
This assumes that perfect screening occurs for
the excited one-hole states of neutral zinc, a not
unreasonable assumption since these states are
much less tightly bound than the Zn" states. This
assumption is also borne out by experiment, since
the energy spacings of corresponding excitation
lines of all the neutral acceptors in germanium
that have been studied so far are practically iden~
tical (see Table VI of Ref. 23) even though the nu-
clear charges vary widely and the number of bound
holes ranges from one to three. However, this ef-
fect could explain only the B to C ratio (< 4) not the
C to D ratio (>4). A ratio in excess of 4 can be
understood in the following manner. The deeper-
lying states have wave functions that deviate from
the effective-mass states in that the density of holes
is largest along the tetrahedral directions where
the valence-electron density is also highest. This
can also be regarded as a deviation from the effec-
tive-mass potential expressed as a sum of multi-
pole terms® appropriate to the symmetry T,. This
gives rise to a binding energy higher than expected
from the effective-mass approximation for the low-
lying states. '

If the above identification of the excitation lines
is correct, then we can calculate approximately the
spacing of the excited states for the C line of the
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neutral acceptors, Comparison of the results of the
effective-mass calculations?® with experiment!®:?
suggests that the final state of the C line could be
either a I'g state or a I'; state or a combination of
these two; the calculated spacing of these states is
0.10 meV. From the spacing of C and C’ in Table
L it is seen that a value of ~0.03 meV would be
predicted for the C to C’ spacing for neutral accep-
tors, thus making the C' line difficult to resolve.

In the above, it is assumed that the acceptor be-
ing studied in the present measurements is singly
ionized zinc. Samples prepared in the way already
described yield essentially the same spectrum; this
is true for the present and previous*!* measure-
ments. Mass spectrographic analysis® of the pres-
ent samples show that each contains about equal
parts of zinc, antimony, silicon, and magnesium,
and a somewhat smaller concentration of aluminum.
The silicon and aluminum should not produce the ob-
served spectrum; however, the effect of magnesium
is not clear. This acts as a double donor in silicon,?
in which it is presumably an interstitial. If it has
the same role in germanium, then it will merely
serve, along with the antimony, to compensate the
zinc and will be doubly ionized since all the samples
studied were p type. But if it is a substitutional im-
purity in germanium, and hence a double acceptor, 28
it could be this impurity that gives rise to the ion-
ized-heliumlike~-acceptor spectrum under study.
However, much higher concentrations of zinc can be
introduced into germanium using the Czochralski
technique than is possible for magnesium?® and hence
it is difficult to understand the origin of the high
magnesium concentration, With the above reserva-
tions in mind, we shall continue to attribute the
spectrum of Fig. 1 to singly ionized zinc. In sup-
port of this, the following study should be men-
tioned. When the spectrum of Fig. 1 is examined
at liquid-nitrogen temperature, the D line shifts in
energy to ~ 75.9 meV and broadens markedly, the
C line becoming a shoulder on the high-energy side
of the D line.?®%® A preliminary investigation of
the absorption due to uncompensated zinc-doped
germanium at the same temperature and in the same
spectral range revealed a broad feature with a peak
very close to this energy. % The implication of this
is that the spectrum of Fig. 1 is due to singly ion-
ized zinc.

B. Effect of Uniaxial Stress
1. Applied Force Along (111) Axis

The behavior of the spectrum of Fig, 1 under
uniaxial compression along (111) axis is illustrated
in Figs. 3 and 4. The compressive force ¥ has
been applied with the strain jig in both cases. The
magnitudes of the splittings of the components of
the D line provide gauges of the stress achieved in
each case. It is clear that F is larger for the spec-
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FIG. 3. Stress-induced spectrum of singly ionized zinc

in germanium for a compressive force F along a (111)
axis using the strain jig. The vertical arrows and circled
letters indicate the zero-stress positions. Liquid helium
used as coolant.

trum of Fig. 4 than for that of Fig. 3. This is also
borne out by the differences in the intensities of the
lower-energy components of both the C and D lines
for both figures; the absorption spectra in the two
cases were obtained under experimental conditions
that should have produced the same sample tem-
perature. Inthese spectra, and those that follow,
the results obtained with the electric vector E
parallel to FE ) are plotted with a dashed line while
those for E L f(E 1) are represented by full curves.
In the interpretation of the data to be discussed
later in this section, the splitting of the ground
state A}y, ! is gauged by taking the mean of the dif-
ference in energy of the components D, and D3 and
D, and Dy. In Fig, 5 are presented the results of
a number of measurements in which the energies
of the components of the various lines are plotted
as a function of Aj;;. The straight lines represent
the results of least-squares fits to the data. In the
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FIG. 5. Dependence of the energy of the stress-in-
duced components of the spectrum of singly ionized zinc
in germanium on the splitting of the ground state A{);.
The straight lines are least-squares fits to the data. The
calibration of Afj; in terms of stress is discussed in the
text.

case of B and D components, where no ambiguity
exists regarding their origins, a number of zero-
stress values have been included in the fits, How-
ever, for the C components no zero-stress values
have been used and it can be seen that all three
components, C,, C,, and C3, appear to stem from
C and not C’. In Figs. 3 and 4, and other similar
measurements, there is a clear suggestion of a
broad low-energy tail to C;, which is presumably
due to C’'.

T T T T

L

FIG. 4. Same as Fig. 3 but at a larger
stress.
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1T T T 1 (Ib/in, ), 3 it is estimated that
F )
Lol "‘”'C ) |Al] = (1. 826 £0.055)x 10| S|, )
s s ——0C3-C,
E | o---c,-c, where A}y, is in meV if S, the stress, is in dyn/
9 cm® 1tisthis result that has been used to deter-
9 08 _ mine the upper scale in Fig, 5. Also it is found
S that
5086 7 |af] =(0.07£0.01)|Afy]. )
10.4 — If we assume that the D line is due to a 'y~ Ty
) transition, %% then we can interpret the present
0.2 m data using the results of I. Under a uniaxial force,
\ a I'; state splits into two twofold degenerate states.

0 1 | |
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FIG. 6. Dependence of the energy spacings of tlle pairs

of components Cy and C, and C; and C;3 on Afj; for F |l (111),
The straight lines are least-squares fits to the data.

A plot of the differences in energies of the pairs
C; and C, and C, and C; as a function of Ajy; is
shown in Fig, 6. The straight lines represent the
outcome of least-squares fits to these data, and
suggest that C, and C; have a common final state.

The quantitative dependence of A;y; on stress is
given in Fig. 7, where the stress is proportional
to the pressure of the gas used with the stress
cryostat. ¥ Both methods for applying compres-
sions were used since in the case of the strain jig,
quantitative values of stress were not obtained,
while for the present use of the stress cryostat com-
pletely reliable intensity measurements were not
made. The straight line in Fig. 7 represents a
least-squares fit to the data, and has the slope
0.04582+ 0. 00062 meV/(Ib/in. %), From this result,
the sample area (8.486+0. 052 mm?), and the cali-
bration of the stress cryostat (4. 788 +0.048 lbwt/

[
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FIG. 7. Dependence of A{;; on gas pressure of the
pressure head of the stress cryostat (see Ref, 12).

It is clear from the decrease in the intensities of
components D, and D, relative to those of Dg and D,
as the stress is increased that D; and D, arise from
the upper of the two states into which the I'y ground
state splits, while D3 and D, originate from the low-
er of these. The number of components observed
and their polarizations are consistent with the .
‘selection rules of, for example, Fig. 1 of I. Since
three components are allowed for E,, the implica-
tion is that one of these is very weak, which in turn
implies that uj is fairly small (see either Table XIV
of I or Fig. 2 of I). Before we can proceed further,
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FIG. 8. Effect of small stresses on the D line of singly
ionized zinc in germanium. The curves have been taken
directly from the recorded signal transmitted by the sam-
ple. The stress is increasing, in alphabetical order,
curve a being for zero stress. All curves are for E, ex-
cept curve e which was taken with E, at the same stress as
curve f. The lettered graduations on the left ordinate
designate the zero level of transmitted signal for the cor-
responding curve. Liquid helium used as coolant. Mea~
surements obtained using the stress cryostat. For curves
e and f, |S| ~2.7%x10% dyn/cm?,
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data. The full lines are the means of the four best data
points in each case.

we must establish the origins of D, and D,. The
data of Figs. 3 and 4 show D, to be stronger than
D,. These, however, are not sufficient to establish
the relative intensities of these two components
since depopulation of the upper ground substate
must be taken into account. It is possible to cor-
rect for this if the temperature of the sample is
known, otherwise the ratio of the intensities of D,
and D, as a function of Aj;; could be plotted and
extrapolated to zero strain. However, this latter
procedure will not be particularly accurate if the
sample temperature should change from one stress
to another. The results given in Fig. 8 show that
for equal population of the ground-state sublevels,
D, is more intense than D,y. In this figure, the be-
havior of the D line is shown as S is increased from
0 to ~ 2.7x10% dyn/cm?, the stress being zero for
curve a and becoming progressively larger from a
to f, except that e and f are for the same stress
but different polarizations. Clearly in curve ¢, al-
though D, and D, are not resolved, D, is larger than
D,. For curve d they are of about equal intensity
while for f, D, is less intense than D,. Curve e is
presented in order to show that for the same con-
ditions the ratio of the intensities of D, and D; is
less than that of D, and D,, from which we infer
that for equal population, D, and D3 could be of
equal intensity, as required by symmetry. !

From the above information, we conclude that the
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components D,, D,, D3, and D, correspond to the
transitions I's,g=I'5,5, 5,6+ Ty, Iy~ T5,6, and
I'y~T,, respectively. The ratio of the intensities
of D, to D, or Dg to D, can be used to determine u,
since these ratios do not involve depopulation ef-
fects.

The results of our most reliable intensity mea-
surements are shown in Fig, 9; the intensity of
each component has been estimated by measuring
its area. X, for D,/D, and D;/D,, where the
fractions denote ratios of intensities, we neglect
the two points that are in poor agreement with the
others, the means of the two ratios are, respective-
ly, 1.39+0.06 and 1.10+0,02, where the errors
given represent the mean absolute deviations or
average errors. From the expressions for the in-
tensities, we obtain up=0.23+0.03 from D, /D,
and #5=0,17+0.03 from D3 /D,. However, in the
latter case, we should assume that the area associ-
ated with D, also includes Dj, the third but weak
component for E,. If we equate (D3 +Dy)/D} to 1.10
+0. 02, we obtain # =~ 0.06+0. 01, It shouldbe pointed
out that both D3 and Dj are intense components and
for the sample thickness and impurity concentration
used, the transmission at their peaks was only a few
percent; hence some error is expected from this.
In one measurement the components were broader
than in the others, presumably because the stress
was somewhat inhomogeneous. For this case, the
peak heights of the lines were smaller and hence
should be more reliable than for the other measure-
ments; the ratio of the intensity of Dsto that of D, for
this observation was 1,12, which leads to a value
of up of either 0.19 or 0.07, depending upon wheth-
er Dj is included or not.

The ratio of the intensity of D, to that of Dy
should be independent of the value of up but vary as
e-2111/*T The long-dashed line in Fig. 9 is drawn
for T=6°K and has the intercept D, /Dg=1. 1 is
not an unreasonable fit to the data points for D, /Dy,
particularly as the temperature of the sample may
be somewhat different from one measurement to
another. However, a value of T =6 °K is somewhat
too small. From past experience, 32 a value of T
~10 °K would be more acceptable.

The fourth ratio plotted in Fig. 9 is that of D, to
D,. This ratio is predicted to be [(1+u)/(1 - up)]
x e~2111/*T, The short-dashed line in Fig. 9 is
drawn for #5=0.23 and T=6 °K. This is alsoa
reasonable fit to the data points for D, /Dy, It
might also be noted that the results depicted in
curve d of Fig. 8 are also consistent with this. If
the value of u,=0.06 discussed above is used, then
no fit at all is obtained.

From the orderings and splittings given above for
the sublevels of the ground state and the excited
state of the D line and Eq. (23) of I, the deforma-
tion-potential constants can be determined for these
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FIG. 10. Excitation spectrum of singly ionized zinc in
germanium for ¥l (100), Liquid helium used as coolant.
The inset shows the spectrum for the C line at a stress
lower than that of the main figure. The strain jig was
used in both cases.

two states. The values obtained are given in Table
II. In addition, the shift in the center of gravity of
the D components is found to be (0.150+0.006)|A;q, 1.
From the stress dependence of Aj;,, Eq. (1), a
value has been obtained for the difference in the
hydrostatic deformation-potential constant of the
ground state (a').and that of the excited state of the
D line (ap). This value is also given in Table II.
The simplest interpretation of the C line is that
it is due to a transition to a I'g or T'; final state.
In this case, one component is predicted for E, and
two for E,, which is in agreement with experiment
if it is assumed that the energies of C; and C; coin-
cide (see Fig. 6). The intensity ratios of C,, C,,
and C; would need to be 3:4:1, which is not con-
tradicted by the experiment (see Figs. 3 and 4).
This interpretation is consistent with that given for
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the Zeeman effect® on the C line of boron in ger-

manium but is not compatible with the results ob-
tained for F I (100) to be discussed below. From
the data and Table XIV of I, we can rule out the pos-
sibility that the C line has a I'g final state, the next
simplest interpretation.

2. Applied Force Along ( 100) Axis

The behavior of the spectrum of Fig. 1 for a
compressive force along a (100) direction is shown
in Figs. 10~12, The results were obtained with
the use of the strain jig. The inset of Fig. 10 shows
the behavior of the C’ and C lines at a strain small-
er than that of the main figure. The spectrum giv-
en in Fig,. 11 is for a strain close to that of Fig.

10. This result has been included in order toillus-
trate how the spectrum appears under the best
resolution obtained with a very homogeneous stress.
The resolution of Fig, 11 is about twice that of
Figs. 10 and 12. However, the values of the ab-
sorption coefficients may not be as reliable as
those of Fig. 10 since the absorption backgrounds
for E, and E, do not coincide in Fig. 11, whereas

TABLE II. Deformation-potential constants for energy states of singly ionized zinc in germanium. Units are eV; the
symbols used to designate the deformation-potential constants are those of Refs. 25 and 33, The values of sy, sy, and
s44 used have been obtained from the data of Ref. 34 for T=10°K. The values so obtained are s;;=9.585 X 10~13 cm?/dyn,
S1p==2,6092 X 10713 ¢cm?/dyn, and S44=14.542 x 1013 cmz/dyn. In calculating the deformation-potential constants, we
have assumed the errors in the above quantities to be negligible compared to those arising from other sources. The

present experiments do not enable one to determine the sign of »’.

The sign we have chosen is the same as that of the

corresponding parameter of the valence band as given in Ref. 37 (see text).

Orientgtion
of ¥ a’ b’ db b4 a’—ap
(111) ~(2.18 = 0, 06) v 0,15+ 0,03 . oo 0.63+0.05
(100)2 coe -~ (0.65 +0,03) oo 0,61+ 0,02 0.40+ 0,05
(110) coe cee ese cee 0.58:1:0.05_

®1t should be noted that the errors specified for this case do not take into account the possibility that a systematic error
may exist as a consequence of the method described in the text to find the stress dependence of D,
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FIG, 12, Same as Fig, 10 but for a somewhat inhomo~-
geneous stress.

they do in Figs. 10 and 12 and for all other mea-
surements made with this direction of ¥, The data
in Fig. 12 show broadening of those components
that are well displaced from the zero-stress posi-
tions; this is attributed to inhomogeneity in the
stress. It is seen that the peak position of the very
weak D, component becomes quite uncertain for in-
homogeneous stresses. Also, it is found from other
measurements that as the stress is increased, D,
decreases, presumably because of increasing depop-
ulation of the upper ground-state sublevel with
stress.

The selection rules for F I (100) have been given
in I, Inthe case of a I'y~T'g transition, two com-
ponents should be obtained for E, and four for E,.

T T T T T A
F 1l <100> ]
77— Ge(zn,Sb) 436A No.5
% — —
3 — o —
:r D, ]
£
[~ |
s_| .
& 76/ — —
s k —
5 ]
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75¢ ’ —
| D {
N I N
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Gaos Pressure in Pounds per Square Inch

FIG. 13. Stress dependence of the energy of Dy and D
for E, with F Il (100). The calibration of the pressure
head used with the stress cryostat (see Ref. 12) was
4,788 1b wt/(Ib/in.?) (see text). The straight line fitted
to D, does not include any zero-stress values of D, The
straight line designated by ~ D;';' is the fit to the energies
of Dy+ Dy at the four highest stresses.
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FIG. 14. Spectrum obtained with the stress cryostat
corresponding to the data in Fig. 13 for a gas pressure
of 55 Ib/in. %, which corresponds to a stress of ~1,3x 10?
dyn/ cm?, The curves have been taken directly from the
recorded signal transmitted by the sample. The smoothly
varying backgrounds shown represent, approximately,
the energy dependence of the intensity of the reference
beam. Note that the abscissa is not linear in energy but
is almost linear in wavelength.

If ADp=~ Aly, then the observations conform to the
predictions, since for both polarizations two com-
ponents will be essentially superimposed and will
lie close to the position of the zero-stress line.
For the value of u ;,~0, 23 deduced above, the two
transitions I's—I'g and I';—T'; for E, (see Table XV
and Fig. 3 of I) will be weak compared to the com-
posite line resulting from the superposition of the
transitions I'g— I'; and I'; -~ T'g in either polarization.
Hence, the strong component observed for each po-
larization and labeled D, +D;, in Figs. 10-12 is in-
terpreted to consist of these latter two transitions,
and the relative ordering of the sublevels of the
ground and excited states is assumed to be that of
Fig. 1(b) of I. Since D, is not resolved from Dy,
an unambiguous determination of A}y and Afy, is
difficult to obtain. The way we have proceeded is
discussed below and involves combining the results
obtained with the strain jig and the data taken ilsing
the quantitative-stress cryostat.

In Fig. 13 are shown the data obtained for the D
components for E, using the stress cryostat. In
this measurement, D, was not well defined even at
small stresses because of some inhomogeneity in
the strain. The extent of this inhomogeneity may
be understood in a qualitative way from the shape
of the D, component in the spectrum of Fig. 14.
These data were obtained with the stress cryostat
at a measured gas pressure of 55 Ib/in. 2 The en-
ergy dependence of the intensity of the incident
radiation is represented by the relatively smoothly
varying background curves for the two polarizations.
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FIG. 15. Stress dependence of the components of the
excitation lines of singly ionized zinc in germanium. The
strain-jig and stress-cryostat measurements have been
combined in this figure (see text).

A least-squares fit has been made to the data for

D, excluding the zero-stress values for the D line.
This gives the corresponding straight line shown in
Fig. 13. It was necessary to exclude the zero-
stress data in order to preserve the slope of the
straight line since it is known that the pressure
head used in the apparatusl"‘ introduces a small sys-
tematic error into the readings. From the slope

of this line and the cross-sectional area of the sam-
ple, the stress dependence of the energy of D, has
been found. With this result it is possible to cali-
brate each of the measurements obtained with the
strain jig since D, isawell-defined component. The
combined results are shown in Fig. 15. The data
for D, obtained with the strain jig are also included
in this plot but lie, of course, exactly on the
straight line labeled D,.

If it is assumed that for gas pressures equal to
and greater than 40 1b/in. % in Fig. 13, the contri-
bution of Dj to D; +Dj is negligible, then a straight
line fitted to the four points at these highest stresses
should represent the stress behavior of D;. This
straight line is designated by ~Dj in Fig. 13, The
fit is consistent with the presence of a lower-energy
component (D;) which arises from the upper-ground-
state sublevel and decreases at high stresses as
depopulation effects become pronounced. A similar
fit is shown in Fig. 15, where it is labeled by ~ Dj.
In this fit, a correction to the systematic error in
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the pressure head has been obtained from the fit to
D4, and then the four high-stress points of Fig. 13
as well as the zero-stress values of D fitted to a
straight line.

All the straight lines in Fig. 15 are the results
of least-squares fits to the data. It should be
pointed out that all such fits were made using the
conventional forms of the least-squares-fit equa-
tions, In each case a fit was made of energy vs S
and S vs energy and the average of the two fits tak-
en, since the conventional equations assume no
error in one of the variables. 3® The error obtained
in each case was taken to be the larger of either
the most probable error as given by the fit or half
the differenece between the two values obtained
when the above fits were made.

From the fits to the D components, it is deduced
that

[ Afoo| =(1.585+0.058)x 10" S| 3)
and

| Afho| = (1.492:£0,040)x10°| 5, )

where the units are the same as those of Eq. (1).
The errors shown are due to the error in the sam-
ple area, the pressure head calibration, and the
least-squares fits. From Egs. (3) and (4), and Eq.
(25) of I, the deformation-potential constants b’ and
by have been determined; these are given in Table
II. It should be noted that the present experiment
only gives the relative signs of ' and ;. In Fig.
1(b) of I, the ordering of the stress-induced sub-
levels of the two I'y states could be inverted simul-
taneously and still give agreement with experiment.
For the effective-mass-like group-III impurities,
it is predicted®® that the signs of ' and d’ are the
same as their counterparts for the valence band""’;
this is thought to be borne out by experiment.?
Even though the ground state of Zn" in germanium
is far from being effective-mass-like, the sign of
d’ is the same as that of the group-III acceptors in
germanium, ® Hence we have chosen the sign of b’
also to be the same as that of an effective-mass-
like defect. For the present orientation, the dif-
ference between the hydrostatic shifts of the ground
state and the excited state of the D line has also
been determined; this value is included in Table II,
It should be emphasized that the errors specified
for the deformation-potential constants in this table
for ¥l (100) do not take into account the possibility
that a systematic error may exist as a consequence
of the method used to find the stress dependence of
D;.

From the stress dependence of the energies of
the components D,, ~D3, and D,, an estimate
has been made of the behavior of the unresolved D,
component. This is designated by the dashed line
labeled ~ D, in Fig. 15. There is some experimen-
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tal evidence for D,. Itisfound that D,+Dj for both
directions of polarization is asymmetric, being
broader on the low-energy side.

From the measured relative intensities of the
strong components D3+Dj and D +D3, and those
predicted by Table XV of I, it is found that vp> ;.
A value of u,=0.23 was used in making this esti-
mate. The intensities of D; and D, are compatible
with this result. In determining v,, the tempera-
ture T of the sample is required, since the expres-
sions in Table XV of I must be suitably scaled to
take into account the populations of the two ground-

state sublevels at a given value of Ajgy. The ratio
of the intensity of D, to that of D, should give an ex-
perimental estimate of the Boltzmann factor,

e-2loo/ ¥T  at each stress. However, since both D,
and D, are weak components, the value of e~B100/*T
determined in this way will not be very reliable.

In fact, estimates of T obtained from this factor
ranged from ~ 7 to ~ 15 °K. A realistic value of T
for the present measurements is ~10 °K. This is
the value which was used in the determination of the
above value of v,. % For vp=0.25, u,=0.23, and
T=10 °K, it is estimated that for the lowest stress
used to find the stress dependence of D3, Ajge=~1.5

0|||l||{|[||x||‘|l|
Ge(Zn,Sb)436A-20 _|
Fucn

o
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i 1 1
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FIG,. 16. Excitation spectra of singly ionized zinc in
germanium from twg half samples (see text), the upper
spectrum being for Fi (111) and the lower for Fil ooy,
The regions designated by either (100) or (111) are a
consequence of leakage of radiation through the sample
whose transmission is not being studied. The spectra
have been taken directly from the recorded signals trans-
mitted by the samples. Liquid helium used as coolant.
Note that the abscissa is not linear in energy but is al-
most linear in wavelength.
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meV and that the ratio of the intensity of Dj to that
of Dy is ~ 5, which justifies the assumption that at
and above these stresses the position of D3 is essen-
tially given by that of D;+D;. Another way to have
determined the behavior of D; would have been to
use Dy +D3, since, even at the lowest stresses,
the ratio of the intensity of Dj to that of Dj is ~ %
(see, for example, Fig. 3 of I). However, for all
the stresses used, no significant difference has
been found between the positions of D;+ D3 and
D3 +D3, thus further justifying the above procedure.
From the values of Ajy; and A%, given in Egs. (1)
and (4), it is found that

Al
D
100

=1.22+0. 05, (5)

where the errors have been estimated from those
of Eq. (1) and (4) but taking into account the fact
that the 1% error in the calibration of the pressure
head is common to both Aj;; and A%,. The result
given in Eq. (5) has been verified by using two half
samples (see Sec. II), one witha (111) orientation,

the other with a (100) orientation. The results ob-
tained in such a measurement are given in Fig, 16,

The region designated by (100) in the ¥ Il (111) spec-
trum is due to some of the radiation also passing
through the (100) sample. Similarly, in the

F 1l (100) spectrum some of the radiation has also
passed through the (111) sample. From the data

of Fig. 16, a value of 1.21+0.07 was obtained for
|Aly/A%!, in excellent agreement with the result
in Eq. 5. Another measurement, similar to that

of Fig. 16, but at a somewhat smaller stress, gave
a value of 1,13+0.13,

Using the technique of half-samples, another de-
termination of d’ has been made by comparing the
spectrum obtained with a half-(111) sample of Zn"
in germanium with that of a half-{100) sample of
arsenic in silicon. The spectra obtained are given
in Fig. 17. The notation used to label the stress-
induced components of the arsenic spectrum is that
of Ref. 39. For the conditions under which the two
spectra in Fig. 17 were obtained,

AE2,

Al
where AE,,, is the splitting of the 2p, component, 2
=, is the shear -deformation-potential constant of
the bottom of the conduction band of silicon, and
(511~ S12)s4 and sof are elastic compliance con-
stants for Si and Ge, respectively. From the known
value'? of , and the data in Fig. 17, a value of
2.14: 0,17 eV was obtained for |d’|, in excellent
agreement with the value given for this quantity
in Table II.

In an attempt to determine which of C and C’ is

the parent line of a given component, no zero-
stress values were used in making the fits in Fig.

- Eyls Ve S12)s V3
d S44e

) (6)
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obtained with a grating blazed for 30 u with 30 grooves per
mm,

15 to the data for the C components. In fitting C,,
the point at ~13x10® dyn/cm? (see Fig. 14) was

not included. I this point were included, this com-
ponent would exhibit essentially no stress depen-
dence. It is difficult to ascribe any components
other than C; and C, to C’ and even for these there
is some doubt since neither has an intercept that

is unambiguously equal in energy to C’. The ob-
servation of six components for the Cline eliminates
the possibility considered for Fa (111) that the final
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FIG. 18. Excitation spectrum of singly ionized zinc in

germanium with a compressive force parallel to [110]
and light propagating along [170]. The strain jig was used
for this measurement. Liquid helium used as coolant.
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FIG, 19. Same as Fig. 18 except at a larger stress.

state for the C line is a T'; level alone.

The inset to Fig. 10, the main spectrum of Fig.
10, and the spectrum of Fig. 14 demonstrate that
the intensity of C, decreases with increasing stress
while that of C, does not and, in fact, may increase.
A comparison of Cg with Cq in Figs. 12 and 14, both
stresses being somewhat inhomogeneous, demon-
strates that the intensity of C; decreases relative
to that of C4 as the stress increases. These con-
clusions imply that C, and C; arise from the upper
sublevel of the ground state, while C4 and Cg4 are
from the lower sublevel. In addition, there is some
evidence that C; persists even at the large strain
of Fig. 14 and hence also arises from the lower
sublevel of the ground state. From the linear fits
to the C components it is found that the energy
spacings of the pairs C, and C3, C, and C;5, and
C, and Cq4 are, within experimental error, all equal
to Ajg. However, in view of the energies and
origins of the pairs of lines C, and C; and C, and
Cg, it follows that two pairs of excited sublevels
must exist, each pair having an energy separation
of ~Ajg. If it is assumed that C,, the component
of lowest energy, has the upper sublevel of the
ground state as initial state, then, taking into ac-
count the polarization properties of the components,
the simplest interpretation of tne C line is that its
final state is the combination I'; +2I'y, Under
stress, the two I'g levels split by ~ Ajg. This in-
terpretation is compatible with the data for ¥ I (111),
provided that the two I'g final states undergo virtual-
ly no splitting in that case. It is interesting to note
that if the above interpretation of the C line is cor-
rect, then, for Fil (111), the Ty final state of the D
line and the two I'g final states of the C line behave
in similar ways in that they exhibit virtually no
splitting, while for F i (100) all three I'y excited
states again split in a similar way, although in this
case the splitting is substantial, being ~A}g.

3. Applied Force Along {110') Axis

The spectra obtained with ¥ il (110) are shown in
Figs. 18—20. Unlike the other two orientations



5296

LA N IR S RALIN NS NN B
03 Ge(Zn,5b)4378 No.4
Funo) ¥nfoor;
Ey ===

Ey,—

)
T T
—@

)
T

Absorption  Coefficient (cm™)
o
T T

[o] SNPYR UA NYENN NNNATYN SSUHUN [NNT VH HUU AU ENY G AU N S
n 3 % 7 ™ 8l 83

Photon Energy (meV)

FIG. 20. Same as Figs. 18 and 19 but for light prop-
agating along [001], and, also, at a larger stress.

examined, the intensities of the stress-induced
components for E, depend upon the direction of
light propagation k. This may be seen by compar-
ing the results in Figs. 18 and 19 with those in

Fig. 20. In the first two cases, Fi[110] and

k1 [170], while the other result is for X 11 [001].

This effect has been discussed in I (see also Ref.
39). The decrease in intensity of the low-energy
pair D, and D, as the stress is increased demon-
strates that these two arise from the upper sub-
level of the ground state., These data have been ob-
tained with the strain jig and hence only the relative
magnitudes of the stresses are known, having been
gauged from the spacings of the D components, The
energy spacings of D; and D, and D3 and D4 are the
same and thus must be the splitting A2 of the ex-
cited state (see I). The splittings of D, and D3 and
D, and D, are also the same and represent the
ground-state splitting Aj,y. Using A}, as a gague
of the stress, the energies of the various compo-
nents have been plotted and fitted to the straight
lines shown in Fig. 21.

From Eq. (29) of I and the values given in Eqgs.
(1)—(4) it is predicted that |Aj;9/AD,l=2.35+0.11.
From the plot of |AZ4| as a function of |Aj] giv-
en in Fig. 22, it is found that |Aj;g/A ! =2. 50
+0. 06, in good agreement with the value predicted.
Even better agreement can be obtained if the slope
of the straight line defining ~ D4 in Fig. 15 were
increased, the difference in slope between D; and
D, being kept constant.

The shift in the center of gravity of the D com-
ponents in Fig. 21 is found to be (0. 143+ 0.006)

X |Ajjel. By using Eq. (29) of I and the various
results given above, the value of a’ —ap listed in
Table II is obtained. This value is in much better
agreement with that obtained for ¥ il (111) than that
for Ful (100). It is interesting to note that the
numerical factor in the above shift is the same,
within experimental error, as that given earlier
for il (111). This suggests that Aj;o= A};; and
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FIG. 21, Energies of the stress-induced components
<_)’f the excitation spectrum of singly ionized zinc for
F I {110) as a function of the ground-state splitting A{j.

hence both are equal to Ajy,, giving the isotropic
case.! Such a stress isotropy has been observed
for boron in silicon. * However, the results in
Egs. (1) and (3) do not support this and give
|Algo/Afy1| =0.87+0.04. If the shifts obtained for
Fu(111) and ¥ 1 (110), viz., (0.150:0.008) A}, |
and (0.143+0.006)|Ay0l, are equated, another
determination of |Ajgy/Al;;| can be obtained using
Eq. (29) of 1. This ratio is found to be 1.17:3:33,
which, when the errors are taken into account, is
in reasonable agreement with the value obtained
directly.
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FIG. 22. Splitting of the excited state of the D line of
singly ionized zinc as a function of the splitting of the
ground state for F [l (110),
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In addition to predicting the splittings of the
ground state and excited state of the D line, the pa-
rameters determined for F 1 (100) and Fi (111)
also should give the relative intensities of the D
components. The signs of Aj,; and Aﬁl determine
unambiguously the orderings of the sublevels of the
two I'g states of this transition. The energy eigen-
states of the strain energy of an acceptor for
Fi(110yare ©,(u=~- 3, -1,1, %) [given in Eq. (27)
of I]. ©,3,, are degenerate with an eigenvalue of
a'(s1y+2512) T - 5(A180+3A13)"/? sgnAjy, and ©,,,
belong to the eigenvalue a'(s;; +2s5,) T +1(Ag%,
+3A1%)%5gnAl,,. Here sgnAly, is +1 if Al is
positive and -1 if it is negative. Similar results
hold for the excited state. Note that there is an
error in sign in these expressions as given in L.

In the present case, Aj,,is positive and thus the
+% sublevel of the ground state for Fu (110) lies
below the +% sublevel. Since A}, is negative, the
reverse ordering holds for the excited state. The
intensities of the components depend upon the pa-
rameters up, vp, ¥, and 5 (see Table XVIII of I*),
where 7 is given by Eq. (28) of I when Af;;>0, but,
in general,

y=x+(1+x%)/2 7
where
x=(Ajg0/V3Agy). (8)

The quantity 6 is defined in the same manner, but
for the excited state. We find that ¥=1.62+0.03
‘and 5=13.6'%], since x is positive for both states,
corresponding closely to the parameters used to
plot Figs. 6 and 7 of I. For a value of v,~1 (see
Sec. IIIB2)and T=10 °K, the predicted relative in-
tensities are in satisfactory agreement with those
observed for both directions of k used in our ex-
periments (see Figs. 18-20). For E, it is pre-
dicted that the relative intensities of the compo-
nents are in the ratios D}:Dj:D3:D}3::0.33:0.20:
0.31:0.16, which become 0.07:0.04:0.25:0.13
when the depopulation effect characteristic of Ay
=1,3 meV for Fig. 19 is included. For E, and

k1 [110], it is found that Dy :Dj:D3:D5::0.09:0.52
:0.16:0. 22, which for Fig. 19 reduces to 0. 02
:0.11:0.13:0.17. As can be seen, these results
are in good agreement with the experimental data.
For the other two figures, Figs. 18 and 20, the
predictions for E, are also well substantiated.

For these two figures, Aj;,is 0.64 and 1. 32 meV,
respectively. It is interesting to note that the com-
ponent D, which is predicted to be the strongest
of the transitions for E, and k 1 [110], does indeed
increase dramatically as the stress decreases.
For E, and k1 [001], it is predicted that Dj:Dj: D}
:D;::0.06:0.31:0.55:0.08, which, when the de-
population effects appropriate to Fig. 20 are tak-
en into account, become 0.01:0,05:0. 46 : 0. 07,

5297

which is again in satisfactory agreement with the
experiment. If in the above, the sign of Ajy, is
taken to be negative, then, since ADy, has been
shown by experiment to be of opposite sign to Ajg,
both ¥ and § are to be replaced by their reciprocals
(see I) and v, becomes negative. However, as
pointed out in I, this does not affect the relative
intensities predicted above.

The results for the C line for F Il (110) show that
there are three or more stress-induced compo-
nents for this transition. This again rules out the
possibility that this excitation is between a I'y and
T'; state. We note that the energy spacings C; to
C, and C, to C; are almost identical to each other
and to APy, as given by the spacings D, to D, and
Dy to Dy. This suggests that the proposed two I'y
states of the C line for this direction of F also
split by the same amount as the I'y final state of
the D line. In the fits made to three of the C com-
ponents in Fig. 21, no zero-stress components
were used. It appears as though all three of these
are due to splitting of the C line.

Nothing has been said, to this point, about the
behavior of the B line under stress for any one of
the three orientations. At most only two compo-
nents have been observed for this line, as can be
seen from Figs. 5, 15, and 21. In each case, a
least-squares fit has been made to the well-behaved
component using the zero-stress values of the line.
For B;, in Figs. 15 and 21, the behavior appears
to be nonlinear with stress and no fits have been
made. However, it is clear that if a linear fit
were made to either of these two lower-energy com:
ponents, without any zero-stress values of B being
included, the intercept obtained would be ~ 80 meV,
which is quite different from the zero-stress value
of B. This result appears to predict the presence
of a previously undetected excitation line between
Band C.

IV. CONCLUSIONS

The experimental results show that the ordering
of the levels of the ground state and the excited
state of the D line are those given in Fig. 1 of I
for uniaxial compression. In addition, for a uni-
axial compression along a (110) direction, the
ground state splits such that the @,,, states are of
lower energy than the O, ,, states, while the op-
posite is true for the excited state of the D line.
These conclusions are unambiguous for the (111)
and (110) directions but, for the (100) direction,
the sign of b’ has been chosen to be the same as
that of the corresponding parameter for the val-
ence band, as suggested by theory. However,
the relative ordering of the sublevels of the two
T’y states associated with the D transition has been
determined without ambiguity.

We conclude that the C line is complex. The
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simplest consistent interpretation is that this

transition is to a I'y+ 2I'; final state.
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