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We study inter- and intra-valence-band relaxation of germanium, both experimentally and theoretical-
ly, by saturation spectroscopy. Far-infrared laser pulses with intensities between 1 and 10° W/cm? are
applied to saturate direct heavy-hole-to-light-hole transitions. The characteristic saturation intensity I
is measured for a range of frequencies (28—174 cm™!) and temperatures (20—100 K) and found to vary
over two orders of magnitude: I, increases approximately linearly with frequency; a minimum is ob-
served at 30 K. This complex behavior is consistent with a model of inhomogeneously broadened two-
level systems that takes explicit account of, and thus quantifies, the various scattering contributions from
phonons, impurities, and holes. The theory predicts a saturation-induced dip in the absorption spec-
trum, which is also experimentally observed and yields the dynamical time constants 7| =43 ps and
T,= 1.5 ps, for energy and phase relaxation, respectively, at 31.2 cm ™! and 40 K.

I. INTRODUCTION

The scattering of mobile charge carriers is fundamental
to electronics, yet the usual transport methods measure
only the average scattering of many states; state-selective
scattering experiments are therefore highly desirable. We
discuss the use of the valence bands (of Ge) where optical
pumping with far-infrared radiation can selectively pop-
ulate low-energy states of mobile holes, the scattering of
which can be determined by the effect of absorption satu-
ration. Note that no extra electron-hole pairs are pro-
duced, which is a great advantage over the common opti-
cal pumping at near-visible frequency.

The mid-infrared (~1000 cm™!) absorption due to
transitions between the heavy- and light-hole valence
bands in germanium is saturable at room temperature! >
and also at liquid-nitrogen temperature.* All authors find
that the absorption coefficient a depends on intensity I
according to

a=(1+I1/I,)"*, (1)

with a saturation intensity I, but disagree on the ex-
ponent of either x =1 (Refs. 1 and 4) or x =0.5 (Refs. 2
and 3). The latter is theoretically expected from applying
the model of inhomogeneously broadened two-level sys-
tems to the valence bands where optical-phonon scatter-
ing dominates the relaxation.? This model is convincing
by its simplicity and gives the same intensity dependence
of the absorption coefficient as a rigorous theoretical
treatment.® It allows us to derive the product of energy
and phase relaxation times just from a measurement of
the saturation intensity. It also predicts the appearance
of a saturation dip in the spectrum, a phenomenon well
known in the spectroscopy of molecules and atoms, from
which both dynamical times can be separately deter-
mined.® This dip was indeed observed in p-type Ge, in
good agreement with the predictions of the model.’

A different regime of relaxation is expected for holes of
low energy E;, <<E,,, where E,,=300 cm ™' is the ener-
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gy of an optical phonon. Far-infrared light can excite
holes to these low energies, and optically pumped gas
lasers powerful enough to investigate nonlinear absorp-
tion are available.® A lower-energy limit of holes that can
be studied selectively is posed by E, <# /7, where 7 is the
scattering time, since the laser-induced resonance be-
comes overdamped.

Current interest in the far-infrared spectroscopy of p-
type Ge is further spurred by the discovery of inter-
valence-band lasing. In the p-type Ge laser, mutually or-
thogonal electric and magnetic pump fields achieve a
population inversion between light and heavy holes at
low temperature.”!® The broad spectral region of inver-
sion should allow tuning of the frequency by an order of
magnitude. Therefore this laser is expected to be a
unique, coherent, and powerful source in the far infrared.
Of course, the operation of the p-type Ge laser is sensi-
tively influenced by the dynamics of scattering in the
valence bands. Our present study of the hole dynamics of
passive p-type Ge material can serve as the basis for a fu-
ture theoretical modeling of the p-Ge laser.

We begin in Sec. II with an investigation of the absorp-
tion of p-type Ge at low temperatures. Regions in tem-
perature and frequency space are identified in which the
interband transitions dominate the absorption and thus
can be selectively studied by nonlinear spectroscopy.

In Sec. IIT we present the model of inhomogeneously
broadened two-level systems applied to the valence bands
of p-type Ge. We demonstrate that the model explains
small-signal inter-valence-band absorption spectra. A
discussion of the various scattering mechanisms for holes
in p-type Ge follows. Theoretical rates for the scattering
of holes from phonons, impurities, and holes are used to
calculate the energy and phase relaxation times. With
these we are able to predict the saturation intensity I
versus temperature and frequency.

In Sec. IV we describe the saturation experiments.
Care is devoted to obtain an absolute intensity scale. The
results are discussed and found to agree with the model
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of inhomogeneously broadened two-level systems. They
are at variance, however, with a model presented by
Beregulin et al.!' which assumes that the bleaching is
due to a heating of the hole gas.

Finally, we present in Sec. V a pump-and-probe experi-
ment that reveals a saturation dip in the inter-valence-
band absorption in the far infrared. From the width of
this dip and the saturation intensity, we calculate both
dynamical time constants separately, and obtain agree-
ment with the saturation data. The existence of the satu-
ration dip is a direct proof of the state selectivity of the
method.

II. SMALL-SIGNAL ABSORPTION
IN THE FAR INFRARED

There are four different ways for a far-infrared photon
to become absorbed in p-type Ge.

(1) Interband: Free holes can undergo direct transi-
tions between the heavy- and light-hole valence bands.
This interband absorption was first calculated by Kahn!?
under the approximation of a parabolic and isotropic
band structure. His results are identical with those ob-
tained by Murzin'? when the free parameter of Kahn is
set to

my . )

A12~‘/§ (1/m,+1/m;)=17.2, (2)

as is proposed by Rebane.!* In the above expression, m,

is the free-electron mass and m, and m, are the effective

masses of heavy (m;=0.35m;,) and light holes
(m,=0.043m,), respectively.

The only author to include the full band structure in
the calculation of inter-valence-band absorption is Re-
bane,'* but his results are only applicable to higher and
lower frequencies than those of interest here. So we use
the expression of Murzin.!> The resulting rather flat
spectrum for a temperature of 40 K and an acceptor con-
centration of 4.4X 10" cm ™3 is plotted in Fig. 1 (curve
2); the shape of this function is mainly given by the distri-
bution of heavy holes versus energy. The absorption has
a maximum at about 30—-40 K (Fig. 2), depending on the
frequency, since at low temperatures the holes freeze out,
while at high temperatures they spread out over a large
energy range. Figure 1 further shows the experimental
absorption spectrum of Ge:Ga (N ,=4.4X10* cm™3),
taken at a temperature of 40 K with a Fourier spectrome-
ter (Bruker model IFS 113 v).

(2) Drude: Free holes can make intraband transitions
by interaction with a phonon (Drude absorption). This
absorption, calculated after Seitz,!’ is significant only at
very low frequencies or high temperatures (Figs. 1 and 2).

(3) Impurity: Shallow impurities (gallium atoms in our
example) absorb by excitation into discrete levels, which
results in sharp structures in the frequency region be-
tween 50 and 80 cm™! (Fig. 1).!® When the photon
exceeds the ionization energy (11.3 meV or 91 cm™}), ion-
izing transitions into the continuum of valence-band
states occur. The absorption coefficient due to ionization
of impurities is calculated according to Ref. 17. As
shown in Figs. 1 and 2, it can be quite large at low tem-
peratures, while it decreases at higher temperatures,
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FIG. 1. Far-infrared absorption of Ga-doped germanium,
with N,=4.4X10" cm™3 at 40 K. 1, experimental Fourier
spectrum; 2, calculated interband absorption; 3, calculated
Drude absorption; 4, calculated absorption due to ionization of
impurities; 5, experimental Fourier spectrum of high-purity Ge.
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FIG. 2. Electronic part of absorption vs temperature, with
N,=4.4X10" cm™3. Solid circles, laser measurements; open
triangles, Fourier measurements; open circles, residual (not
saturable) absorption from high-intensity laser measurements.
1, calculated total absorption; 2, calculated interband absorp-
tion; 3, calculated Drude absorption; 4, calculated absorption
due to ionization of impurities.
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where the impurities become thermally ionized.

(4) Lattice: Finally, far-infrared radiation interacts with
the lattice. Two-phonon difference processes are relevant
in the frequency and temperature range of interest.'® The
lattice absorption is, however, small,'®!® as is also verified
by a measurement of the absorption of an undoped ultra-
pure sample with an impurity concentration of less than
10'% cm ™3 (Fig. 1).

We see that the experimental spectrum (Fig. 1) is well
explained by the sum of the different contributions. This
remains true for temperatures in the range 10-150 K and
frequencies of 43.3 and 111 cm™! (Fig. 2). Good agree-
ment is found between Fourier and laser measurements
(Fig. 2).

For our study of carrier dynamics, we are interested in
obtaining the nonlinear intensity dependence of the inter-
band excitation selectively. Therefore we choose the fre-
quencies to lie away from the lines of impurity absorp-
tion. In the high-frequency range, where the ionization
of impurities is unavoidable, we have to keep in mind
that below 40 K a significant part of the absorption is due
to impurity absorption.

III. THEORY OF ABSORPTION SATURATION

The valence bands in p-type Ge were treated by a mod-
el of inhomogeneously broadened two-level systems to ex-
plain the saturation behavior of the inter-valence-band
absorption at CO,-laser frequencies.”’ We use a similar
model here. In a direct transition the heavy-hole state
represents the lower state (1) and the light-hole state the
upper state (2), respectively (Fig. 3). The absorption
coefficient a for a (homogeneous) two-level system is*

2
a(Qm)=:77T;I%%—13L'(N1—N2)gL(Q,w) , 3)
0

where o is the frequency and Q=(g,—¢,)/# is the reso-
nance frequency of two-level systems with energies €, and

hole momentum k (10(’cm") .
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FIG. 3. Valence bands of p-type germanium modeled as in-
homogeneously broadened two-level systems. The straight ar-
rows correspond to optical excitation; ¥; and A; are the nonra-
diative excitation and deexcitation rates, respectively.
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€,. L is the Lorentz factor, which equals 1 for delocalized
carriers,?° 7n=4 is the refractive index of Ge, c is the vac-
uum speed of light, €, is the dielectric permeability of the
vacuum, u represents the dipole matrix element connect-
ing the upper and lower states, and N, and N, are the
densities of two-level systems in the lower and upper
states, respectively. g; is given by the Lorentzian line-
shape function

2. (Q,0)={(rT,[(Q—w)*—1/T}]} 7!, 4)

where T, is the phase relaxation time that defines the
homogeneous linewidth of the transition.

Since the energy difference between heavy- and light-
hole bands varies as a function of quasimomentum k, the
resonance frequencies of individual two-level systems
vary, similar to the variation of resonance frequencies
due to the Doppler effect in the spectroscopy of atoms
and molecules. To calculate the absorption coefficient in
this case, one has to integrate Eq. (3) over all resonance
frequencies (2,

a(w)=f0°°a(a,m)gb(mdn ) (5

In the limit of dominantly inhomogeneous broadening,
the homogeneous linewidth Aw,=2/T, of the individual
systems is negligible compared to the range of resonance
frequencies g, (), and thus the integration yields

_ mlo |pw)?
alw) nchiey 3 AN(w)gp(w) . (6)

We use the approximation of parabolic, spherically
symmetric bands so that the population difference
AN =N,—N, and the distribution g, are functions of
energy only. Assuming a thermal distribution of carriers
f(g), a density of states D (g), and a density » of carriers
in the valence bands, we obtain

wLwn
neey(l/my—1/my)
2 D D
x ,‘ul (el)f(sl)_ (Ez)f(EZ)
3 m, m,

alw)=

(7

The dipole matrix element p for direct transitions of
holes is found by comparing with Kahn’s theory'? to be

lul?/3="Le/k)*. ®

The resulting absorption (e.g., curve 2 in Fig. 1) matches
the result of Murzin."

When inhomogeneously broadened two-level systems
are strongly irradiated, the level populations of the sys-
tems near resonance change. In a steady-state situation
(i.e., when transient effects are damped out) the absorp-
tion coefficient decreases with increasing intensity ac-
cording to Eq. (1), with exponent x =0.5. The saturation
intensity I is given by

2
PR L ©)
2T, T,L|ul*/3

where T, is the energy relaxation time of the two-level
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systems. Thus, a measurement of the saturation intensity
suffices to determine directly the product of energy and
phase relaxation times.

The dynamical time constants can be determined sepa-
rately using the experimental technique of dynamical
spectral hole burning,’ i.e., observing a laser-induced dip
in the linear absorption spectrum c, !

(Awg)T Ao+ A,
Aol 4Ho—o0,)?+(Ao+Awy)? |’

alw)=ayw) |1—

(10)

The dip is Lorentzian, with a width given by the sum of
the natural linewidth Awy=2/T, and the power-
broadened linewidth Aw,

Av=Awy(1+1/I,)'"* . (11)

Note that Eq. (10) does not include the coherent contribu-
tion?! for reasons to be discussed in Sec. VI.

The energy and phase relaxation times in p-type Ge
can be linked to the scattering of holes by acoustic pho-
nons, nonpolar-optical phonons, neutral impurities,
charged impurities, and also other holes. This is in con-
trast to the 10-um region,>?? where only acoustic- and
optical-phonon scattering are relevant. Since, in our
case, hole-hole scattering plays a role, the energy-loss rate
of a carrier can become negative,?® and therefore the pic-
ture used in Ref. 2 of a relaxation cascade is meaningless.
As a consequence, we extend the model by allowing addi-
tional relaxation paths to other levels (Fig. 3). A given
two-level system is depopulated by the scattering rates y;
and y,, respectively, and filled from other levels by A,
and A,, respectively. We assume that the populations of
the other levels are not noticeably changed by the radia-
tion, and obtain?*

Ty=Xyi'+y; D). (12)

Both inelastic and inter-valence-band scattering contrib-
ute to ¥, and y,, whereas elastic scattering within one
band does not.

The phase relaxation is given by the sum of the scatter-
ing rates in the upper and lower levels, £, and £,,%2

T2=2(§1+§2)_1 ’ (13)

where §; is the sum of elastic- and inelastic-scattering
rates.

We now turn to a discussion of the applicable scatter-
ing processes.?’ Scattering of holes from acoustic and op-
tical phonons has been treated by Kranzer.?® Identical re-
sults were obtained by Conwell for intraband scattering.?’
In the case of optical-phonon scattering, only the annihi-
lation of phonons applies because of the low carrier ener-
gies considered here. The phonon-scattering rates enter
the calculation of both dynamical times of the model as
they describe inelastic processes.

Scattering with neutral impurities has been calculated
by Erginsoy for the case of a single band only,?®

207iayN,,

YET . (14)
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with effective mass m; N,, is the density of neutral impuri-
ties and a,, is the effective Bohr radius of these impurities,
expected to be 41.4 Afora gallium impurity?® (which im-
plies an effective mass of the bound hole of 0.22m,, after
Bohr’s formula). Although the calculation of Erginsoy is
valid only for ka,<O0.5, and, hence, Eq. (14) overesti-
mates the neutral-impurity scattering for optical transi-
tions above 80 cm ™!, we apply Eq. (14) to describe four
distinct channels of intra- and interband scattering by
neutral impurities,

20%a ON n

)3/2

e (15)
m;(m;/m;

Yij=
accounting, in this way, for the different densities of the
final states in the other valence band.3® This is justified
because the scattering amplitude does not depend on the
scattering angle for scattering with neutral impurities. A
further modification of Eq. (15) may, however, arise from
the fact that the exchange interaction for different kinds
of holes is different compared to the case in which only
one type of hole is present. Since neutral-impurity
scattering is elastic, it contributes to 7T'; only for the case
of interband scattering.

The scattering of holes with ionized impurities has
been treated for a germanium-type band structure by
Bir.3! His results resemble the well-known Brooks-
Herring formula for intraband scattering.’® They are,
however, restricted to the domain where the Born ap-
proximation is valid, which means (k /B)?*>>1, where B is
the inverse screening length. Unfortunately, the Born ap-
proximation is not always valid in our case, since
(k/B)*=2 for an example at a carrier concentration of
4% 10" cm™3, a temperature of 40 K, and a wave num-
ber k =7X10° cm ™! (corresponding to a transition fre-
quency of 31.2 cm ™).

Blatt has treated the scattering with ionized impurities
by a partial-wave analysis, and his results indicate that
the scattering cross sections are overestimated by the
Brooks-Herring formula for the wave-vector region of in-
terest.3? To improve Bir’s result, we multiply it by a
correction factor obtained as the ratio of the cross section
after Blatt (for the largest screening length given there) to
that obtained from the Born approximation. This is
reasonable since the results from the partial-wave
analysis do not depend very much on the screening
length at large screening lengths. Again, we have to take
only the interband terms when calculating the energy re-
laxation time.

Hole-hole scattering is treated similarly to impurity
scattering here, because the Born approximation fails
even more for scattering from equally charged particles.
An expression for the hole-hole scattering rate given by
Yassievich®® is valid only for carrier energies €>>kT,
which is not fulfilled in our case. Therefore we use the
cross section o for the scattering by a repulsive potential
from Blatt, and calculate the scattering rate for hole-hole
scattering:

y= [ “o(AKN(AKkW(AK)dAK , (16)
0

where Ak is the difference in the k vector of two holes,
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N (Ak)dAk is the density of carriers with a difference Ak
in wave vector, and v (Ak) is their relative speed. Since a
hole can lose or gain energy by scattering with another
hole, this mechanism influences both the phase and ener-
gy relaxation times. However, only a part, f, of the scat-
tered holes will gain or lose enough energy to leave the
resonance region. Hence only this part leads to a depo-
pulation of the resonant states and influences the energy
relaxation time.

Figure 4 shows the scattering times corresponding to
the various processes as a function of temperature, for an
acceptor density of N,=4.4X10" cm™3 and v=43.3
cm~!. The deformation-potential constants were taken
from Pozhela® to be 5.9 and 13 eV for acoustic- and
optical-phonon scattering, respectively. The concentra-
tions of free carriers and of charged and neutral accep-
tors are calculated according to Ref. 35. Figure 4 also
shows the energy and phase relaxation times calculated
from our model. It was assumed that every hole-hole
scattering event leads to a depopulation of the two-level
system, i.e., f =1. The same was assumed for acoustic-
phonon scattering.

The phase relaxation is dominated by the scattering of
heavy holes with ionized impurities above 40 K (curve d
in Fig. 4). Below this temperature, the light-hole-to-
heavy-hole interband scattering from neutral impurities
forces T, to decrease with temperature (curve ¢). The en-
ergy relaxation time is dominated by hole-hole scattering
in the heavy-hole band up to high temperatures, where
optical-phonon scattering becomes important (curve g).
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FIG. 4. Calculated relaxation times vs temperature, for
N,=4.4X10" cm™3 and v=43.3 cm™'. a, energy relaxation;
b, phase relaxation; ¢, neutral-impurity interband scattering of
light holes; d, ionized-impurity intraband scattering of heavy
holes; e, hole-hole scattering of heavy holes; f, acoustic-phonon
intraband scattering of heavy holes; g, nonpolar-optical-phonon
intraband scattering of heavy holes.
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IV. SATURATION EXPERIMENT

The experimental setup [Fig. 5(a)] uses a pulsed, opti-
cally pumped far-infrared gas laser® with several hundred
lines in the range 8—250 cm ™!, the strongest with pulse
energies exceeding 10 mJ. As the typical pulse length is
100 ns [Fig. 5(c)], this corresponds to a power of 100 kW.
The beam power is quantitatively varied over four orders
of magnitude by a broadband precision attenuator.’® Ad-
ditionally, we used aluminized plastic foils with well-
known transmittance, so that more than seven orders of
magnitude of laser power are accessible.

The Ge samples with cross sections 8X8 mm? are
mounted on a rectangular aperture (6X7 mm?) in a
helium-contact-gas cryostat. The sample thickness d is
chosen to be 5 mm, so that ad =~1. The samples are
wedged with an angle of 2° to avoid standing-wave effects.
For the same reason, the cryostat windows, consisting of
25- and 50-um-thick Mylar foils, are tilted at 15° and 10°.

The radiation is focused on the sample with a para-
boloidal mirror. A second paraboloid behind the cryostat
collects the radiation transmitted through the sample and
guides it via a second attenuator to a Golay detector.
The second attenuator is operated to keep the pulse ener-
gy incident on the detector nearly constant, which elimi-
nates nonlinearities of the detector. A beam splitter be-
fore the cryostat reflects a small portion of radiation to a
second Golay detector. This signal serves as a reference
to eliminate the variation of pulse energy from shot to
shot (approximately 10%).

The measurement of transmittance is obtained by
averaging over three pulses and switching five times be-
tween the sample and a reference sample made from an
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Golay pyroelectric
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— —
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FIG. 5. (a) Experimental setup to study the saturated absorp-
tion of p-type Ge; (b) typical cross-sectional intensity distribu-
tion at the sample location; (c) typical temporal structure of
laser pulse.
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undoped, ultrahigh-purity germanium sample of the same
size. In this way we suppress effects of reflections and of
the lattice absorption in determining the electronic ab-
sorption coefficient. The result of two measurements at
different frequencies versus attenuation of laser power is
shown in Fig. 6. The increase of transmittance with laser
power is clearly visible.

Contrary to expectations from the model, the transmit-
tance decreases at very high intensities (31.2-cm ™! data
in Fig. 6). Since we observe, at maximum power, a red-
dish glow on the crystal surface, we ascribe the
phenomenon to dielectric breakdown not to be followed
in this context.

From the transmittance, we calculate the absorption
coefficient a=—In(T)/d. Fitting the absorption data
with Eq. (1) (x =0.5), and allowing for a residual, not
intensity-dependent absorption, we derive both the satu-
ration intensity and the small-signal absorption (Figs. 1
and 2). The residual absorption is evidently a Drude con-
tribution.

To obtain the saturation intensity on an absolute scale,
we measure the pulse energy of the radiation by directing
it to an energy meter (see Fig. 5) placed at the appropri-
ate distance to have the same attenuation through the air.
The laser-pulse shape [Fig. 5(c)] is measured with a fast
pyroelectric detector (response time 0.4 ns) connected to
a digital oscilloscope (Hewlett Packard model 54111D).
The spatial distribution of intensity [Fig. 5(b)] at the loca-
tion of the sample is obtained by scanning a slit aperture
across the beam. We find that the distribution follows a
Gaussian beam profile with a waist radius on the order of
1 mm, both horizontally and vertically. From a separate
measurement, we know the transmission of the cryostat
windows. The reflectivity of the sample surface is calcu-
lated from the refractive index of germanium. With these
data we are able to determine the intensity of the radia-
tion in the Ge sample on an absolute scale.

At each attenuator setting, the absorption measure-
ment represents an average over a span of intensities,

100 T T T T T T
80 § §

60} e .

transmittance (%)

40

20 -

0 1 1 1 1 I I
60 -50 -40 -30 -20 -10 0 10

relative laser power (dB)

FIG. 6. Transmittance vs power of p-type Ge sample with
N,=4.4X10" cm™3 at 40 K. Open circles, v=31.2 cm™};
solid circles, v=111cm™ ..
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FIG. 7. Absorption coefficient @ at v=111 cm™! vs intensity,
with N,=4.4X10" cm™? at 40 K. The data are from the ex-
periment Fig. 6. The curves represent a simulation of the non-
linear absorption according to inhomogeneous broadening
(solid curve) and homogeneous broadening (dashed curve).

since the intensity varies in time and space. To correct
for this, we numerically simulate the transmission
through our sample with an intensity-dependent absorp-
tion coefficient corresponding to inhomogeneous
broadening, with the saturation intensity as an open pa-
rameter. We take into account the temporal and spatial
variation of intensity in the incident beam, as well as the
variation due to absorption along the beam. The result is
iteratively compared to the experimental saturation curve
and finally yields a value for the saturation intensity. In
Fig. 7 we see that we achieve excellent agreement be-
tween the theoretical model and measured data.

We also simulated the nonlinear transmission for the
case of homogeneous broadening [Eq. (1), x =1], as
shown by a dashed curve in Fig. 7. This curve also de-
scribes the experimental data quite well, so that it seems
impossible to decide between the two models from the in-
tensity dependence of the absorption.

V. RESULTS AND DISCUSSION

The saturation intensity I, was measured for several
frequencies between 30 and 174 cm ™! in the temperature
range 20—100 K. The range of measurement is limited to
lower temperatures by the requirement that the laser
pulse does not heat the sample by more than 3 K and that
no other absorption mechanism obscures the inter-
valence-band absorption. The limit to higher tempera-
tures is due to a decreasing small-signal absorption and
an increasing saturation intensity. The resulting values
of I, are shown as data points in Figs. 8, 10, and 11-13.
We mentioned before that the measurement of I; suffices
to determine directly T, T, through Eq. (9). Therefore,
we have added a second vertical scale in Figs. 8, 10, and
11-13 that allows one to read the geometric mean value
of Ty and T,.
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Figure 8 shows the results for a frequency of 43.3
cm~!. We see that T'; T, has a maximum at about 30 K.
Also shown in Fig. 8 is a theoretical curve (a) calculated
according to the model presented in Sec. III. Curve a
corresponds to the curves for 7', and T, shown in Fig. 4.
The agreement between experimental and calculated data
is good at high temperatures, but at low temperatures the
calculated saturation intensity exceeds the measured
value by an order of magnitude.

This discrepancy (which also exists in the results at
other frequencies) leads us to reconsider the theoretical
scattering rates of our model in Sec. III, for three
different processes. First, we consider the efficiency of
hole-hole scattering. If we choose the factor f to be 0.1
instead of 1 as in Sec. III, i.e., we assume that only every
tenth hole scattering event leads to a depletion of the
two-level system, the agreement between theory and ex-
periment is improved in curve b in Fig. 8. Now the ener-
gy relaxation time is dominated over the whole tempera-
ture range by acoustic-phonon scattering. This leads to
an increase of T\ T, with decreasing temperature until 7',
drops down, so that a maximum evolves.

The neutral-impurity scattering seems overestimated at
low temperatures. Since our theoretical calculations con-
cerning this scattering mechanism in Sec. III were on
weak grounds anyway, since they extrapolated from a
one-band model, we modify our results. To obtain better
agreement with the experimental data, we assume that
the interband scattering from the light- to the heavy-hole
band is only 25% of the calculated rate, and that the
scattering from the heavy- to the light-hole band is twice
the intraband scattering of the heavy holes. The first
correction leads to an increase of T, and the latter to a
decrease of T, at low temperatures. As a consequence,
the maximum of T'; T, shifts towards lower temperatures
without changing the results at higher temperatures
(curve c in Fig. 8).
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FIG. 8. Saturation intensity (left-hand scale) and geometric
mean of energy and phase relaxation times (right-hand scale) vs
temperature, for N ,=4.4X 10" cm ™% and v=43.3 cm™~!. The
circles are experimental data. The lines represent calculations
according to the model of inhomogeneously broadened two-
level systems (see text).
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Above 70 K there is still a slight disagreement between
experiment and theory. Since the value of the optical de-
formation is uncertain anyway, we choose it to be slightly
higher than in Ref. 34, namely E,,=21 eV, and end up
with the solid line (d) in Fig. 8, which now describes the
data fairly well over the whole temperature interval. In
Fig. 9 we present the modified curves of energy and phase
relaxation times and the modified scattering times as they
result from our calculations, to be compared with the
unmodified ones in Fig. 4.

In Fig. 10(a), we have plotted our results for a frequen-
cy of 174 cm ™. The theoretical curve is calculated with
the same parameters as for 43.3 cm ™! and gives perfect
agreement. Figure 10(b) gives the results at a frequency
of 111 cm™!. Here we find agreement between calculated
and measured values above 50 K only. The disagreement
below 50 K may come from a superposition of acceptor
ionization, which contributes a significant part to the ab-
sorption in this range [Fig. 2(b)]. At 20 K, for example,
the small-signal absorption by ionization is approximate-
ly double that of inter-valence-band excitation. The satu-
ration behavior of acceptor ionization has been estab-
lished separately>”*® to be of homogeneously broadened,
two-level character, with I,~300 W/cm? at 8 K. At
lower doping, the relative influence of the ionizing transi-
tions must decrease since the ionization degree increases.
To observe this effect, we studied the saturation with two
different samples, the doping of which was determined
from room-temperature conductivity measurements.* In
fact, the agreement between theory and experiment seems
slightly better for the lower-doped sample. (Figure 11
shows results for a frequency of 111 cm™1.)

Figure 12 displays our experimental and theoretical re-
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FIG. 9. Calculated relaxation times vs temperature for
N,=4.4X10" cm ™3 and v=43.3 cm™!. a, energy relaxation
time; b, phase relaxation time; ¢, neutral-impurity interband
scattering of light holes; d, ionized-impurity intraband scatter-
ing of heavy holes; e, neutral-impurity interband scattering of
heavy holes; f, acoustic-phonon intraband scattering of heavy
holes; g, nonpolar-optical-phonon intraband scattering of heavy
holes.
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FIG. 10. Saturation intensity (left-hand scale) and geometric
mean of energy and phase relaxation times (right-hand scale) vs
temperature, for N ,=4.4X 10" cm~3. The circles are experi-
mental data; the lines are from theory.

sults of the saturation intensity as a function of frequen-
cy. The saturation intensity [Fig. 12(a)] increases nearly
linearly with frequency. The product of energy and
phase relaxation time is, however, approximately in-
dependent of frequency [Fig. 12(b)], since it is related to
I, through the factor |u|? [Eq. (9)], which is inversely
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FIG. 11. Saturation intensity (left-hand scale) and geometric
mean of energy and phase relaxation times (right-hand scale) vs
temperature at v=111 cm~!. Solid circles and solid line,
N,=3.7X10"* cm™3 open circles and dashed line,
N,=1X10" cm™3. The lines are from theory.
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proportional to frequency [Eq. (8)].

As we have seen before, the model of inhomogeneously
broadened two-level systems is very well suited to de-
scribe the experimental data, even though it is only an
approximation, because we have neglected any heating of
the hole gas that would influence the different scattering
rates. The opposite approach has been taken by Beregu-
lin et al.!' They investigated the bleaching of the inter-
valence-band absorption in p-type Ge at liquid-nitrogen
temperature for the doping range 3X10" to 5Xx10'®
cm 3. Because they were not able to explain their data in
a model in which the only relevant relaxation process is
acoustic-phonon scattering,”® they assume that only the
heating of the electron gas is responsible for the bleach-
ing of the absorption. The basis for this is the assump-
tion that hole-hole scattering is so fast that the holes are
always distributed according to a Boltzmann function
with a hole temperature T},. In their model, T is calcu-
lated by equating the power absorbed by the electron gas
to the power the electron gas loses to optical and acoustic
phonons. Having T, as a function of intensity, one can
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FIG. 12. (a) Saturation intensity and (b) geometric mean of
energy and phase relaxation times, vs frequency for
N ,=4.4X10" cm™3. The points are from the experiment; the
curves represent theory. Solid line and solid circles, 20 K;
dashed line and open circles, 40 K; dotted line and open trian-
gles, 80 K.
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FIG. 13. Saturation intensity vs temperature for

N,=4.4X10" cm™3. The results of the model according to
Beregulin (Ref. 11) for 43.3 cm™! (dashed line) and 174 cm™!
(dotted line) are compared to our experimental data given by
solid (43.3 cm™!) and open (174 cm ™) circles. The solid lines
represent the results of the model of inhomogeneously
broadened two-level systems [Figs. 8 and 10(a)].

calculate the absorption as a function of intensity, which
results in curves similar to those in Fig. 7. We have re-
peated these calculations and then have fitted the results
to Eq. (1), with x =0.5, to obtain a comparison to our
theory. The result is shown in Fig. 13. Clearly, the heat-
ing model is not able to describe the data observed by us.
The discrepancy cannot be removed by varying the opti-
cal and acoustic deformation constants, even by large fac-
tors. In their work Beregulin et al.!! also present experi-
mental data of saturated absorption. For a doping level
comparable to ours and a temperature of 78 K, they ob-
tain a saturation intensity [using Eq. (1), with x =1] of 8
kW/cm? at a frequency of 111 cm ™!, To compare this
value to our analysis (x =0.5), we must divide their re-
sult by a factor of approximately 3 and obtain I,~3
kW/cm?, which is of the same order of magnitude as our
result [e.g., Fig. 12(a)].

VI. HOLE-BURNING EXPERIMENT

Theory predicts that the absorption saturation leads to
a laser-induced spectral dip (“dynamical hole burning”)
for the case of inhomogeneously broadened, two-level
systems (Sec. ITI). This effect is often applied in spectros-
copy to reveal the homogeneous linewidth of inhomo-
geneously broadened resonances. The experiment ex-
poses the sample to strong radiation at a frequency w, to
change the population of systems near resonance. This
change in detected by the measurement of the absorption
spectrum with a weak source [Eq. (10)].

Figure 14 shows the setup for our pump-and-probe ex-
periment. The strong source, labeled 1, is the laser al-
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far-infrared laser

attenuator

high-pass filter minifiinm
pyroelectric detector

Golay detector

FIG. 14. Setup for far-infrared hole-burning experiment.

ready described before. The probe laser labeled 2 is a
similar, optically pumped far-infrared gas laser with a
shorter length. It operates on the same lines, but has a
smaller pulse energy. In the experiment both laser beams
are linearly polarized in the same direction by free-
standing wire grids. The pulse shapes are monitored dur-
ing the experiment with photon-drag and fast pyroelec-
tric detectors, so that we can control the temporal over-
lap. Only pulses with an optimal overlap are selected for
the measurement.

The attenuated probe beam is coupled into the path of
the pump beam with a Mylar beam splitter. A high-pass
filter in front the Golay cell blocks the pump beam so
only the probe pulse reaches the detector. We use a
cutoff-waveguide filter consisting of a metal plate with cy-
lindrical holes.*! It is chosen to have a transmittance of
>20% above 40 cm ™!, but to suppress radiation below
33 cm™! by more than nine orders of magnitude. The
frequency of the pump laser is chosen to be 31.2 cm™!.
By this arrangement, we are limited to measure the high-
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FIG. 15. Normalized transmittance of a weak probe pulse at
45.3 cm ™! as a function of the intensity of the pump laser at
31.2cm ™}, for N, =3.7X 10" cm™3 at 40 K.
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frequency side of the saturation dip. In the measurement
we take the ratio T}, /T, of the probe-laser signal with the
saturating beam on and off. As an example, the results
for a probe frequency of 45.3 cm ™! are shown in Fig. 15.
The effect of saturation is clearly evident. The saturation
curves are recorded for four frequencies, and are further
evaluated to yield absorption spectra. Great difficulty
arises from the incomplete temporal overlap of both laser
pulses, which results in large error bars. The spectra in
Fig. 16 have the pump intensity as a parameter, and the
absorption coefficient is normalized to the small-signal
absorption. The data points at the pump frequency 31.2
cm ™! are taken from the one-laser saturation experiment
(Sec. IV) that yields a saturation intensity I, =30 W/cm?
(Fig. 12).

Inspection of the data points in Fig. 16 indeed reveals a
diplike structure. This dip strongly broadens with in-
creasing pump-laser intensity, as is expected from power
broadening in the model of inhomogeneously broadened
two-level systems. For a quantitative comparison, we fit
the theory [Eq. (10)] to the entity of data points in Fig. 16
and obtain the set of theory curves in Fig. 16, with the
homogeneous linewidth as the sole fitting parameter, re-
sulting in Avy=23 cm~! [full width at half maximum
(FWHM)]. This corresponds [Eq. (4)] to a phase relaxa-
tion time 7, =0.5 ps. Inspection of Fig. 16 reveals that
the curves may well describe the high-intensity data, but
systematically yield overly large dip widths for the low-
and medium-intensity points. We take this as an indica-
tion that we have an additional nonlinearity at the
highest powers, most probably an increase of carrier
scattering due to an overall heating of the carriers. Since
we are interested in the carrier dynamics at negligible
heating, we have performed the fit to the low-intensity
spectra alone. The result is an approximately threefold
narrower dip width of 7 cm ™!, yielding 7,=1.4 and 1.6
ps, respectively for the 15- and 150-W/cm? data.

In our model (Sec. III), we have left out the term
describing a coherent dip that should be superimposed
with a linewidth Aw,y, =2/T;.2"” The reason is that the
coherent dip is too narrow to be resolved with our
present technique: When we take the experimental value
I,=30 W/cm? equivalent to (T,T,)!"?=9 ps (Fig. 12),
and use T,=1.5 ps, we obtain T, =43 ps and, hence,
Av,,=0.5 cm~! (FWHM). Note that the data at 31.2
cm™ ! result from a one-laser experiment in which no
coherent contribution exists. Therefore, the hole-burning
experiment cannot independently determine both time
constants 7, and T,, as was possible with the experi-
ments at 1000 cm ™! where the relaxation is much faster.’

The observed dip width of about 7 cm™! (FWHM) is
not much smaller than the saturating laser’s frequency of
31.2 cm ™}, as is assumed in the theoretical derivation of
Eq. (10). This adds to the uncertainty given by the scarce
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FIG. 16. Normalized probe absorption in hole-burning ex-
periment at 40 K. The frequency of the pump laser is marked
by an arrow. The lines represent a fit according to the model of
inhomogeneously broadened two-level systems [Eq. (10)] to the
entirety of data shown. The pump intensity increases from 1.5
W/cm? (uppermost curve and data points) in decade steps up to
15 kW/cm?

data of the dip experiment (Fig. 16) in the determination
of T, =1.5 ps. Notwithstanding, the dip data of T, =1.5
ps and T, =43 ps agree favorably with the results of Sec.
V, as displayed in Fig. 9, where we obtain 2.9.and 20 ps,
respectively.

VII. CONCLUSIONS

We have shown that the model of inhomogenously
broadened two-level systems describes very well the satu-
ration behavior of the inter-valence-band absorption,
over a wide span of temperatures and far-infrared fre-
quencies. The agreement is surprising in view of the sim-
plicity of the model. The corrections introduced in the
theoretical treatment of low-energy carrier scattering are
rather convincing, because all measurements can be de-
scribed with the same set of parameters, and may there-
fore stimulate further theoretical work. The alternative
model of optical heating!! is far from describing the ex-
perimental data; it obviously overestimates hole-hole
scattering.
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