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Remarkable effects of uniaxial stress on the far-infrared laser emission in p-type Ge
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The influence of [112] compressive stress on the inter-valence-band laser emission from a p-type
Ge crystal containing the acceptor concentration N, ~6X 10'3 cm 3 is studied. In the absence of
stress, the laser emission is classified to the longer-wavelength oscillation (A X 170 um) in lower elec-
tric fields (E $800 V/cm) and the shorter-wavelength oscillation (A <120 pm) in higher electric
fields (E 2 800 V/cm). At stress magnitudes of 30070 and 450480 kg/cm?, the electric field range
for the laser oscillation is significantly extended to lower fields, and the intensity of the laser emis-
sion in the lower electric fields (E <800 V/cm) increases by a factor of 10-10°. Further, at stress
magnitude 450480 kg/cm?, new emission lines appear in the intermediate range of A (120—170 pum),
where the oscillation is missing in zero stress. The experimental results are interpreted in terms of
the reduction of the rate of inter-valence-band impurity scattering under uniaxial stress.

I. INTRODUCTION

Since the discovery of the inter-valence-band far-
infrared laser oscillation in p-type Ge,' its fundamental
characteristics have been studied, such as the emission
spectra,>~® the light polarization,”’ the output
power,®% and the gain coefficient.”!® Aside from these
studies it is of particular interest to study the influence of
uniaxial stress on the laser oscillation, since the uniaxial
stress is known to remove the valence-band degeneracy in
Ge!! and an enhancement of the light-hole accumulation
is thereby expected.

In this work we have applied [112] compressive stress
on a p-type Ge sample up to a magnitude of 450 kg/cm?.
As expected, we have found the characteristics of the
laser oscillation to be improved remarkably in several
respects. We have briefly reported part of the experimen-
tal results in Ref. 5. Here we report the results in more
detail along with the interpretation.

II. EXPERIMENTAL METHODS

The p-type Ge sample used is a parallelepiped of
5X4x60 mm? in size. The end faces of 5x4 mm? and
the side faces of 5X 60 mm? are, respectively, normal to
the (111) and the {(112) directions. The sample is cut
out of an ingot containing Ga to a concentration of
N,~6.0x10" cm™3. Ohmic contacts are fabricated on
the opposite side faces of 4 X 60 mm?22? The contact faces
are indium soldered and covered with copper foils to
serve as electrodes. Figure 1 shows the sample head for
stress application. A concave mirror M, and a mesh mir-
ror M, are attached to the opposite ends of the sample to
form a semiconfocal resonator. The characteristics of the
resonator have been described in Ref. 6. All the parts of
the stress jig, i.e., the main holder, the spacer, the cover,
and the screws, are made of stainless steel (SUS 304). The
sample rod is wrapped with a 6-um-thick Mylar foil for
electrical insulation and placed in the main holder of 53
mm length. The [112] compressive stress is applied to the
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sample through the 3-mm-thick spacer pushed to the
sample by screws S at the 4-mm-thick cover. The cover
is screwed to the main holder. To prevent sample failure
on the application of stress, the (112) sample faces are
ground parallel within 30 sec and polished optically flat.
In addition, sheets of patronpaper (Patronenpapier), 0.1-
mm thick, are cemented to the bottom of the main holder
and the spacer to provide buffers to avoid localized-
strain-concentration points. The side walls of the main
holder have appropriate holes to assure sufficient heat ex-
change of the sample. Current leads, which are omitted
in Fig. 1, are soldered to the copper electrodes at places
near mirror M.

To estimate the stress magnitude, the relation between
the stress magnitude and the torque value of the screws S
is studied at room temperature by inserting a stress-
sensor film (‘“Prescale,” Fuji Photo Film Co.) between the

Light Pige
J.

Mirror .Mz

=N~
N
N

N N SN

0O 0 o O o
T o 6 6 o 9 ¢ 03

) V1p
I/ Electmde/ 9 c(,j,,smws's

Mirror, M,
Main Holder

(a) (b) [T10]

FIG. 1. The sample head for stress application. (a) The parts
for the stress jig. (b) The cross section when they are assembled.
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sample and the spacer. The sensor film indicates the
stress magnitude by its coloring, which is examined by
the sight inspection of the sensor film after it is removed
from the stress jig. For the experiments, a defined torque
is applied to the screws at room temperature and the
sample head is then cooled down to helium temperature.
After this method, stress magnitude at room temperature
is determined with an accuracy of +15%. The stress
magnitude is estimated to increase by 10—20 % at helium
temperature when the difference of thermal expansion be-
tween the Ge single crystal and the stainless steel is con-
sidered. In this way, we have applied two different stress
magnitudes, which are estimated to be F =300+70 and
450+80 kg/cm?. We will hereafter refer to these stress
magnitudes simply as F=300 and 450 kg/cm? for brevity
of the description. The uniformity of the stress over the
sample face, which is indicated by the homogeneity of the
coloring of the sensor film, is better than +10%.

The sample head is directly immersed in liquid helium
and magnetic fields are applied along the long axis of the
sample. Voltage pulses with 1 us duration are applied at
a repetition rate of 2—8 Hz. The laser emission transmit-
ted through mirror M, is guided through a brass pipe to
a Ge/Sb detector placed in another cryostat, similarly to
the previous work.® For spectroscopic studies a grating
monochromator of 100 mm focal length is used with 4
mm slit width.

III. EXPERIMENTAL RESULTS

Prior to the study of the laser emission, influence of the
[112] compressive stress on the current-voltage charac-
teristics has been studied. The low-field resistivity p and
the breakdown electric field E, for the impact ionization
of acceptors, which are, respectively, 3.7 MQ cm and 2.28
V/cm in the absence of stress, decreased to 2.37 MQ and
2.10 V/cm at stress magnitude 450 kg/cm?. When we
compare the magnitudes of these reductions directly with
the corresponding data obtained for [100] stress,'>!?
disregarding the difference of the stress orientation,
F =320+30 kg/cm? is derived. This supports the es-
timated value, F =450180 kg/cm?, because the [100]
stress yields a large valence-band splitting than the [112]
stress as will be noted in Sec. IV. At higher electric fields
well above E,, on the other hand, the current-voltage
characteristics did not change appreciably in the presence
of stress. This is reasonable because (1) the carrier densi-
ty is unchanged, being nearly equal to the net acceptor
concentration when E >>E,, and (2) the effective-mass
tensors and the momentum relaxation times of light and
heavy holes do not change significantly at the relatively
low-stress magnitudes presently applied.'*

The intensity of the laser emission is found to increase
drastically on the application of stress when electric fields
are lower than 800 V/cm. Figure 2 displays the detector
signal intensities at E=570 V/cm as a function of mag-
netic field B and shows an example of the remarkable
intensification of the emitted radiation. In addition to
the intensification, the minimum electric field necessary
for the laser oscillation, which is 480 V/cm in zero stress,
is reduced to 320 V/cm at stress magnitude 300 kg/cm?
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FIG. 2. Influence of [112] stress on the laser emission at
E=570 V/cm. The scales on the ordinates indicate the relative
intensities of the signals.

and to 260 V/cm at 450 kg/cm?, as will be shown in Fig.
4. In electric fields higher than 1 kV/cm, on the other
hand, the emission intensity does not increase appreci-
ably but a pronounced structure appears in the intensity
versus B curves as shown for E=1270 V/cm in Fig. 3.
To illustrate the intensification of the emission in the
whole range of electric fields, the maximum signal inten-
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FIG. 3. Influence of [112] stress on the laser emission at
E=1270 V/cm. The scales on the ordinates indicate the rela-
tive intensities of the signals. (The scales are the same as those
in Fig. 2.)
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sities attained in the sweeps of B are plotted as a function
of electric field in Fig. 4.

The stress influences not only the emission intensity
but also the wavelength of the emitted radiations as
shown in Fig. 5, where the wavelength positions of strong
emission lines are plotted as a function of electric field.
In the studies of Fig. 5, such magnetic fields were applied
as to yield the largest total intensities of the emission at
the respective electric fields. The wavelength positions of
strong emission lines were, however, found to be substan-
tially independent of magnetic fields. The stress
influences also the region of electric and magnetic fields
where the oscillation takes place, as shown in Figs. 6 and
7, respectively, for stress magnitudes 300 and 450
kg/cm?. The regions in Figs. 6 and 7 were determined
through the sweeps of B at fixed values of E, where E was
varied at intervals of 5-13 %.

We describe below the characteristics of the oscillation
in zero stress before examining the influence of stress in
detail. Firstly, the oscillation region of E and B develops
around the straight line in Figs. 6 or 7, which indicates
the relation,

Lh=(#ikl /m})B/E =13 . (1)

Here, m;f =0.35m, is the effective mass of heavy holes
with the free electron mass m; and kgp is defined as

kb =2mptin,,) /% )

with the optical phonon energy fiw,,=37 meV. This is
reasonable because relation (1) approximately corre-
sponds to the ratio of E and B at which the strongest ac-
cumulation of light holes is attained.>%° Second, the
oscillations region is clearly divided into two characteris-
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FIG. 4. The signal intensities as a function of electric field.
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FIG. 5. The wavelengths of strong emission lines as a func-
tion of electric field.

tic domains with the border at E ~800 V/cm and B ~5.5
kG. In the lower-field domain, the oscillation wave-
lengths are longer than 170 um (Fig. 5) and the detector-
signal intensities due to the oscillations are relatively low
(Fig. 4). In the higher-field domain, on the other hand,
the wavelengths are shorter than 120 pm and the signal
intensities are much higher. The abrupt increase of the
signal intensities at the border E ~800 V/cm (Fig. 4) is
partly ascribed to the characteristics of the Ge/Sb detec-
tor, whose spectral responsivity sharply increases for
wavelengths shorter than 140 um,'>'® and partly ascribed
to an increase in the emission intensity. It is to be point-
ed out for the following considerations that such charac-
teristics of the oscillations as described above are the
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FIG. 6. The region of electric and magnetic fields where the
laser oscillation takes place. The region at stress value 300170
kg/cm? (the shaded area) is compared with the region in zero
stress bounded by the dashed line.
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FIG. 7. The oscillation region at stress value 450+80 kg/cm?
(the shaded area) and that in zero stress (the area bounded by
the dashed line).

common features of the oscillation in the absence of
stress. It has been observed, independently of the struc-
ture of optical resonators, that the oscillation region is di-
vided into the lower- and the higher-field domains, which
are characterized, respectively, by the longer-wavelength
oscillation (A > 170 um) and the short-wavelength oscilla-
tion (A <120 um) (Refs. 2—6). The oscillation is missing
in the intermediate-wavelength range, 120<A <170
pm.2~¢ In the lower-field domain, the oscillation intensi-
ty is generally lower than that in the higher-field domain,
and it decreases sharply with increasing the acceptor con-
centration N, of samples from 3x10"™ to 1x10™"
cm 3417 It has been also observed that the oscillation in
the higher-field domain is relatively insensitive to the
sample purity.*!’

The two domains for oscillation are still discerned at
stress magnitude 300 kg/cm?, but they begin to merge
with each other at 450 kg/cm? (Figs. 6 and 7). At both
stress magnitudes the lower-field domain expands
significantly (Figs. 6 and 7) and the emission intensity
there increases, remarkably (Fig. 4). At each stress mag-
nitude, the absolute intensity of the oscillation in the
lower-field domain is supposed to reach a level compara-
ble to that in the higher-field domain, because a definite
gain saturation has been observed in additional time-
resolved measurements of the waveform of the pulsed
laser emission at E ~500 V/cm. At each stress magni-
tude, the signal intensity still increase abruptly at an in-
termediate E (Fig. 4). It is to be noted that each stress
magnitude this abrupt increase coincides with the oc-
currence of the oscillation line(s) at wavelengths shorter
than 150 um (Fig. 5). Therefore the abrupt increase in
the detector-signal intensity is to be primarily ascribed to
the characteristic of the spectral responsivity of the
detector.

At stress magnitude 300 kg/cm?, the oscillation wave-
lengths are still limited to the ranges of A> 170 um and
A <120 pm according to the oscillation domains, similar-

ly to the case in zero stress (Fig. 5). At stress magnitude
450 kg/cm?, however, there appear oscillation lines at
A=151 and 164 um in the intermediate range of electric
fields (Fig. 5) where the amalgamation of the lower- and
the higher-field domains takes place (Fig. 7). In addition,
the emission lines in the longer-wavelength range
(A>170 pm) and those in the shorter-wavelength range
(A < 120 um) coexist in the intermediate range of E at 450
kg/cm?.

IV. DISCUSSION AND INTERPRETATION

Uniaxial stress is known to remove the degeneracy of
the light- and the heavy-hole bands at k=0.!! The ener-
gy spectra of the respective bands were calculated for
[112] compressive stress of F=450 kg/cm? according to
the theory of Pikus and Bir and are shown in Fig. 8(a).
The parameters used for the calculation are as follows:
the elastic compliance constants,'® §,,=9.37x10"7
cm?/kg, S;;=—2.57X10""7 cm%*/kg, and S,=14.3
x10~7 cmz/kg; the deformation potential constants,!”
b=-221 eV and d =—4.40 eV; the effective-mass pa-
rameters,'® 4 =—13.38, B=—8.48, and D =—19.71 in
unit of #2/2m,. Specifically, the energy splitting 24,
between the bands at k=0 is written as

28,1,={[4b%(Sy; =S, *+d’S4 1?2} F
=4.1X107F eV

for [112] stress, which is evaluated to be 1.85 meV at
F=450 kg/cm2.2°

There are several possible mechanisms through which
the stress may influence the laser oscillation. Firstly, the
trajectories of free motion of holes in external fields may
be modified because the energy spectra are modified.
However, this is not likely to significantly influence the
overall characteristics of the laser oscillation because the
region in k space where the energy spectra are
significantly modified is limited to a relatively narrow re-
gion around k=0 at the stress values presently adopted
as shown in Fig. 8(a), while the holes traverse the larger
energy region below e=fiw,, Second, the matrix ele-
ments for the intervalence-band optical transition may be
modified. When the character of the stress-induced
changes of the wave functions of holes is considered,'!
the dependence of the matrix elements on the light polar-
ization is expected to alter significantly, as is confirmed
experimentally for the transition between the heavy-hole
band and the spin-orbit-split band.?! However, the mag-
nitudes of the matrix element averaged over different po-
larization directions do not vary significantly and this
mechanism is also not likely to be the major origin here.
Third, the rate of holes supplied to the light-hole band
after the optical phonon emission by heavy holes may be
reduced, because the bottom of the light-hole band is lift-
ed by 2A,,, from that of the heavy-hole band. However,
this effect is also supposed to be insignificant because the
average kinetic energy possessed by the holes after the
optical phonon emission €=0.19E%/*> meV,? reaches as
high a value as 7.6 meV even at E=260 V/cm and be-
cause, as this may be more important, the density-of-state
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FIG. 8. (a) The energy spectra of light and heavy holes in Ge
subjected to the [112] stress of magnitude 450 kg/cm? (dashed
lines). The solid lines indicate the spectra in zero stress. (b) The
probability of the transition of light holes to the heavy-hole
band, Py, due to ionized impurity scattering, as a function of
the kinetic energy of light holes. The probability P,y decreases
remarkably when uniaxial stress F is applied.

mass of light holes in the vicinity of k=0 increases to ap-
proximately compensate the effect of the energy splitting.
Finally, the most probable mechanism is a reduction in
the rate of the interband impurity scattering as discussed
in the following.

Before discussing the effect of uniaxial stress, we con-
sider the characteristics of the interband impurity
scattering and their influence on the laser oscillation in
the absence of stress. In the present laser oscillation the
population inversion is caused by the accumulation of
light holes in crossed electric and magnetic fields.>>?* In
the condition of &, ~1.3 [relation (1)], heavy holes fre-
quently emit optical phonons, while light holes have a
relatively long lifetime being free from the phonon emis-
sion. Aside from the rate of the optical phonon emission
by heavy holes, the degree of the light-hole accumulation
is determined by the lifetime of light holes. This lifetime
is limited by the light-hole transitions to the heavy-hole
band, which are caused by the acoustical phonon scatter-
ing, the electric-field-induced tunneling,zs’26 and the ion-
ized impurity scattering. Among these processes, the
ionized impurity scattering is supposed to be the most
dominant process in the experimental conditions, since
(1) an evaluation of the acoustical phonon scattering can
prove it to be insignificant in comparison to the ionized
impurity scattering and (2) a systematic increase of the
degree of light-hole accumulation with increasing sample
purity in the range N, =3 10*-2% 10'* cm~* has been
observed in experimental studies of the spontaneous
inter-valence-band emissions.?” The probability for light
holes to be scattered to the heavy-hole band due to ion-
ized impurities in the absence of stress, Py, is calculated
for the impurity concentration of N, =6X 10'3 cm~3 ac-
cording to Ref. 28 and is shown as a function of the
light-hole kinetic energy € with a solid line in Fig. 8(b).%
The probability Py is anomalously high in an extremely
low-energy range (e~ 1X 103 meV) because the momen-
tum change involved in the scatterings can be vanishingly

small as € approaches to zero while the screening effect
on the scatterings is not very significant for ¢ > 10~% meV
in the present experimental condition. Because of this
singularity of P;y, the population of light holes on the
trajectories passing near the point k=0 is expected to be
severely suppressed, as also pointed out theoretically by
Kozlov et al.*® The ring-shaped region in k space where
such “empty” trajectories are located are schematically
shown with a shaded area in Fig. 9 for the case of
£, =1.3.3! To consider the emissions of photons with
wavelength A through the direct optical transition to the
heavy-hole band, we imagine in k space the equienergy
sphere with the radius k, given by

he /A=(#k/2m} )1 —m}/m}),

where m* =0.043m, is the light-hole effective mass. The
sphere, k =k, constitutes the initial states for the transi-
tion. It can be easily shown that, in the optimum condi-
tions of §, =1.2-1.4, the “empty” region is tangent to
the sphere when A=110-150 um. Therefore the charac-
teristics of the laser oscillation are expected to be
different according as AX 150 um or A<S110 um. The
gain coefficients for the radiations with AR 150 um may
be relatively small and their magnitudes may depend sen-
sitively on the impurity concentration, since the sphere
representing the initial states intersects the empty region
[Fig. 9(a)], while they may be relatively high, indepen-
dently of the impurity concentration, for the wavelengths
shorter than 110 um, since the initial states are separated
from the empty region [Fig. 9(b)]. Furthermore, the gain
may be lowest for the wavelengths 110-150 um. This
picture, when combined with the additional theoretical
prediction that the photon energy at which the maximum
gain is attained is an increasing function of electric field,?
substantially accounts for all the observed characteristics
of the laser oscillation in the absence of stress.’? Al-
though the gap range of A (120—170 um), where the oscil-
lation is missing in the experiments, is in slight disagree-
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FIG. 9. The trajectories of cyclotron orbits of light holes
passing near k=0 at §, =1.3 and the equienergy sphere k =k, .
The center of the cyclotron orbits is point C (0,m*E /#B). The
sphere k =k; indicates the initial states for the interband opti-
cal transition yielding the emission of wavelength A. (a) For
A>150 um, the equienergy sphere intersects the trajectories
passing near k=0. (b) for A <110 um, the sphere is separated
from the trajectories.
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ment with the expected range 110-150 pum, the argu-
ments above may not be precise enough for the
discrepancy of this amount to be quantitatively discussed.

When uniaxial stress is applied to remove the valence-
band degeneracy at k=0, the probability Py in the low-
energy range decreases remarkably because a finite
momentum change is necessarily involved in the scatter-
ing process even at k=0. The amplitudes of P,y in the
presence of the valence-band splitting have been roughly
estimated and are compared with the stress-free values in
Fig. 8(b).3> According to the results shown in Fig. 8(b),
the probability Py averaged over the circular trajectory
passing k=0 is reduced by about 1 order of magnitude at
any stress value of 300 and 450 kg/cm?. Accordingly, the
population of light holes in the ring-shaped empty region
will increase significantly, making the oscillations in the
longer- and the shorter-wavelength ranges equally feasi-
ble. This explains the experimental observations that (1)
the intensity of the longer-wavelength oscillations
(A>170 pum) increases to a level comparable to that of
the shorter-wavelength oscillations, (2) the intensity of
the shorter-wavelength oscillations (A < 120 um) does not
change significantly, (3) the oscillation domains of the
longer and the shorter wavelengths nearly merge with
each other at stress value 450 kg/cm?, and (4) new oscil-
lation lines (A=151 and 164 pm) appear in the
intermediate-field range at stress value 450 kg/cm?. In
addition, the reduction of the threshold electric fields for
the oscillations is naturally interpreted as a consequence
of the increase of the light-hole population.

Although the dominant features of the oscillation in
uniaxial stress have thus been reasonably interpreted,
there are a few experimental results which are not ac-
countable within our simple picture. For instance, the
physical origin of the pronounced structure appearing in
the signal versus B curves (Fig. 3) is not clear. The nar-
rowing of the higher-field domain near the neck region at
stress magnitude 300 kg/cm? (Fig. 6) is also not ex-
plained. For the interpretation of these detailed features,
an advanced analysis of the effects of uniaxial stress may
be necessary.

It is to be noted that the inter-valence-band impurity
scattering is extremely sensitive to the application of uni-
axial stress as discussed above but the intraband impurity
scattering is not so. This is the reason why the laser os-
cillations are influenced so significantly by the uniaxial
stress while the current-voltage characteristics are sub-
stantially unaffected. It is also to be pointed out that the
remarkable effects of uniaxial stress are expected indepen-
dently of the stress orientation, since the valence-band
splitting is a consequence of the reduction of the cubic
symmetry of the crystal and the magnitudes of the split-
ting do not differ very much for different stress orienta-
tions.” The uniaxial stress is expected to be more
effective for the samples with higher acceptor concentra-
tions since it makes the ionized impurities ineffective as
scatterers while keeping unchanged the density of car-
riers, which is equal to the acceptor concentration.

Specifically, the longer-wavelength oscillation (A > 170
pm) has not been reported in the samples with
N,>1.0x 10" cm 3 (Refs. 4, 5, and 34) but we expect it
to arise when uniaxial stress is applied.

The electric-field-induced tunneling of light holes to
the heavy-hole band?>?® is expected to become increas-
ingly important as the acceptor concentration in the sam-
ples decreases. Since the tunneling also occurs primarily
in a low-energy range near the degenerated point k=0
under the restriction of the energy conservation, the
probability of the tunneling is again expected to decrease
when the degeneracy is removed by uniaxial stress.
Hence uniaxial stress may be also useful to enhance the
light-hole accumulation in purer samples.

V. SUMMARY

Studies of the inter-valence-band far-infrared laser os-
cillation in p-type Ge subjected to [112] uniaxial stress
have been reported. In zero stress, the region of electric
and magnetic fields where the oscillation takes place is di-
vided into the lower- and the higher-field domains with
the border at £ ~800 V/cm and B ~5.5 kG. The lower-
field domain is characterized by the longer-wavelength
oscillation (A > 170 um) and the higher-field domain is
characterized by the shorter-wavelength oscillation
(A <120 pm). At stress magnitudes 30070 and 450+80
kg/cm?, the lower-field domain extends remarkably to
lower fields and the intensity of the laser emission there
increases by a factor 10-10%. On the other hand, the
emission intensity does not change remarkably in the
higher-field domain. Further, the lower- and the higher-
field domains tend to merge with each other at stress
magnitude 450480 kg/cm? and new emission lines ap-
pear at intermediate wavelengths (151 and 164 um).

To interpret the experimental results, it is pointed out
that the rate of the inter-valence-band impurity scatter-
ing, which occurs dominantly in the vicinity of k=0, is
remarkably reduced when uniaxial stress is applied to re-
move the band degeneracy. The experimental results are
interpreted as a consequence of the resulting increase of
the light-hole accumulation. It is pointed out that the
tunneling transition of light holes to the heavy-hole band
is also suppressed to help the laser oscillation under uni-
axial stress. Thus, the application of uniaxial stress is a
useful and powerful tool to promote the accumulation of
light holes and the characteristics of the laser oscillation
are, generally, expected to be thereby largely improved.
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