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ABSTRACT

This thesis presents theoretical studies of the nonlinear optical
properties of p-type semiconductors. Chapter 2 is concerned with the
intensity dependence of the camplex dielectric constant of p-type
germanium for light with a wavelength in the 9-11 um region, The
nonlinear absorption is described by the imaginary part of the complex
dielectric constant, and the nonlinear dispersive properties are
described by the intensity dependence of the real part of the dielectric
constant. Chapter 3 deals with the saturation characteristics of
practically all Groubs IV and III-V p-type semiconductors and includes
a discussion of the systematic dependence of fhe saturation intensity
on the material parameters. Chapters 4 and 5 are concerned with several
"'punp-and-probe'’ experiments, Here, the transmission of a low-intensity
light beam (probe) can be altered by the presence of a high-intensity
laser (pump). In these chapters the modulation of the probe transmission
is analyzed as a function of the intensity of the pump laser, Chapter
6 treats the intensity dependence of the conductivity of p-Ge for light
with a wavelength of 10.6 ym.

In Chapter 2, we present a theory of the saturation of heavy- to
light-hole band transitions in p-type germanium by high-intensity light
with a wavelength near 10 um, The free-hole distribution function is
modified by the high-intensity light, which leads to an intensity

dependence in the absorption coefficient and the index of refraction.
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The absorption coefficient is found to decrease with intensity in a

manner closely approximated by an inhomogeneously broadened two-level
model, For temperatures and hole concentrations where hole-phonon
dominates hole-impurity and hole-hole scattering, the saturation
intensity is independent of the hole concentration. For larger hole
densities, the saturation intensity is found to increase monotonically
with increasing hole concentration, We calculate the saturation
intensity as a function of excitation wavelength and temperature for
p-Ge. The saturation intensity is found to increase with increasing
photon energy and temperature. The calculated results for the absorption
saturation are compared with the available experimental data and good
agreement is found. In addition to the nonlinear absorption, there
exist laser-induced changes in the index of refraction resulting from
the saturation of the intervalence-band transitions. Calculations of
the intensity dependence of the real part of the dielectric constant
are performed for room temperature and for light with a wavelength

of 10.6 ym, The index of refraction is found to increase monotonically
with increasing intensity,

In Chapter 3, we present the results of the theory describing
the saturation behavior of most p-type semiconductors with the diamond
or zincblende crystal structure by high-intensity co, light, For
materials with large spin-orbit splittings as campared to the excita-
tion wavelength (as for Ge), the dominant absorption mechanism is
direct intervalence-band transitions where a free hole in the heavy-

hole band absorbs a photon and makes a transition to the light-hole
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band. For materials with small spin-orbit splittings as campared to
the excitation wavelength (as for Si), direct intervalence-band
transitions are allowed between the heavy-hole and light<hole, heavy-
hole and split-off, and light-hole and split-off hole bands. In each
material, values of the saturation intensity are reported as a function
of the photon energy and temperature,

In Chapter 4, we present a theory to describe the enhanced
transmission of a weak tunable probe laser with a wavelength near 3 um
in the presence of a high-intensity saturating beam with a wavelength
near 10 ym in p-Ge. The mechanism responsible for the increasing
transmission of the probe laser is the depletion of holes in the
heavy-hole band by the saturating beam, Room temperature values of
the absorption coefficient of the probe are predicted as a function
of the intensity of the pump beam,

In Chapter 5, we present a theory of the absorption lineshape of
a low-intensity probe laser which is tuned in the vicinity of a high-
intensity pump laser with a wavelength of 10.6 um. Values for the
absorption coefficient of the probe are calculated at room temperature
as a function of the intensity of the pump laser, We find the probe
absorption can be divided into two contributions: one being due to the
depletion of holes in the resonant region of the heavy-hole band by
the saturable pump, and the other being due to a coupling of the pump
and probe beams which allow the pump photons to be scattered into the

probe and vice versa. The calculated results for the camposite line-
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shape of the probe are compared with the experimental data and good
agreement is found,
In Chapter 6, we show how the modification of the free-hole
distribution function by the saturating beam leads to a change in the
conductivity of p-Ge, The photoconductive response is calculated as

a function of the doping level, temperature and light intensity,
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I. BACKGROUND

The study of nonlinear optics deals with phenomena that occur
at high light intensities obtainable by laser beams. It represents one
of the most interesting fields of research made possible by the develop-
ment of powerful lasers. There is great current experimental and
theoretical interest in the nonlinear dielectric properties of
semiconductors in which, in addition to the linear response, polariza-
tion of the medium is produced which is not directly proportional to
the electric field that induces it (1). These nonlinear phenomena
have many important applications as frequency conversion devices, three
of the most important applications being: (1) parametric oscillation
in which a high-power pump wave at frequency w causes the simultaneous
generation of radiation at w; and w,, where w = w; + w,; (2) fre-
quency-up conversion in which a weak signal at Wy is converted to a
signal at a higher frequeﬁcy wg by mixing with a strong pump laser at
W, where wy T wg - w3 (3) and second-harmonic generation in which part
of the energy of a laser beam at frequency w is converted to that of a
wave with frequency at Zw.

Same other nonlinear properties in semiconductors which are of
active interest in the control of laser beams include the electro-
optic effect, photoelastic effect, Raman scattering, self-focusing
actions, and saturable absorption. In this thesis I present a theory
of the absorption saturation of several p-type scmiconductors by high-

intensity light with a wavelength near 10 ym. The results of the theory
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can also be used to analyze the importance of self-focusing actions
in p-type semiconductors for given experimental conditions. These
self-focusing actions are due to an intensity dependence in the index
of refraction of the material and are of great concern to experi-
mentalists working with high power laser pulses since the spatial and
temporal behavior of the laser pulse is modified as the pulse
propagates through the medium.

When radiation at a given frequency interacts with a material
with a transition near the frequency, a resonant interaction occurs,
and several nonlinear phenomena associated with the resonance may also
occur. For materials in thermal equilibrium, the radiation is ab-
sorbed as it propagates through the material, resulting in the
attenuation of the wave, where the decay of a wave propagating in the

z-direction is given by

(1)

Here, 1 is the light intensity and o is the absorption coefficient.

The absorption of light by several p-type semiconductors becames a
nonlinear function at high light intensities. At low light intensities
(l1inear regime), the absorption coefficient of the medium is indepen-
dent of the intensity; however, at sufficiently high intensities,

the absorption coefficient is significantly reduced, and the radiation
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passes through the material relatively unattenuated. This effect

is often termed saturation of the resonant transition and has many
important applications in the design of laser systems, Most of the
experimental information on the saturable absorption of p-type
semiconductors exists for germanium for wavelengths in the 9-11 um
region, which corresponds to the CO2 laser spectrum (2'5), The
measurements indicate that the reduction in the absorption coefficient
with increasing intensity is approximately given by

o, (w)

a(l) & ————— , (2)

where ao(w) is the absorption coefficient at low intensity, and I
is the saturation intensity (3-5). This functional form for the in-
tensity dependence of a(I) is predicted for an inhomogeneously broadened
two-level system in which the medium can be characterized by a smooth
distribution of resonant frequencies, as is the case for low-pressure
gases due to the Doppler effect.

This nonlinear infrared absorption has several applications in the
control of lasers to obtain large peak output powers. For example,
the saturation property allows a means of passively mode locking a

CO, laser by simply inserting a slice of a suitable p-type semiconductor

2
into the optical path of the cavity. The saturable absorber causes the
laser to oscillate in a pulsed fashion since this mode of oscillation

undergoes less loss than one in which the energy is spread more
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uniformly (6'8). Once the pumping begins, the largest of the intensity

fluctuations in the optical resonator grows at a larger rate than
smaller intensity peaks, since the smaller intensities see greater loss.
That is,the loss is a minimumm when the phases of the oscillating

modes are locked and the energy distribution inside the resonator
corresponds to a narrow traveling pulse with a period equal to the
round trip transit time of the resonator. Experiments have demonstrated
that a CO2 laser with p-Ge as a saturable absorber can be used to
generate passively mode-locked pulses of subnanosecond duration (9-11),
where the pulse duration is limited by the gain linewidth of the laser.
Considerably shorter pulses on the order of a few picoseconds should
be possible by operating the laser at higher pressures (11). At
sufficiently high gas pressure where the gain linewidth is much
greater than the rate of the recovery of the saturable absorber, the
mode-locked pulses have a duration approximately equal to the recovery
time of the saturable absorber (about 1 psec in p-germanium).

The saturable absorption characteristics of p-type semiconductors
have also been used to achieve isolation of high power CO2 oscillator-
amplifier systems (4'5). One of the most important problems facing the
design of fusion-oriented CO, lasers is the provision for adequate
interstage isolation. The isolation devices must prevent spontaneous
lasing in the high gain amplifiers and suppress retrodirected signals
which can arise from windows and targets as well as other laser systems

in a multiple beam irradiation experiment. By inserting a slice of p-
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germanium as an isolation device, low-level oscillations as well as
reflections would be attenuated, while the material would be transparent
to the high intensity pulses which are to be amplified. In addition,
p-type semiconductors have some distinct advantages over gasgous
saturable absorbers, such as a high damage threshold, integrability
into a beam transport system, picosecond recovery time and a broadband
performance under saturation conditions,

The nonlinear absorption has also been used to temporally compress

(6’12). That is, for a pulse of Gaussian lineshape, the

laser pulses
tails of the pulse see a high absorption coefficient while the peak of
the pulse propagates relatively unattenuated, which leads to a pulse
shortening effect. For many applications, particularly in inertial
fusion experiments, a pulse width of specified duration is strongly
desired and pulse campression is required to achieve these durations.

In order to analyze the saturation properties of p-type semi-
conductors, one must first understand the nature of the absorption
process. The dominant absorption mechanism in p-Ge at room temperature
has been shown to be direct intervalence-band transitions for light in
the 2-25 um region and hole concentrations greater than about

14cn'3 (13'15). The observed character of the absorption spectrum

10
in the 9-11 um region is primarily determined by two factors: the shape
of the valence band structure and the steady-state distribution of free
holes.

The valence band structure for small k is determined by degenerate
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kep perturbation theory by a method deyeloped by Kane (16)

based on measured values of the cyclotron resonance parameters, In
Figure 1, the valence band structure of germanium is shown for k in
the [100] direction, There exist three bands each of-which are two-
fold degenerate. The six bands correspond to states constructed

from the atomic p functions of the individual atams times the two spin
functions, spin up and spin down. The heavy-(h) and light-(2) hole
bands are degenerate at k=0, and the split-off hole band (s) is
separated at k=0 fram the heavy- and light-hole bands by the spin-
orbit interaction. Here, the spin-orbit interaction lowers the twc

J = 1/2 bands with respect to the four j = 3/2 bands. Figure 2
illustrates the nonparabolic and anisotropic nature of the bands for k
in the [190], [111], [110] and [y] direction. The [y] direction is
defined to be the direction in k-space which makes equal angles with the
[100], [111] and {110] directions (16) According to the band structure
calculations given by Kane, for a given direction in g-space the heavy-
hole band may be taken as parabolic, the light-hole band effective mass
increases with energy, and the split-off hole band effective mass
decreases with energy. These qualitative features also hold for the
valence band structures of other semiconductors with the diamond or
zincblende structure; however, the effective masses and spin-orbit
splittings are different for the different materials. We now consider
the absorption spectrum of p-Ge at room temperature conditions. For

light with wavelength between about 5 and 25 um, the dominant transi-



Figure 1, Valence band structure of germanium for small k in the [100]
direction. Here, an increase in hole energy corresponds to going

vertically downward.
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Figure 2. Hole energy vs k% in germanium for k in the [100], [110] ,
[111] and [y] directions. The figure shows the anisotropy of the

heavy- and light-hole bands. The [y] direction is a direction which
makes equal angles with the [100] , [110] and [111] directions. Here

the band structure graphs are invertedso that increasing hole energy
corresponds to going vertically upward, The arrows indicate intervalence-
band resonances for light with a wavelength of 10.6 um. In these
resonant processes, a hole in the heavy-hole band absorbs a photon and

is excited to the light-hole band,
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tion occurs between the heavy- and light-hole bands; for wavelengths
between about 4 and 5 um, the dominant transition occurs between the
light- and split-off hole bands; and for wavelengths about 2 and 4
wum, the daminant transition occurs between the heavy- and split-off
hole bands. These three regions of absorption due to the three sets
of valence bands are shown in Figure 3. For the 9-11 um region, which
corresponds to the CO2 laser spectrum, the absorption cross section
is about 6.0x10710 a®, as explicitly shown in Figure 3. Similar
intervalence-band absorption has been observed in several other p-type
semiconductors as well (13'22); however, the range of wavelengths which
correspond to the three sets of intervalence-band transitions vary for the
different materials.

Both energy and wavevector are conserved in the intervalence-
band optical transition. Thus only holes in a narrow region of the
heavy-hole band can directly participate in the absorption. For light
with a wavelength of 10.6 um, the resonant regions are shown by the
arrows in Fig. (2) for k in the [100] , [111] , [110] and [Y] directions.
The variation in the magnitude of kz for which the resonance occurs is
a consequence of the anisotropic nature of the band structure. Since
the absorption coefficient is governed by the population of the pertinent
initial hole states, the absorption becomes a nonlinear function for
intensities sufficiently high that the distribution of hole states
cannot maintain its equilibrium value, The absorption in the 9-11 um

region has been shown to saturate in p-Ge (2-5) and p-GaAs () ae to

this depletion of the initialihole states.



Figure 3. Absorption cross section of p-type germanium at Toom
temperature. The lattice absorption independent of carrier concen-
tration has been subtracted, The shaded region shows the 9-11

ym region, Experimental data were taken from Ref. (15).
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Thus in order to calculate the intensity dependence of the ab-
sorption coefficient, we must first calculate the hole distribution
in the heavy- and light-hole bands as a function of the light intensity.
Here, we must include the interaction of the free-holes with the
optical excitation and the daminant relaxation mechanisms, For hole
concentrations and temperatures at which most saturable absorption
measurements have been performed (room temperature, Nh < 4x1015cm°3),
phonon scattering is the dominant relaxation mechanism. Here,
the scattering time due to lattice scattering is on a subpicosecond
time scale for the hole states of interest. Phonon scattering
was calculated on the basis of the deformable potential model, where
the deformation parameters were taken to fit the temperature depen-
dence of the measured mobility (23). For more heavily doped
material, the scattering of holes with ionized impurities and other
free holes is included in the calculation,

Having calculated the distribution of hole states as a function
of intensity, we relate the distribution to the absorption coefficient
to determine the fumctional form for the reduction in the absorption
coefficient with increasing intensity, The calculated intensity
dependence of o(I) of p-Ge can be fit to high accuracy to the func-
tional form of Eq. (2), and values of the saturation intensity are
determined as a function of the photon energy and temperature., In

Chapter 3, we examine the systematic dependences of the saturation

characteristics for the various p-type semiconductors and find the
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most important material parameters to be the average effective
masses of the valence bands and the hole mobility,

Using this theory, we have determined the hole distribution as a
function of the light intensity and frequency, This information
allows an interpretation of several 'pump-and-probe’ experiments,

The '"pump-and-probe" approach is often used to measure the dis-
tribution function of optically pumped semiconductors. Here, one
measures the transmission of a low-intensity light beam (probe) as

a function of frequency in the presence of a high-intensity laser
(punp) of fixed frequency. The probe pulse can be distinguished

by using a different wavelength, direction, or polarization from the
pump.

With a high intensity pump laser saturating the heavy- to
light-hole band transition, the transmission of a low intensity probe
resonant between the heavy- and split-off hole bands is altered,

If the wavelength of the pump laser is fixed and the wavelength

of the probe is tuned, there is a spectral region for the probe in
which the two optical transitions are coupled due to their sharing

of common initial states in the heavy-hole band. Thus the absorption
coefficient of the probe depends on the intensity of the pump laser
through the distribution function in the heavy-hole band. As the
pump laser depletes the distribution in the resonant region of the
heavy-hole band, we expect an enhancement in the transmission of the

probe due to their sharing of common initial hole states. In Chapter
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4, we examine the response of a probe resonant between the heavy-
and split-off hole bands in p-Ge in the presence of a high-intensity
pump at 10.6 um resonant between the heavy- and light-hole bands,
These features have been experimentally observed in p-Ge by Keilmann
and kuh1 %4,

We also consider the case of a high intensity pump saturating
the heavy- to light-hole band transition, and a weak tunable probe
resonant between the heavy- and light-hole bands. For probe frequencies
near the saturator frequency (within the homogeneous linewidth of the
transition), the transmission of the probe beam is modified, analogous
to the hole-burning effect in a low-pressure gas. Here, the measured
values for the absorption coefficient of the probe vs photon energy of
the proBe yields information about the relaxation processes,
The modulation of the probe transmission is due to the decrease in the
initial hole states in the heavy-hole band due to saturation by the
pump, and to an interference of the pump and probe in which the pump
photons are frequency shifted in such a way as to match the probe
beam's direction and frequency. In Chapter 5 values for the absorption
coefficient of the probe are calculated and good agreement is found
with experiment (25’26).

Since the absorption of light alters the distribution of free-
holes, we expect a change in the sample conductivity upon illumination.
The change depends on the density of free-holes and the intensity of

the incident beam. Because the density of states in the heavy-hole
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band is much greater than that in the light-hole band, the photoexcited
holes primarily scatter into the high energy states in the heavy-hole
band. Thus the dominant change in the distribution of hole states is
an increase in the average energy of occupied states in this band.

For temperatures and doping levels for which phonon scattering daminates
the momentum relaxation, the conductivity decreases upon illumination
because the rate of phonon scattering increases with increasing hole
energy. For lower temperatures or higher doping levels where ionized
impurity scattering dominates the momentum relaxation, the conductivity
increases with illumination because ionized impurity scattering decreases
with increasing hole energy. These photoconductive effects have been

(27-32) and have been shown to influence the

(33-35)

observed experimentally
performance of p-Ge photon drag detectors In Chapter 6

we present a calculation of the photoconductive response of p-Ge upon
illumination by 10.6 um light as a function of doping level, temperature

and light intensity.

II. OUTLINE OF THESIS

In Chapter 2, a theory is presented describing the laser-induced
change in the dielectric constant of p-Ge resulting from the interaction
with high-intensity infrared radiation. The imaginary part of the com-
plex dielectric constant is related to the nonlinear absorption properties,
and the real part is related to an intensity dependence in the index

of refraction. These nonlinear properties in p-Ge are due to the
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saturation of the heavy- to light-hole band transitions by the high
intensify light. In order to calculate the intensity dependence of the
complex dielectric constant, we first calculate the distribution
of free-holes in the heavy- and light-hole bands as a function of the
intensity of the light, allowing for the absorption by intervalence-
band transitions and the hole relaxation by phonon, ionized impurity,
and hole-hole scattering, Using the calculated values for the hole
distribution, we relate the distribution to the absorption coefficient
to determine the intensity dependence of the absorption coefficient.
The intensity dependent absorption coefficient can be described to
high accuracy by Eq. (2). Values of the saturation intensity are
predicted as a function of the excitation wavelength and hole density
and good agreement is found with the available experimental data with
no adjustable parameters included in the theory.

Since the usefulness of p-Ge as a saturable absorber in CO2
laser systems is determined by its saturation characteristics, it is

of interest to be able to control the saturation behavior. We find
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that the saturation behavior of p-Ge can be tuned by controlling the
temperature of the sample due to the temperature dependence of the hole-
phonon scattering rates., The saturation intensity is found to increase
monotonically with increasing temperature due to the increase in the
hole-phonon scattering rates, which allows the holes to re-route

at a faster rate.

The distribution function is also related to the real part of
the camplex dielectric constant, Calculations of the nonlinear dis-
persive properties of p-Ge are performed at room temperature for
light with a wavelength of 10.6 um. The index of refraction is found
to increase monotonically with increasing intensity due to the
saturation of the heavy- to light-hole band transitions,

In Chapter 3, we examine the saturation characteristics of other
p-type semiconductors to determine if other materials may be more
promising for certain applications of saturable absorbers, For these
materials the decrease in.the absorption coefficient with increasing
intensity is found to be closely approximated by an inhomogeneously
broadened two-level model (Eq. 2), as well as for p-Ge. Values of the
saturation intensity are predicted as a function of the excitation
wavelength and temperature, In addition, a systematic analysis is
presented for the dependence of the saturation intensity on the
material parameters., The analysis of the saturation behavior of
the different materials is divided into two categories: (1) materials

with large spin-orbit splittings, (2) and materials with small spin-
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orbit splittings. In the first case, only heavy- to light-hole band
transitions are important and for the second case, the analysis

is modified to also include heavy- to split-off hole band transitions
and light- to split-off hole band transitions.

In Chapter 4, we present a theory to describe the enhanced
transmission of a weak tunable probe laser with a wavelength near
3 uym in the presence of a high intensity saturating beam with a
wavelength near 10 ym in p-Ge. The mechanism responsible for the
increased transmission of the probe laser is the depletion of holes in
the heavy-hole band by the 10 um pump laser, Values of the absorption
coefficient of the probe beam are predicted as a function of the
intensity of the pump beam.

In Chapter 5, we consider the case of a high intensity pump in
p-Ge which saturates the heavy- to light-hole band optical transition,
and a weak tunable probe.laser also resonant between the heavy- and
light-hole bands. The transmission of the probe beam is altered due
to the modification of the free-hole distribution fumction by the
high-intensity pump laser. Values for the composite lineshape of the
probe beam are predicted for a high-intensity beam of 10.6 um and good
agreement is found with experiment. Here, the values for the absorption
coefficient of the probe as a function of the intensity of the pump
yields information on the scattering processes and on the modification
of the free-hole distribution by the pump laser.

We find that the sample conductivity in p=Ge is changed due to
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the modification of the free-hole distribution by the absorption of CO2
laser radiation. The change in the conductivity depends on the intensity
of the excitation pulse and the free-hole density, This change in

the sample conductivity allows an understanding of the response of

p-Ge photon-drag detectors. In Chapter 6, the linear photoconductive
response is predicted as a function of hole density and temperature

for light with a wavelength of 10.6 um. At higher light intensities,

the effect of saturation of intervalence-band transitions is important,
and the photoconductive response becomes a nonlinear function of the
incident intensity. Values of the nonlinear photoconductive response

are calculated as a function of hole density and excitation intensity

for light with a wavelength of 10.6 um and room temperature conditions.

II1. SUMMARY OF MAIN RESULTS

Chapter 2
1. The distribution of free holes in the heavy- and light-
hole bands is calculated as a function of the light intensity
for p-Ge and light with a wavelength of 10.6 um.
2. The nonlinear absorption of p-Ge in 9-11 um region is found
to be due to a depletion of hole states in the resonant
region of the heavy-hole band, The absorption coefficient

js found to decrease with intensity in a manner closely
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approximated by an inhomogeneously broadened two-level model.
The saturation intensity is found to increase monotonically
with increasing photon energy over the CO2 laser spectrum.
The saturation intensity increases monotonically with
increasing temperature for near room temperature conditions.
The saturation intensity is found to be independent of the
hole concentration for hole densities less than about
3x1015cm°3 and to increase montonically with increasing
hole concentration for larger hole densities,

The saturation behavior is found to not vary significantly
with the polarization of the CO2 light,

The dispersive properties ©of p-Ge are also modified by the
high intensity CO2 laser radiation due to the saturation
of the intervalence-band transitions,

The index of refraction is found to increase monotonically
with increasing‘beam intensity. Values for the intensity
dependence of the real part of the complex dielectric con-

stant are given for unpolarized light, and light polarized

along the [110] and [100] directions.

Saturation of intervalence-band hole transitions is predicted
for other materials as well as for p-Ge. The intensity

dependence of the absorption coefficient is also found to be
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fit to high accuracy by an inhomogeneously broadened two-
level model,

The saturation intensities for the different p-type semi-
conductors are found to vary over about two orders of mag-
nitude for the different materials, This variation is
primarily due to the different hole mobilities and valence
band structures for the different materials,

The saturation behavior for the different p-type semi-
conductors is predicted as a function of photon energy over
the CO, laser spectrum and as a function of temperature for
near room temperature conditions,

p-GaSb is predicted to saturate at lower light intensities
than p-Ge and may be more important for the intended appli-
cations of saturable absorbers in the 9-11 um region than p-Ge

(which is the material most frequently examined experimentally).

The transmission of weak tunable beam near 3 um can be
modulated by the presence of a high-intensity CO, beam near
10 ym. For this spectral region of the two beams, the direct
intervalence-band transitions are coupled due to a sharing
of cammon initial hole states in the heavy-hole band.

Values for absorption coefficient of the 3 um probe are
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predicted as a function of the intensity of the 10 um pump.
3. This pump-and-probe method can be used to test band struc-
ture calculations for materials in which the cyclotron

resonance parameters have not been accurately measured,

Chapter 5

1. The absorption of a weak tunable beam in the 9-11 ﬁm region
is found to be modified by the presence of a high-intensity
beam at 10.6 ym. Values of the absorption coefficient of
the probe beam are predicted as a function of the intensity
of the pump beam.

2. The lineshape of the probe beam aliows a means to examine
the distribution of free-holes in the vicinity of the resonance
of the pump beam,

3. A double-dip saturation spectrum is predicted for the probe
which is not characteristic of a simple hole-burning model.
In addition to the Lorentzian lineshape due to hole-burning,
there exists another term in the probe absorption coefficient
due to a coupling of the pump and probe beams, which allows
purmp photons to be scattered into the direction of the probe
with the frequency of the probe and vice versa.

4. The composite lineshape of the probe beams in the presence of
the high-intensity pump yields information on the

scattering rates of the free holes.
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The conductivity of p-Ge is changed by light with a wave-
length in the 8-25 um region due to a modification of the
free-hole distribution function,

The change in the conductivity allows an understanding of
the response of photon-drag detectors, The linear
photoconductive response is predicted for light with a
wavelength of 10.6 um as a function of the ﬁole density at
room temperature and as a function of temperature for fixed
hole density,

The photoconductive response is also predicted for high
light intensities where the effects of saturation of the
intervalence-band transitions are important. This informa-
tion allows an understanding of the nonlinear performance

of p-Ge photon-drag detectors at high light intensities,
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I, INTRODUCTION

There exists considerable theoretical and experimental interest
in nonlinear optical phenomena in semiconductors, particularly with
those effects which are connected with the dependence of the complex
dielectric constant on the intensity of the light. In this chapter
we present a theory describing changes in the complex dielectric con-
stant in p-type germanium due to the absorption of light with wave-
length in the 9-11 um region, which corresponds to the CO2 laser
spectrum,

In p-type germanium, direct free-hole transitions between the
heavy- and light-hole bands are primarily responsible for the
absorption of light at these wavelengths, At high light intensities,
absorption due to these intervalence-band transitions has been found
to saturate in p-Ge. (1-4) This saturation property allows a means
of passively mode-locking a CO2 laser by inserting a slice of p-Ge
into the optical path of the cavity. Experiments have demonstrated
that a CO, laser with p-Ge used as a saturable absorber can generate
passively mode-locked pulses of subnanosecond duration (5'7). In
this chapter we present a theory of the saturation behavior of heavy-
hole band to light-hole band transitions in p-type semiconductors at
high light intensities, Detailed numerical results are presented
for the intensity dependence of the absorption coefficient of p-Ge

(the material in which the effect has been most frequently observed

experimentally).



-32-
The theory is also used to describe the laser-~induced change in the
real part of the complex dielectric constant in p-Ge that results from
saturation of the intervalence-band transitions.

In previous work, saturable absorption in p-type semiconductors has
been described by modeling the valence bands as an ensemble of two-
level systems whos; %egeé populations approach one another at high
light intensities( o ). This two-level model predicts that the

dependence of the absorption coefficient as a function of intensity

is given by

a_(w)
o(I,w) = ° , (1)

/1 I/Is(w)

where ao(m) is the absorption coefficient at low intensity, and Is(w)
is the saturation intensity. The behavior described in Eq, (1) was
found to be reasonably well satisfied experimentaily, and values of
Is(w) were determined (2'4), However, attempts to calculate Is(w) as
a function of photon energy using the two-level model and a multistep
cascade relaxation (%) gave results that disagree with experiment (2).
A theoretical discussion of saturable absorption in p-type Ge based

on a spherical parabolic band model has also been presented (10). How-

ever, the results of that discussion are qualitatively different than

that of Eq. (1) and are in disagreement with experiment,
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In this chapter, we present a theoretical analysis of the saturable
absorption by considering the initial and final hole states in the
optical transition to form a continuum with the valence band structure
determined by degenerate k + p perturbation theory(ll?l%) This is the
first time the saturable absorption properties have been discussed in
a model which realistically accounts for the anisotropic and nonpara-
bolic valence band., Our calculated results are in close agreement
with Eq, (1), and the values of Is(w) deduced from the calculation are
in good agreement with experiment, There are no adjustable parameters
in the theory. We also determine the dependence of I on temperature
and on the direction of the light polarization for polarization along
certain symmetry directions. We present detailed results for p-Ge;
however, the theory should be applicable to other semiconductors with
the zincblende crystal structure as well,

The theory is also applied to describe a laser-induced change in
the real part of the camplex dielectric constant in p-type semicon- |
ductors at 10.6 um due to the saturation of direct heavy- to light-
hole band transitions. We find that the presence of a saturable
beam alters the optical isotropy of p-Ge, where the changes in the
dispersive properties depend on the intensity and polarization of the
beam. A nonlinearity of this form manifests itself in a dependence
of the index of refraction on the light intensity. This causes beam
self-focusing (de-focusing) in regions where a beam ''sees' a higher

(lower) index of refraction at the center of the Gaussian beam profile



-34-
than at the tails, We report explicit values for the intensity
dependence of the index of refraction for light at 10,6 ¥m and room

temperature conditions,

11, THEORETICAL APPROACH

In semiconductors with the diamond or zincblende crystal struc-
ture, the valence band maximum occurs at the zone center. There
are six bands (3 sets of 2-fold degenerate bands) near the valence
maximum. Four of the bands are degenerate at k=0 and the other two
bands (degenerate) are split-off to lower energy by the spin-orbit
interaction. Away from the zone center, the bands degenerate at
k=0 split into two 2-fold degénerate pairs, the heavy-hole and
light-hole bands. In p-type semiconductors free holes occur pri-
marily in the heavy-hole band, ,

Light with a wavelength near 10 um can induce transitions between
the heavy-hole band and fhe light-hole band in p-type semiconductors.
In Ge (and several other materials), the spin-orbit splitting is
greater than the photon energy for light with A»10 wm; thus transi-
tions between the heavy-hole band and split-off band are not induced
by light with this wavelength in these materials, The heavy- to
light-hole transitions are the dominant absorption mechanism in p-Ge
(13-16)  gor example, at A=10,6 ym and room temperature the inter-

valence-band absorption cross section in Ge is 6-10’16cm2 (15)‘ The
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intravalence-band absorption cross section, estimated from Drude-

Zener theory is about 10'170n2, and the absorption coefficient from

multiphonon absorption is about 0,013 cm'1 (171, Thus, for hole

concentrations in the 1015Cm?3

range intervalence-band absorption is
1 to 2 orders of magnitude greater than the other absorption
processes,

Both energy and wavevector are conserved in the intervalence-
band optical transitions, Thus, only holes in a narrow region of
the heavy-hole band can directly participate in the absorption, and
the absorption coefficient is governed by the population of these
hole states. The optical transitions tend to deplete the population
of the pertinent heavy-hole states. At low intensities, the
population of the heavy-hole states involved in the optical transition
is maintained close to the equilibrium value by various scattering
processes. However, as the intensity becomes large, scattering
cannot maintain the equilibrium population of the pertinent heavy-
hole states, and they became depleted. As a result the absorption
saturates at high intensity. To detemine the saturation character-
istics of the intervalence-band transitions, it is necessary to set
up rate equations for the hole distribution function in the heavy-
and light-hole bands.

For the hole concentrations and temperatures at which most
saturable absorption measurements have been performed (room temperature

15

and N < 4x10 cm's), hole-phonon scattering is the dominant relaxation
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mechanism, We first consider only hole-phonon scattering, (later in
this chapter, hole-impurity and hole-hole scattering are included so
the theory can be applied to more heavily doped material)., The system

can then be described by the Hamiltonian

H=H +V+y(t) , (2a)
where

H =H_+ th , (2b)
and

Y(t) = = AP (2¢)

Here H. describes the free holes, th describes the phonon system, V
is the hole-phonon interaction, and y(t) describes the interaction
of the holes with the electramagnetic field. The electramagnetic
field is described by the vector potential é; in the Coulomb gauge é

satisfies the wave equation

3 32

1>

= -

47
e ! (3)

2

<)

14
s
1
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where J is the current density induced by the intervalence-band
transitions

= N < !

J=N =Tr [oP] (4]
Here N, 1is the hole density, ¢ is the one-hole density matrix, and
P' is the off~diagonal (including only intervalence-band matrix
elements) part of the hole momentum operator,

In Appendix A, we examine the time evolution of the density

matrix o, We find that o is diagonal in wavevector and define
<bk|o|b'k> = Ubb'(E) . (5)

where k labels the wavevector, and b is the band index, The band

index diagonal matrix elements of o are determined by
0, 00t = - Hv(,1), o(k,0)] 4

" I Pogeekt Tp&t) - Regapy Fec &0 (62)
c ~ = ~ e

-~

and the off-diagonal elements are determined by

oy Got) = - A [H.00 + v(,1), oG,n)]

1
- o Kot (6b)
T, (k) “bb' '~
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vhere
Z<= 1 [R + R ] (6c)
T, ~ g ©hkock® T Tgkeckt ¢
Here Rak+bk' is the rate at which a hole in band a with wavevector k

is scattered into a state in band b with wavevector E‘, h(®) refers
to the heavy- (light-) hole band, and y(g) and He(g)Aare defined
analogous to Eq. (5).

Using the equations for the time evolution of o, the current density
owing to intervalence-band transitions is found (details in Appendix

B) to be determined by

a? 2 4 2
2 1W e l® e ® 0

2
=N > I £ (E.(K) - E (K)
h‘ﬁ m°c bc b~ ¢~ Eb -
X (é'gbc(g) Ppk) + P AP (K)) . (7)

Here Eb(g) is the energy of a hole in band b with wavevector 5,‘ﬁn(§)
is (Eh(g) - Ez(g)), we rename the diagonal elements of the hole density
matrix fb(g), and J(k) is the part of g which includes only those
terms in the trace with wavevector 5 G Q(BJ = f)'

Eq. (7) is the basic equation des%ribing the absorption and dis-

persion for the medium. We find that the current density acts as a
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hammonic oscillator of frequency Q driven by the electric field through
a coupling coefficient proportional to the population difference for
a given state with wavevector 5. One important conclusion is that the
ability of the vector potential to drive the current density is
decreased as the probability of occupation of states in the heavy-
and light-hole bands become more nearly equal. This constitutes
the physical basis for the observed nonlinear absorption. Another
important note is that in the absence of the applied interaction,
the current density will be damped because of the internal dephasing
of the individual dipoles through the interaction with the lattice,
given by the constant TZ'

Assuming both A and J(k) oscillate in time with angular frequency

w, we have

2
N e AP, P, + AP P
J=3—1 (§® - £,00) 3 b _~bbe g9 (g)
~ mch k - bc (@ (k)-w") -1 2w/T,(k) ~

Due to the peaked behavior of Eq. (8), the primary contribution to
the current density is from states with an energy difference HQ(k)
which does not differ greatly fram the photon energy-fw; thus, we

write

A. P + Ae

'~ ~bc~ch ~Cb~bc
17 2Zm i@ - L) T UL, ®
T 2mch k h*~ L~ bc k) -w 1 TZ'
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Using Eq. (9), we write the susceptibility as a second-rank tensor

given by

+ P P

«tb~bc ~bc~ch
(500 - £,00) 2 Ty oy anm - 40

7>

z
Ik

The imaginary part of x describes the changes in the absorptive properties
of the semiconductor, and the real part of x describes the changes in
the dispersive properties. We define

= x'+ X", : (11

x ®

[ X 3o

where X' and X' are assumed to be real. Thus, we find

' N e (k) - w
K@D = L B - £00) € PRere.c)— ,
) 2w k be (@00 ) 2+ (1/T, (1))
(12)
and
e’ 1/T, (k)

.8
X @D LE W £, 0) € Byl
T R T go-w? + /w0’

(13)

Here, the intensity dependence in the susceptibility is contained in
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the distribution functions fh(k) and fz(k),

For a plane wave vector potential,

i(Ker - wt)

A=A e : (14)

the complex propagation constant is given by (18-19)

2
K2 = Kl 1 + 4n Nhe
27‘ emwz 3m’h

(20K) -w)+1/T, (K)

I (5 - £,00) [P, , ()| . (15)

@) -w) 5 (1/T, kD)

where the squared momentum matrix element [th(g)iz is to be summed
over the two degenerate states in both the heavy- and light-hole bands.
Assuming that the second term in the square root in Eq. (15) is small

campared to unity, the absorption coefficient is given by

a(l,w) = 2Im(K)
2
- 4ﬂ2 Nhe
emt e O

, Y T,K)
250 - £,00) 1Ry, B . (6)

@0 -w) >+ (1/T,®)°

X
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Eq. (16) is the usual expression for the absorption coefficient except
that a normalized Lorentzian replaces the usual energy conserving delta
function. The absorption coefficient is a function of the light in-
tensity because the interaction of the holes with the laser radiation
alters the distribution in the heavy- and light-hole bands, We want

to solve this equation as a function of intensity to determine the
saturation characteristics,

In order to determine the absorption coefficient, we must calculate
the distribution functions for free holes in the heavy- and light-hole
bands. In the semiconductors of interest, the scattering rate for
free holes occurs on a subpicosecond time scale. For a saturating
laser operating with nanosecond pulse widths (the typical experimental
situation), transient effects are damped out. Thus, we are interested
in the steady state values of the distribution functions. Using Egs.
(6) the steady state distribution functions are found to solve (details

in Appendix C) the rate equations

B (00 - £,00) = - I [R}xk+ck‘fh(]f)'Rck'+hk fcqy] , (173)
ck’ ~ ' ~ o~

(1) (6,00 - £, 5 Ry o 5,0 - Ry 6], am

~

where
2 . 1/(vh T,(k)) .
2m e’I 2 2'S
BK) = ——— (P, ()| . (17¢)
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These equations state that the rate of optical excitation out of (into)
Va given state is equal to the net rate of scattering into (out of)
the state when steady state is attained, The lefthand sides of Egs,
(17a) and (17b) give the net rate of optical excitation out of a
state with wavevector k in the heavy-hole band into a state with wave-
vector 5 in the light-hole band, The righthand side of Eq. (17a) gives
the net rate of scattering into the state with wavevector 5 in the
heavy-hole band, and the righthand side of Eq, (17b) gives the net
rate of scattering out of the state with wavevector E in the light-
hole band,

To calculate the absorption coefficient as a function of intensity,
we first solve Eq. (17) for the distribution functions and then integrate
Eq. (16). In solving Eq. (17), it is convenient to introduce the

auxiliary functions defined by

1. .
T " 5 Mo’ (182)
a5 - L. R (18b)
R ck' £§+c5! ’
FOO = £ R (fc & - £&) (18¢)

C ] - - -~ o~
and

6K) = Ry (B & - ££K) (183)

~ ck?
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where'fg(k) is the equilibrium value for the distribution function,

The function F(k) is the difference in the feeding rate of free holes
fran the equilibrium feeding rate for the state with wavevector k

in the heavy-hole band. The function G(k) is analogously defined for
the light-hole band, (Scattering into the light-hole band is small
because of the small density of light-hole states. Thus the function
G(k) is less important than F(B)), In terms of the awxiliary functions,

the distribution functions can be written as

B T, (K) (£ (K) - £ (K))
1+ 8(K) (T,() + T, (K)

£ () = £ (k)

F) T, (6) + 80K T, (K) T,(K) (FGK) + G(K))

+

1+ 8(k) (T, (K) + T, (k) (192)

and

B(K) T, (k) (£ (K) - £ ()
1+ 80K (T, (k) + T,(k)

+

£,(k) = 1K)

Gk T, (k) + 8() T, (R T, (K) (F(K) + GGK))

1+ 80 (T, () + T, (k) (19b)

The difference in occupation probabilities which appears in the ex-

pression for the absorption coefficient is given by
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(£ () - £7(K)

£ (k) - £,(K) =
1+ 8(K) (T, () + T,(K)

T, () F(K) - Tp(k) GK)
. _ (20)

1+ 8k (TLk) + Ty(k))

The first temm in Eq. (20) gives the population difference that would
occur for the states at 5 if the populations of the states that

feed those at k were given by their equilibrium values, The second
term in Eq. (17) accounts for the change in the population of the
states that feed those at 5* For those values of E which are im-
portant in the integral in Eq. (16), the first tem in Eq. (20) is
found to be significantly greater than the second,

Using Eq. (17) and the definition of the auxiliary functions,
one can write equations which determine F(g) and G(E), If there is
no angular dependence in the phonon scattering matrix elements which
go into the scattering rates, the fumctions F(E) and G(k) depend on
Eh(g) and Ez(g), respectively, Thus, one-dimensional (rather than
three-dimensional) equations must be solved to determine these

functions, Our treatment of these functions is included in Appendix

D.
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I11. CALCULATION OF VALENCE BAND STRUCTURE, MOMENTUM MATRIX ELEMENTS
AND HOLE SCATTERING RATES

The free hole energies are determined by degenerate E’E pertur-
bation theory by a method developed by Kane an based on measured
values of the cyclotron resonance parameters, We present a short des-
cription of the method used to determine the one-hole energies for
hole states with small wavevector k.

In a periodic lattice, the one-hole wave functions can be written
as Bloch functions

ik-r
b = e T u(n) (21)
where uk(f) is cell periodic. The Schroedinger equation can then be
written~as

: 2,2
L7/ + v+ Baep] ue = [5 - T5)

u (1) (22)
The term égkfp) is treated as a perturbation for determining uk and
Ek in the vicinity of k=0 in terms of the complete set of cell

periodic wave functions and energy eigenvalues at k=0, which are as-

]
sumed known. It is convenient to define Ek as

2,2
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In a lattice where the inversion is a symnetry operation (as for
diamond structure), the first-order matrix elements of the 5*8 pertur-
bation vanish when the zero-order wave functions are taken at k = 0,
and second-order perturbation theory must be used to describe the
energy surfaces.
Following Ref, (20), we take three degenerate states at k=0 to

+
transform as ¢

1
theory three functions ui(r) elg'f vwhich are eigenfunctions of the

+ + .
Yz, £5M2X and E4\XY We now construct by perturbation

crystal translation operator, but which are not eigenfunctions to

first-order in k of the Hamiltonian, However, linear combinations of
ui diagonalize the Hamilton to first-order in k; thus,

-~

+ "’g}f' 5 | Laj><20aj [E[i+> (24)

i
u, (r) = e.
5 - 1 205

Eo . Ela

where f0j denotes the state j belonging to the representation a in the

band £, and E2 is the energy of the Lth band at k=0. Neglecting spin,
the perturbation matrix to be diagonalized is of the form (20)
2 2,2
LkX+M(ky+kz) kaky kakz
2 2.2 =
kaky ka+M x+kz)_ Nkykg 0. (25
2 2
kakz NkykZ Lkz+M(kx+ky)

Here, symmetry arguments have been used to replace the sums over
mamentum matrix elements by the three constant L, M, and N, The

quantities L, M, and N can be determined from cyclotron resonance
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measurements,
The effects of spin-orbit coupling are most easily considered by
regarding the spin-orbit interaction Hso as a perturbation. The per-
turbation is written in the following fom as an operatorron the cell

periodic fimction U

-_4 7
HSO = m [V\XPJ‘ES . (26)

The coupling is k independent and analogous to an atomic spin-orbit
splitting term. When spin-orbit effects are considered we take the
basis functions to be Ie;+>, [e;+>, (e;+>, IEI&>, !E;+> and |£§+>,
where { and ¢ designate the spin functions, spin-up and spin-down. The
509 Hamiltonian including spin then becames a 6x6 matrix as written

in Ref. (11), where the eigenvalues can be determined numerically.

We calculate the valence band structure of germmanium in this
manner using the measured cyclotron resonance parameters of Ref. (21).
A spin-orbit splitting of 0.295 eV (22) is used in the calculation.

The results for the one-hole energies for k in the [100], [110], [111]
and [y] directions are shown in Fig. (2) of Chapter 1, We note that
there exist six bands (three sets of two-fold degenerate bands). For
a given direction in §-space, the heavy-hole band may be taken as
parabolic, the light-hole band effective mass increases with increasing
energy and the split-off hole band effective mass decreases with
increasing energy. The constant energy surfaces are warped and depend

on the particular direction in k-space.
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The optical absorption coefficient for transitions between the
heavy- and light-hole bandsis proportional to the matrix elements

ug’>l2 , where A is the vector potential of the light inducing

|<up AP
the transitions, and u (uz) is the cell periodic wave function for the
heavy- (light-) hole band, At k=0, parity is a good quantum mumber in
a cubic crystal, The k+p perturbation brings in a first-order correc-
tion to the wave function of parity opposite to the k=0 parity of the
band, The operator é-g then has a matrix element between bands of like
parity which is proportional to k. The periodic part of the wave

function correct to first order in the perturbation is given by

) 1, Uoylkplug>
weu, sy Qe tlel (27)
J™ B - E

The A-p matrix elements between bands h and £ is

<u plkeplu < s|Aplu >+ <“oJl§‘E’“oz><“oh‘f"P}“oJ>
(28)

<u IA-pu>=‘-E z
h!'~ £V7g mJ o
E; - E

The righthand side of Eq., (28) is identical in form to the second order
k-p energy., The é-g matrix elements can be conveniently obtained by
using the k-p part of the Hamiltonian matrix (without a spin-orbit
splitting) and substituting (klAm + Alkm) for kkkm (11). The resulting
matrix is then transformed by the unitary matrix which diagonalizes the
Hamiltonian. The A.p matrix elements are independent of the direction

of A if we average the equivalent cubic directions,
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In order to calculate the distribution of free holes as a fimc-
tion of intensity, it is necessary to know the hole scattering rates,
in addition to the hole energies and momentum matrix elements, We
consider the region of temperature and impurity densities for which
hole-phonon is the daminant scattering mechanism, (This condition is
relaxed in a later section to also include the effect of hole-
impurity and hole-hole scattering)., Optical phonon scattering
is the dominant energy relaxation mechanism. The optical phonon
spectrum is relatively flat for small k with an average energy of 0.037
eV, For the small k region in which we are interested, the acoustic
phonon energy is quite small, and we neglect it. Although acoustic
phonon scattering does not contribute significantly to energy relaxa-
tion, it can change the wavevector of the hole. The valence bands of
Ge are rather anisotropic and an acoustic phonon scattering event can
take a hole from a region in which B(k) is small to one in which it is
large, Thus, although acouétic phonon scattering is less important than
optical phonon scattering in determining the distribution functions,
it is not negligible because of the anisotropy of the valence bands,
We take the scattering rates to be given by

2 +.2 '
Ropobkt =4 Mopl ™ 8Ea () - By(K') + fiwy)

-~ -

2 - 2 L Y
s gl 8,00 - BGY) - Fe)) (29)

+ M, 12 8,00 - By1O)



-57-

Here ‘M;piz is the squared matrix element for optical phonon emission,

IM;pI is the squared matrix element for optical phonon absorption, and
lMaCIZ is the squared acoustic phonon scattering matrix element (summed

over both absorption and emission processes).

We consider the case of deformation potential scattering, The
central idea of the deformation potential scattering is that the matrix
element is approximately equal to that obtained by replacing the per-
turbation energy by the shift GEV of the band edge energy that would be
produced by a homogeneous strain of magnitude equal to the local strain
at r induced by the mode q.

For spherical energy surfaces and acoustic mode scattering, the

shift of the band edge is given by

§E, = E (e * ey * e,,) SE 8 (30)

where the e;; are the diagonal components of the strain tensor, their
sun being equal to the dilatation A, and EaC is the shift of the band
edge per unit dilatation. One obtains after some calculation that
only longitudinal lattice waves scatter the holes with the matrix

element given by 23

2
E° k. T
IMaCIZ . _acB . (31)
ZVpu2

Here, T is the temperature, V is the sample volume, p is the material

density, and u, is the longitudinal sound velocity.
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For nonpolar crystals @s Ge) and spherical energy surfaces, the
hole-optical phonon scattering can also be described by a deformation
potential approach, In this case, the optical strain is proportional
to the displacement of the sublattice containing one type of atam
with respect to the sublattice containing the other, where the displace-
ment is induced by the optical mode, Integration over the electron

(23)

coordinates and lattice oscillator coordinates gives

Ezin)

+ 12 _ .
M1” = S [I\q + 1] , (32a)

ZVpuz

and

- 42 Eg‘ﬁhb
= \
M, ;\7&2— N (32b)
'8
where Eop is the deformation potential for optical phonon scattering,
ﬁﬁwo is the zerOvcentef optical phonon energy, and Nq is the optical

phonon Bose factor defined by

1
= 33
Ny “’o) ) ‘ (33)
e. -
KgT

Following Ref. (23), we have neglected angular dependence in the
phonon scattering matrix element and taken the scattering rates to be

the same for the heavy- and light-hole bands. The numerical value for
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the constants appearing in the squared matrix elements were taken from
the mobility fits of Ref, (24), where E . was taken to be 3,5 eV and

Eo to be 6.8 eV, The scattering times Tz(k), Th(k) and Tl(kl are

P
conputed fram Eqs. (6¢c) and (18a,b) using these scattering rates,
Optical phonon scattering (primarily emission) dominates in the results
for TZ(B) and Tl(g) for the states of interest, For states in the
resonant region of the heavy-hole band, optical phonon emission is

typically not possible and acoustic phonon scattering makes a signi-

ficant contribution to Th(g).

IV, CALCULATION OF THE HOLE DISTRIBUTION

We calculate the distribution of holes in k-space allowing the
holes to interact with the laser excitation and the phonon system, The
calculation of the hole distribution for states in the resonant region
can be simplified as discussed in the following section. To describe
the hole states outside 6f the resonant region, we must mmerically

compute the auxiliary functions F(g) and G(k) as discussed in Appendix D.

a) First Approximation for (fh(g) - fz(g))

As a first approximation for the population difference (fh(g)vfz(g)),
we neglect the auxiliary functions E(g) and G(E) and include only the
first temm in Eq. (20). This approximation is equivalent to assuming
that the rate at which free holes are scattered into the states involved

in the optical transition is given by the equilibrium value, For optical
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phonon scattering, the energy of the initial hole state in the scattering
event differs fram that of the final hole by the optical phonon energy.
As a result, hole states that can scatter into a resonant optical transi-
tion region by optical phonon scattering are, for the most part, them-
selves out of the resonant region, Thus, the population of these states
is not directly depleted by the optical transitions. The population of
these states is indirectly depleted by the optical transition because
there is a decrease in the feeding rate of these states owing to the
decrease in population of hole states in the resonant region. However,
this decreased feeding from the resonant region is partially compensated
for by an increased feeding from the re-routing of optically excited holes.
For acoustical phonon scattering, the energy of the initial-hole
state in the scattering event is essentially the same as that of the
final hole state. As a result, hole states that can scatter into a
resonant optical transition region by acoustic phonon scattering are,
for the most part, in the resonant region themselves. Thus, the popu-
lation of these states is directly depleted by the optical transitions.
Including only the first temm in Eq. (20) therefore overestimates the
importance of acoustic phonon scattering. At this level of approxi-
mation, it is better to ignore acoustic phonon scattering. We will
see that this first approximation for (fh(g) - £, (k)) ignoring acoustic
phonon scattering produces results close to that of our more camplete
calculation.

Using only the first term in Eq. (20) to determine the population

difference, the absorption coefficient becames
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1 4'n2 Nhez
(1) = S S N0 00, B

-~

1/ 6 T, (%))

x 771 2 (34)
(k) -w) (P13) 1+1/%
where - (TZ -..) [ O’S)]
e Voo m w?
£ (k) . (35)

@, ¢+ T00) T,0 21 e R M)

Transforming to an integration over surfaces of constant Q(k), and
assumning that the power-broadened Lorentzian is sharply peaked, Eq.

(35) can be written as

2
1 4t RSN
o (I,) = ——7— -3 \Zn
Ve, m° wc
(36)
01”00 - £00)

ds
f R N SR 73]
Qk)=w -

-~

?

Here the integral is over a surface of constant Q(k). Integrating Eq.
(36) numerically, we find that the absorption coefficient satisfies

Eq. (1) to high accuracy, Indeed, if 2(k) were independent of 5 over
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the region of the surface integral, Eq. (36) would reduce to Eq,

(1) exactly.

b) Higher-order Approximation for (fh(f) - fz(g))

The auxiliary functions F(B) and G(g) are computed numerically as
discussed in Appendix D, The distribution function computed from
these auxiliary functions for k in the [111] and [100] directions
together with their equilibrium values are shown in Fig, (1). The
dominant dip in the heavy-hole distribution function and corresponding
peak in the light-hole distribution function is due to direct optical
transitions. Additional dips in the heavy-hole distribution function
occur because of the discrete energy of the optical phonons. The
increase in the heavy-hole distribution compared to the equilibrium
value at large values of k is due to scattering of the photoexcited

holes in the light-hole band into the heavy-hole band.
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Figure 1. Calculated hole distribution functions in p-Ge as a fumction
of k% for k in the [111] and [100] directions, The calculations
were performed for A = 10,6 ym, T = 300°K and I = 30 MW/cmz. The
equilibrium distribution functions are shown for comparison, NC is the

effective density of states,
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HOLE DISTRIBUTION IN P-Ge
FOR k IN (Ill) DIRECTION
A:10.6 um  T: 300°K

—THERMAL EQUILIBRIUM
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V, INTENSITY DEPENDENCE OF THE ABSORPTION PROPERTIES OF p-Ge

The absorption coefficient is calculated numerically, The
calculated result for A = 10,6 ym and T = 205%K is compared with
the expression in Eq. (1) in Fig. (2). The value of I_ used in Eq,
(1) was determined by fitting the calculated result for a(¥,u). The
numerical results could be fit to an accuracy of about 5% for
intensities less than 25 times Is‘ (This is the range of intensities
which has been most frequently explored experimentally,) If only
the first term in Eq. (20) is retained, the calculated q(I,w) has
almost exactly the form of Eq. (1). The second term in Eq. (20)
is smaller than the first and leads to the small deviations seen in
Fig. (2).

Measurements of the saturable absorption in p-type Ge have been
interpreted in terms of the inhamogeneously broadened two-level model
which produces Eq. (1), and the values of Is(w) have been reported.

In Fig. (3), we compare measured values of Is(w) at room temperature as
a function of photon energy with our theoretical values, The theoreti-
cal values of Is(w) are determined by fitting the expression in Eq.

(1) to the calculated results for a(J,w) for intensities between zero
and 100 MW/amZ. In the range of photon energies considered, Is(w)

was found to increase monotonically with photon energy. There is good
agreement between theory and experiment, There are no adjustable

parameters in the theory,
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Figure 2. Calculated absorption coefficient normalized to its low
intensity value as a function of intensity for p-Ge, The calculations
were performed for A = 10,6 umand T = 295°K. The inhamogeneously

broadened two-level model result with IS = 4,1 MM/cmz is also shown,
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Figure 3, Calculated saturation intensity as a function of photon
energy for p-Ge at 295°K, The experimental results are from Refs.

(2), (3) and (4). Error bars are only given in Ref. (2),
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The calculated results shown in Fig. (3) were attained using the
higher order approximation for (fh(§) - fz(g)). The results for the
first order approximation are qualitatively similar to those of the more
complete calculation; the mumerical values of the two calculations

differ by an approximately constant factor. At A = 10.6 ym and T = 295K,
the more camplete calculation gives a value of IS of 4.1 MW/cmz,

the first order calculation including acoustic phonon scattering

2, and the first order calcultion neglecting

acoustic phonon Scattering gives a result of 3.5 MW/cmz. Thus the

gives a result of 5.8 Mw/am

first order calculation neglecting acoustic phonon scattering is within
about 15% of the more camplete calculation, This result is interesting
because the first order calculation is much easier and less expensive
to perform than the more complete calculation.

The increase in Is(w) with increasing w is due both to the
behavior of the scattering rates and the optical matrix elements.
The relative contribution of the scattering rates and the optical
matrix elements can be most easily seen in the first order calculation.
At this level of approximation, Is(w) is given by a weighted average of
l(g) (see Eq. (34)). The values of 2(5) are proportional to:
¥, 7,7 @), (1,00 + T,()) and [P, ()] 2. In Fig. (4), the varia-
tion of these factors is illustrated as a function of photon energy
for k in the [100] and [111] directions.

Since the usefulness of p-Ge as a saturable absorber in CO2 laser

systems is determined by its saturation characteristics, it is of
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Figure 4. Variation of the factors which contribute to the photon
energy dependence of Is(w) in our first approximation for the absorption
coefficient in p-Ge. The values of the factors are normalized to their

value at fw = 117 meV (A = 10.6 um). The factors were computed for

T = 295°K.
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interest to be able to control the saturation behavior, Since
optical phonon scattering is the dominant relaxation mechanism,
and the optical phonon occupation is temperature dependent, it is clear
that Is(w) will depend on temperature. In Fig. (5), we present
the results of a calculation of the temperature dependence of Is(w)
in p-Ge for a light with a wavelength of 10.6 m. Is(w) increases
monotonically with temperature. This increase is due to the increased
rate of phonon scattering at higher temperatures. Because of the
rather strong dependence of Is(w) on temperature, it should be
possible to tune the saturation behavior of p-Ge with temperature.

We now consider the orientational dependence of the sample on
the saturation characterisitics. This behavior would predict a
dependence of the saturation intensity on the direction of the light
polarization. Here, the dependence of the saturation intensity on
the direction of the light polarization is contained in the mamentum
matrix elements. Using the first-order approximation for the hole
distribution, we mumerically calculate a{I) for light polarization
along the [100], [110] and [111] directions. Values of I for the dif-
ferent directions of polarization and for the case of unpolarized light
are given in Table (1). The experimental results of Ref. (2) indicate
no significant variation of Is with crystal orientation, which is con-
sistent with our calculations in consideration of the uncertainty

in the reported data.
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Figure 5, Calculated saturation intensity as a function of temperature

for p-Ge and light with a wavelength of 10,6 m,
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TABLE (1). Values of the saturation intensity for the laser excita-
tion polarized only the [100], [110] and [111] directions. Also shown
is the value of Is for the case of unpolarized light. All values

are for lightly doped p-Ge (doping concentration less than about

15

3.0x10 cm's) and room temperature conditions,
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Direction of Light
Polarization

[100]

[110]

[111]

unpolarized

I, Mi/cn?)

3.2

3.4

3,3

3.5
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VI. HOLE-IONIZED IMPURITY AND HOLE-HOLE SCATTERING

For those temperatures and hole densities for which hole-impurity
and hole-hole scattering is small campared to phonon scattering, the
calculated IS is independent of hole concentration. At roam tempera-
ture, IS has been found experimentally to be independent of hole
concentration for concentrations less than about 4-1015cm'3 (1).

We now extend the range of doping concentrations for which the theory
is valid by including the effects of hole-impurity and hole-hole
scattering. We consider only uncompensated samples of p-type
germanium where the acceptors are all shallow and ionized at room
temperature conditions.

The scattering rate for a hole with energy € by singly ionized

impurities is given by

4 2
2 B
Vi = gy N an(4e%) - =1, (35a)
1 Kz/Zﬂ* € If 1+8
where
,  2Kn*kT 3509
g” = — £ .
wNIezﬁ

* - -
K is the dielectric constant, m is the free-carrier effective mass,

kB is the Boltzmann constant, and NI is the total concentration of

ijonized impurities (26).

Following Ref. (27), the rate of hole-hole scattering for a hole
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with energy € is given by

2VZ 7 NheA)\
Viy, = (36a)
hh (2 32 o
where
. 1/2|
A=1+gn %E.(_E_E_Zg . (36b)
ZﬂNhe

The calculation of the saturation intensity Is at different impurity
concentrations is performed using the first-order approximation to
(fh(g) - fg(g)), where the calculation of scattering rates is modified
to include hole-impurity and hole-hole scattering in addition to
carrier-phonon scattering (28). The inclusion of hole scattering by
ionized impurities and other holes causes an increase in the scattering
rate of the free holes and introduces a concentration dependence in
the saturation intensity. The result of increasing the scattering
rates is that higher intensities are required to reduce the free-hole
population in the heavy-hole band at the resonant region, since the
excited holes can re-route at a faster rate,

| The calculated values of Is as a function of the impurity con-
centration are given in Fig. (6) for 250, 300 and 350°K. We note that
IS is substantially independent of the hole concentration for concen-
trations less than about 3x1015cm'3, that is, in the region where the
hole-phonon scattering mechanism is dominant, For hole concentrations

15 _-3

greater than about 3x10 “cm ~, the saturation intensity begins to
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Figure 6. Calculated values of the saturation intensity I_ vs the hole
concentration for p-Ge with light having a wavelength of 10,59 ym,
Values of IS vs N, are shown for 250, 300 and 350°K, The dashed line
in the figure represents a calculation of Is assuming hole-impurity
and hole-hole scattering to be negligible compared to hole-phonon
scattering. The solid line in the figure represents a calculation of
I which includes hole-impurity, hole-hole, and hole-phonon scattering

mechanisms.
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increase monotonically with increasing hole concentration due to the

increased scattering rate of the free holes participating in the optical

interaction. For hole concentrations less than about 3.5x1015cm'3,
measured values of IS at room temperature have been found to be inde-
pendent of hole concentrations 1) with a value of about 4 MW/cmz, (2-4)
which is consistent with our calculation.

For a fixed impurity density, we find that IS increases with
increasing temperature. This increase is predaminantly due to the
increase in the hole-phonon scattering rate at the higher temperatures.
The fractional increase in Is with increasing impurity density is
smaller for the larger temperatures. The decrease in the impurity
cohcentration dependence at higher temperatures occurs because the
hole-impurity and hole-hole scattering mechanisms become less important
- compared to hole-phonon scattering as the temperature is increased.

Thus, depending on the intended application of the saturable
absorber, we predict that at a fixed temperature one can control the
saturation characteristics by controlling the doping concentration.

In addition, knowledge of the effect of the doping concentration on
the saturation intensity is useful in interpreting independent
experimental results where the transmission experiments are performed
in samples of different resistivities,

We finally consider the case in which the intensity is sufficiently
high that the effect of residual absorption becomes important in
determining the absorption properties. In this case we expect

a(I)/a(I=0) to more strongly deviate fram the functional form given in
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Eq. (1). This deviation may be significant for I > IS owing to the
decrease in the direct intervalence-band absorption compared to the
nonsaturable absorption. The important residual (nonsaturable)
absorption mechanisms are lattice absorption and indirect free-hole
transitions.

Lattice absorption for wavelengths near 10 um requires the co-
operation of at least three optical phonons to conserve energy.
Measured values of the lattice absorption in Ge yield an absorption
coefficient of ap = 0.013 cm°1 at room temperature. Similar measurements
of the lattice absorption for other Groups IV and III-V semiconductors
yield small absorption coefficients at these wavelengths.

The absorption coefficient al(w) due to indirect free-hole

transitions is approximated by

47 NheZT
a;(w) = = %o R (37)

m (1+w" ™)

where w is the frequency of the light, n is the refractive index, and

T is the average scattering time of the carriers determined by mobility

(14). The intravalence-band absorption cross section estimated

from Eq. (37) is about 107V cmz, which is small compared to the direct

-16cm2.

data

intervalence-band cross section of about 6.0x10

The total absorption coefficient at 10.59 ym can be written as:



a(I) = op + o + _% ’ (38)
where IS has a calculated value of about 4 MW/cmz for a hole con-
centration of 2x1015cm2. The effect of a nonzero o, and oy in Eq, (38)
is illustrated in Fig. (7) for N = leolscm'S, where values of

a(I)/a(I=0) are plotted as a function of intensity. Values of
a(I)/a(I=0) are shown for intensities ranging up to 1 GW/cmZ,
which corresponds to the estimated optical damage threshold (3).

For this value of N, o = 1.20 and 1

»0; = 0.02en™”, and
o, = 0.013 an . The values of a(I}/a(I=0) for ap = a; = O are

also shown for comparison. The inclusion of residual absorption
effects becomes important for I >> Is and produces significant
deviations of a(I)/a(I=0) from the form of Eq. (1). A deviation

has been measured for I > 200 MW/cmz, which is consistent with our
predictions; however, other effects may also be contributing to the
deviation. That is, we have found that if only the first term of Eq.
(20) is retained, the calculated a(l,w) has precisely the form of Eg.
(1). The second term of Eq. (20), which is not included in the first-
order approximation,is smaller than the first temm and leads to small
deviations of the calculated form of a(I,w) from the expression of

Eq. (1). And since the magnitudes of the nonsaturable absorption and
the second term of Eq. (20) become more important as the intensity

is increased, we expect a measurable deviation of a(I,w) from the form

of Eq. (1) for I >> Is, as has been experimentally verified for I > 50

times IS.
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Figure 7. Calculated values of the absorption coefficient a(I)/a(I=0)

15_ -3

vs intensity for a hole concentration of 2x10 °cm ~ and light having a

wavelength of 10.59 ym. The solid line in the figure represents the
calculated values assuming no residual absorption. The dashed line
in the figure represents the calculated values assuming a residual
(non-saturable) absorption due to lattice absorption and indirect
free-hole transitions. The upper curves show values of a(I}/a(I=0)

for intensities in the range of 1 - 100 MW/cmz, and the lower curves

are for intensities ranging from 100-1000 MW/cmz.



=80~

[ 2wWa/MIN] ALISNILN]
. 000l S - o]
: = : 000

800

x 91'0
I y
Jn . : por . R
NOILJHOSAY WNAIS3Y S3ANTINI === -102°0 ~
NOILJHOSEY TVvNQIS3Y ON ~— Ny
: . -
R
- -—0v'0
@)
- - S
~ -1090
~ -108°0

- MY c01x2= N HoG62 = L wrlgg 0l = X
95d 404 (1)@ NO zo_Ew_oMmq wNAIS3y 40 103443

0'e] s . ¢ 0l S 2 _
[2wa/MIN) ALISNILNI

00’ |



-81-
VII. INTENSITY DEPENDENCE OF THE DISPERSIVE PROPERTIES OF p-Ge

There is also an intensity dependence in the real part of the
dielectric constant associated with the saturation of the intervalence-
band transitions. These laser-induced changes in the real part of
the dielectric constant alter the dispersive properties of the
media and thus modify the spatial and temporal behavior of the laser
pulse. Since the laser pulse shape is important in many applications
of CO2 laser systems, one needs to understand the changes in the dis-
persive properties induced by the high-intensity beam. An intensity
dependence of the real part of the dielectric constant can be ex-
ploited for phase conjugation. Phase conjugation in the CO2 laser
frequency regime using Ge as the nonlinear medium is of current
interest (29).

For light with a wavelength near 10 um, the dominant absorption
mechanism in p-Ge is due to direct free-hole transitions between the
heavy- and light-hole bands. These resonant transitions also con-
tribute to the index of refraction. At high light intensities, the

absorption due to these transitions saturates (1-4)

owing to a modi-
fication of the free-hole distribution function. This intensity depen-
dent modification of the distribution function also changes the con-
tribution of the free-hole transitions to the index of refraction.

In addition to the intensity dependence of the index of refraction

froam the resonant intervalence-band transitions, there is an intrinsic

contribution due to a field modification of the virtual electron-hole
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(30)

pair creation processes . The magnitude of the resonant inter-
valence-band contribution depends on the doping level. Both contri-
butions lead to an increase in the index of refraction with increasing
intensity. We find that the magnitude of the resonant intervalence-
band contribution to the first order modification of the index of

(31)

refraction equals measured values of the intrinsic contribution

15_ -3

at a doping level of about 3x10 “am ~. In this section I present a
calculation of the resonant intervalence-band contribution to the in-
tensity dependence of the real part of the dielectric constant in p-Ge
for light with a wavelength of 10.6 um.

In Section IV, we presented a calculation of the hole distribution
in p-Ge as a function of the CO2 laser intensity. Using the éalculated
distribution function, the intensity dependence of the absorption co-
efficient was determined, Good agreement with the available experi-
mental data was found. Here we use the calculated distribution function
to detemmine the intensity dependence of the real part of the dielectric
constant owing to resonant intervalence-band transitions.

Using the equation for the current density owing to the intervalence-

band transitions, the real part of the susceptibility is given by

(Eq. 12 of Section IV),

| ‘)’ ! = Z ( ~ ~ sa W + .

(39)
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Here, the intensity dependence is contained in the distribution func-
tions fh(¥) and fﬂ(E). At low light intensities, X is a scalar
because of the cubic symmetry of Ge. For high intensity polarized
light, the cubic symmetry is reduced and X is described by a second-
rank tensor. Using the results of Sectio; IV, the steady-state dif-

ference in the occupation probabilities which appear in the expression

for x'(w,I) is given by

f (X - f (¥) T, RF &) -T, (k)G (k)
5,850 = RE WY | PR TET,ET (10)

where the auxiliary functions Th(k), TQ(E)’ F(B) and G(g) are defined
in Eqs. (18a), (18b), (18c) and (18d). The function B(B) is defined as

800 = 2 £1 1 np o AT ()
‘ = n‘ ,
= eptee ™ bianh T PO (@00-w) fe /T, (k)

C in £ ~ ~

where I is the light intensity, n is the polarization of the light,

and €5 is the intrinsic material dielectric constant. The definition

of 8(5) in Eq. (41) differs slightly from that of Eq. (17c) because

we have not averaged over polarizations. As a result the distribution
function which we calculate here depends on the polarization of the
light and does not have cubic symmetry. The calculational approach
however is the same as that of Section IV. Some of the results we
present here are for unpolarized light. In this case we average Eq. (41)

over polarizations as in Section IV.
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We calculate the intensity dependence of the real part of the
susceptibility due to resonant intervalence-band transitions. The
results quoted in this section for An(I) or Ae(I) refer to only this
contribution. There is an additional intrinsic contribution which
is to be added to our results. There may also be heating effects in
any particular experiment. One can determine the contribution from
thermal effects using measured values of g%-. The thermal effects can
be eliminated by using short laser pulses.

In order to calculate the occupation probability that a hole
state is occupied, it is necessary to know the free-hole scattering
rates. For the hole concentrations and temperatures at which most
saturable absorption experiments have been performed, phonon scattering
is the dominant scattering mechanism, The phonon scattering rates
were treated in the manner of Section IV. The one-hole energies
and momentum matrix elements are determined by degenerate B-E pertur-
bation theory as previously discussed. The cyclotron resonance para-

1) were used., Using the steady-state

meters of Hensel and Suzuki
solution for the difference in the occupation probabilities, we
integrate Eq. (39) to determine the laser-induced changes in the real
part of the susceptibility.

The real part of the susceptibility is calculated numerically
for 2»=10.6 ym and T = 300 K. Using Eq. (39) we can calculate Z'(I)
for any polarization of the light. Explicit values of x’(I) a;e

calculated for the case of umpolarized light, and for the polarization

along the [100] and [110] directionms.
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For unpolarized light the second-rank tensor X' becomes a scalar,
since any orientational dependence has been averageg out when we averaged
over the directions of the vector potential (19). We find that values
of x'(I) increase monotonically with increasing intensity due to
changes in the distribution of free-holes. Room temperature values
of x'(I)/x'(1=0) are given in Fig. (8) for intensities between O and
60 MW/onz. At low intensities (x'0=OYNh) is equal to 1.4x10’20cm3
(x'(I=0) 1is proportional to Nh). ,

Laser-induced changes in x'(w) can be measured by observing
changes in the real part of the dielectric constant, which determine
the dispersive properties of the medium. The real part of the complex
dielectric constant € is given by

eE=g ¥ 4y’ . (42)
Values for the change in é can be measured by studying threshold values
for self-focusing (for g%-positive). In Fig. (9) we show the calculated
results for Ae and the corresponding results for the change in the index
of refraction, An, for unpolarized light with a wavelength of 10.6 um
at 300 K. The changes in € and in n are directly proportional to the
free-hole density. We find that ¢ and n are increasing functions of
intensity. |

The intrinsic contribution to dn/dl in Ge has recently been

measured to be about 1x10'6cm2/MW (31). The resonant intervalence-
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Figure 8, Calculated values of x'(I)/x'(I=0) as a function of intensity
for unpolarized light in p-Ge, The calculation was done for light

with a wavelength of 10.6 um and a temperature of 300 K,
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Figure 9. The top panel gives the calculated values of the change in
the real part of the dielectric constant (divided by the density of
free-holes) as a function of intensity for p-Ge at A = 10,6 um,

T = 300 K, and for umpolarized light, The corresponding values for

the change in the index of refraction are given in the lower panel,



ANe /Ny, (cm3) x 10720

An/Np, (cm™3) x 102!

-80-

1 1 1 1 R
A€ vs INTENSITY FOR UNPOLARIZED LIGHT
P-Ge A=10.6um T = 300K
4.00} _
2.00}F -
2.00}+ -
.00} —
O 1 4 | ] |
9) 20 40 60
INTENSITY (MW/cm?2)
1 R T 1 K
An vs INTENSITY FOR UNPOLARIZED LIGHT
P-Ge A= 10.6um T = 300K
500} _
4.00+ |
2.00 _
2.00}+ _
.00+ -
O 1 | | | 1
o) 20 40 60

INTENSITY (MW/cm?)



-90-

band contribution to dn/dI is intensity dependent, In the lower
intensity region the change in n is linear in I, For hole densities
greater than about 3x1015cm'3, the resonant intervalence-band con-
tribution is larger than the intrinsic contribution at the lower
intensities,

In Fig. (10) we show the calculated results for the diagonal
components of (AE/Nh) as a function of intensity for light polarized
in the [100] and~[110] directions. For the case of [100] polarization
the coordinate axes are chosen to be the crystal axis of the sample.
In this coordinate system, the off-diagonal components of € vanish as
at low intensities, There is a small difference in the vaiues of
€y and €., (eyy =€, in this case) due to the polarization dependence
of B(E) in determining the distribution of holes in the heavy- and
lightihole bands. For the case of [110] polarization, the X axis
is taken in the [110] direction, the Y axis in the [110] direction
and the Z axis in the [001] direction. In this coordinate system €
is diagonal. There is a small difference in the values of the thr;e
diagonal camponents, Overall, from Fig, (10), we see that the effects
of polarization on Ae are rather small,

The change‘in ; with intensity is due to the change in the dis-
tribution of hole st;tes. We find that the diagonal components of
increase monotonically with increasing intensity. Fram Eq. (39), we

see that values of k for which Q(k) < w lead to a positive contribution

to x' and thus to €, whereas values of 5 for which 9(5) < w lead to a

~ -~
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Figure 10, Calculated values of the diagonal elements of A: (divided
by the free-hole density) as a function of intensity in p-Ge at 300 K
for light with a wavelength of 10.6 ym, In the top panel the result
for [100] polarization is shown, The coordinate system is chosen to
be the crystal axis; E is diagonal in this coordinate system, In the
lower panel the result for [110] polarization is shown, For this
panel, the X axis is in the [110] direction, the Y axis is in the
[1T0] direction and the Z axis is in the [00I] direction. In this

coordinate system £ is diagonal.
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negative contribution to Z‘. Under optical excitation, the holes
occupy higher energy states than in equilibrium., Thus for the higher
energy states with Q(E) > w the difference in occupation probabilities
(fh(g)—fl(k)) is on the average enhanced compared to the equilibrium
value, whereas for states with 9(3) < w the difference in occupation
probabilities is decreased campared to the equilibrium value. Hence
the positive contributions to € from terms with (k) > w is increased

-~

by illumination, and the magnitude of the negative contribution to €
from temms with Q(E) < w is decreased by illumination. Consequently,
e monotonically increases with increasing intensity. As the intensity

-~

increases, the increase in E is slower than linear due to saturation
of the intervalence-band transitions.

From the results for AE(I), together with the intrinsic con-
tribution, one can determine the effect of self-focusing actions in
nonlinear optics experiments using p-Ge. The importance of self-
focusing in any given exﬁerimental situation must be independently
analyzed since it depends on the doping level, the intensity range, the
sample thickness and the beam profile.

For two laser beams incident on a Ge sample, as in a pump-probe
experiment, the light intensity is modulated in space and time due
to the interference of the two beams. Since the index of refraction
is a function of intensity, it is modulated by the oscillating in-

tensity. The periodic variation of the index of refraction leads

to a coupling of the two beams. This coupling can influence the
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transmission of the beams which may be important in the analysis of a
punp-probe experiment.

Many semiconductors have a valence band structure which is
similar to that of Ge and an intensity dependence in 5' should be
present in these materials., The theory presented here should apply

for these materials as well as for Ge,

VII. SUMMARY AND CONCLUSIQNS

We have presented a theory of saturation of heavy- to light-hole
band transitions in p-type semiconductors with the diamond or zincblende
crystal structure. Detailed calculations have been presented for p-
type Ge and light in the 9-11 um region. We found that the intensity
dependence of the absorption coefficient is closely approximated by
an inhomogeneously broadened two-level model. For the temperature and
concentration range where hole-phonon scattering dominates hole-impurity
and hole-hole scattering,.ls is found to be independent of hole density.
For larger hole densities where hole impurity and hole-hole scattering
are important, the saturation intensity increases monotonically with
increasing hole concentration, This behavior is consistent with ex-
perimental results. The dependence of the saturation intensity on
photon energy has been camputed and campared with available experimental
results. Good agreement between theory and experiment was found.
We have predicted the dependence of the saturation intensity on

temperature.
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We have also used the theory to describe the intensity dependence
of the real part of the dielectric constant in p-Ge due to modifications
of the free-hole distribution function by the high intensity CO2 laser
light. We find that the high intensity light alters the optical
isotropy, and the susceptibility becomes a second-rank tensor with
elements which depend on both the intensity and the polarization of
the saturable beam. These changes in the susceptibility are directly
proportional to the concentration of free-holes in the sample. We find
that the diagonal components of the susceptibility increase monotoni-
cally with increasing intensity. At high light intensities, the
increase in X' is slower than linear due to saturation of the
intervalence-band transitions. The magnitude of the resonant
intervalence-band contribution to the first-order modification of n
equals measured values of the intrinsic contribution at a doping level

of about 3x1015cm'3.
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APPENDIX A: THE FREE-HOLE DENSITY MATRIX

In this appendix we outline the derivation of Egs. (6) for the
hole density matrix. We consider the low-hole density limit and take
the Hamiltonian to be given by Eq. (2). The density matrix p(t)
satisfies

4 s
a‘%= % [H,Q] . (A1)

We are interested in the electronic part of the problem. The lattice
can be considered as a surrounding medium and regarded as large and
dissipative. In general, to calculate the time evolution of physical
observables, we would need to know the density matrix of the whole
system p(t). But since the effects of the interaction on the free-holes
are quickly dissipated by the lattice, and since the lattice (which
acts as a heat bath) is nbt significantly heated over the duration of
the interaction, we write the density matrix p(t) as the product of

an operator o(t) describing the free-hole density matrix and an operator
PL describing the lattice in equilibrium. Then p(t) = o(t)PL.

(32)

Using standard approximations , one finds

dog(t) s
_a'f_". ::h’ [Yl(t)’ UI(t)]

&

é?'! dt' Try [Vl(t), [VI(t'), oy (1) PL” .

o}

(A2)
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Here the subscript I signifies that an operator is in the inter-
action representation, and TrL signifies a trace over lattice
modes.

Fram Eq. (A2), one can see that o(t) is diagonal in wavevector.
Prior to laser excitation, o(t) has the equilibrium value which is
diagonal in wavevector. Taking matrix elements of Eq. (AZ), we see
that the time derivative of any matrix element of doI(t)/dt which
is off-diagonal in B is equal to a sum of terms, all of which are
proportional to a matrix element of oI(t) which is off-diagonal in k.
Thus when the equation is integrated in time, all off-diagonal in §
matrix elements pf oI(t) vanish. This result is to be expected since
the electromagnetic field leads to transitions between states with the
same wavevector. Taking matrix elements of Eq. (A2), dropping non-

resonant temms and returning to the Schridinger representation gives

Eq. (6).
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APPENDIX B: EQUATIONS OF MOTION FOR J(k)
~ ™

In this appendix we derive Eq. (7). Multiplying Eq, (6b) on

P', taking the time derivative and tracing over bands gives

2
:? (Tr, (o (k,t) P')) + ’r‘zm & Tr, (o(k,t) P")
SR S el DN S U (R (81)

We have used the facts that o, P', v, and H€ are all diagonal in k

and hence can be cyclically permitted in the trace on bands and that

[g‘,y] vanishes. Using Eq. (6b), we can write
£ T S P D)
= ;7 Tyt (s ) B, P'ID)
-—Tyj' 3” p (o, t) P') - ———————7——Trb(o(§,t)f‘). (B2)

(T, (k)

Thus Eq. (Bl1) becomes

2
d "y e 2 d '
:1';2 (Trb(c(lf,t)f’ )) Wa? (TTb(U(E,t)E’ ))

ey Tk P

1
=2 Try (o(k,t) [H *+v), [H,P1])

(B3)
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Evaluating the trace on the righthand side, multiplying by (Nhe/m)
and neglecting (1/T2(§))2 compared with Q(g)z gives Eq. (7). We find
that (1/T2(§))2 is about three orders of magnitude smaller than
(Q(E))z for wavelengths in the 9-11 um region. Physically, this
corresponds to the fact that the frequency linewidth of the transi-

tion is small compared to the resonant frequency.
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APPENDIX C; EQUATIONS OF MOTION FOR THE DISTRIBUTION FUNCTIONS

In this appendix we derive equations for the distribution func-
tions fh(g) and fz(g). Multiplying Eq. (6b) by (Nheg'/m) and taking

the trace over bands gives

. d i
1 Jk) + Ty J&) =
t.i"' 2 -

~

Nhe

o Qq'\) Z [Obb»(l_f,t) ?b'b(}f) - ob'b(}f’t) Pbb'(]f)] .
binh
b' in £

(€1

Using Eq. (C1) and neglecting (1/T2(k)) compared with w, Eq. (6a) can

be written as (with b in the heavy-hole band)

afy (k. 1) 1 a
& T T maEm @&I® P

" 2, PR 60 - Rgegy £ &)

B (C2)
With b in the light-hole band, Eq. (6a) can be written as
dfy &, 1) 1 d
& T EFm @l® Y
-z [R ' f (k)t) - R f (kst)]
Cl(v £1~("C]£ < C]f"*ﬁl( C ~ (C3)
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Assuming J(k) and A have sinusoidal time dependence and averaging over

many cycles, one gets the steady rate equations of Eq. (17),
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APPENDIX D: THE AUXILIARY FUNCTIONS F(k) AND G(k)

In this appendix we describe our treatment of the auxiliary func-
tions FQ() and GQ{). From the definition of these functions, we see
that when the phonon scattering matrix elements are approximated
as independent of the scattering angle, F(lf) depends on F.h(1~<],
and GQ() depends on Ez(g). Using the definitions of FQ() and G(}~<)
and Eqs. (17) for the distribution functions, F(Ehﬂf)) is seen to

be determined by
F(Eh(]f)) = i(-th'-rhk Thq(') * Rik'-rhk Tp (k')

x[(ff;(g') - £,(k") + F(E ') T, (k') - GE,&") T,Lo;'))}

g (k") (D1)
CEED (LE) T KD + 1

e Fnk-hk FEENT &' + L Rexrank GE B T (D

- -~

and G(Ez(lf)) is determined by a similar equation where (hl() in the
scattering rates is replaced by (215). The function G(l() describes
the increased (from the equilibrium value) scattering into the light-
hole band states. Because of the small density of light-hole band
states, the magnitude of this function is much smaller than that of

F(k). 1In addition Th(k) is much greater than Tch). Thus in Eq.
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(D1), we neglect T£ Qc) G(l's) compared with Thq() FO.S)‘ We have
explicitly checked the self-consistency of this approximation at the
end of the calculation,

Eq. (D1) is an inhomogeneous, linear integral equation, Because
of the energy conserving delta functions in the phonon scattering
rates, it reduces to algebraic equations relating F(Eh(k)) at dif-
ferent values of Eh('k). The term proportional to R};k'*hk F(Eh(lf')),
however, is responsible for coupling the equation for F(thf)) to those
for all other values of Eth"), (In the other terms, the equation for
F(Eh(lc)) is only coupled to those for F(Eh(p"'ﬁ%) and F(Eh(k) o 0)).
To overcome this difficulty, we approximate the first temm on the

righthand side of Eq. (D1), which can be written as

L, CRucany T+ Ry T D)

-~

x 8k') (£ & - £,(k0)

XI Ry T Ry, o)

x B (&) - £,&'NT
(b2)
where (fh(k') - fﬂv(k')):l is the first approximation to (fh(lf‘)ofz(lf'));
that is, the first term in Eq. (20). Here X is a function of #w, T and

I, but is assumed independent of E; (k). We determine X by requiring
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1 AUy ' = ' Yy o '1
IEG (G - (D) = X6k (00 - £,607 (03)

- -~

Since scattering to the light-hole band is much slower than scattering
to the heavy-hole band (owing to the small density of states in the

light-hole band)

L Bk T F I Ry TG = 1 (04)
Thus Eq. (D3) assures that the integral of the positive and negative

parts of Eq. (D2) are separately satisfied. We solve the equations

R, 00) = X TRy Ty + Ry Ty

x Bk") (6 (k') - £, (k')

* 3 Ry FELED) KD
-7 (D5)

This is a series of inhomogeneous linear algebraic equations. We

truncate the series for Eh(g) > 400 meV. (F(Eh(g)) is negligible for
these high energies.) We first find the solution for X = 1, (Calling
the result of this calculation F', F is given by XF', We determine X

from Eq. (D3) which reduces to
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ds [P, 01% T, 00 FE, ()]
X=1+X Q{ lvkn(‘]:)l,)i + 172,‘5)
in -~

.

ds (500 - £0) [P, 0017]
v, 800 | YT+ 720 ] ' (D6)
w ~

-
=

-~

In order to limit the numerical expense, we approximate the surface
integrals in Eq. (D6) using the four point prescription suggested by

Kane (11).

From Egs, (16) and (D3), we see that the function X relates the
absorption coefficient calculated in the first approximation to the

result of the more complete calculation by
allw) = Xa' (1w (D7)

where al(l,w) is given by Eq. (34).
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CHAPTER 3
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I. INTRODUCTION

There is active theoretical and experimental interest in saturable
absorbers in the 9-11 ym region due to their practical use in CO2
laser systems (1'4). The attempts have been to find a material with
a large low-intensity absorption coefficient and which saturates at
high intensities. The material must be integrable in a beam transport
system and should have a high material damage threshold, Several p-type
semiconductors should exhibit these desirable properties and in addition
have same distinctkadvantages over gaseous saturable absorbers, such as
a picosecond recovery time and a broadband performance under saturation
conditions. Most experimental =tudies on saturable absorption in p-

(4°6’8)‘ These measure-

type semiconductors have used samples of p-Ge
ments indicate that p-Ge satisfies the above criteria over the CO2
laser spectrum; however, other materials should also exhibit similar
behavior and may be more promising for certain applications. In this
chapter we analyze the systematic dependence of the saturation char-
acteristics on the material parameters and report values of the
saturation intensity for the materials considered.

Measurements of the saturable absorption in p-type Ge have been
interpreted by fitting the decrease in the absorption coefficient
with increasing intensity to the functional form:

o (@)

a(I,w) = ’ (1)
1+ I/Iéw)
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where ao(m) is the absorption coefficient at low intensity, and Is(w)
is the saturation intensity,

In this chapter, we consider the saturation ctaracteristics for
two different types of materials: semiconductors with a spin-orbit
splitting large compared to the photon energy of the CO2 laser (as
is the case for Ge), and semiconductors with a small spin-orbit split-
ting compared to the photon energy (as Si). In the first case the split-
off hole band is not involved in the optical excitation process. For
materials with small spin-orbit splittings, the theory must be modified
to include transitions between the heavy- and light-hole bands, the
light- and split-off hole bands, and the heavy- and split-off hole
bands.

We first present a calculation describing the saturation behavior
of materials with spin-orbit splittings large compared to the energy of
the incident radiation. Thus, the split-off band is not involved in the
optical transition and can be ignored. Some of the materials with large
spin-orbit splitting include p-type Ge, GaAs, GaSb, A1Sb, InAs, and
AlAs. Results for p-Ge have been presented in Chapter 2, The daminant
absorption mechanism in each material is assumed to be direct free-
hole transitions in which a hole in the heavy-hole band is optically
excited into the light-hole band by the absorption of a photon (7).
The absorption due to this mechanism has been shown to saturate at

(4°6’8)'

high 1light intensities for p-Ge Other absorption processes

at room temperature include lattice absorption, the photoionization
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of impurities, and indirect free-carrier transitions, Absorption

due to these mechanisms is significantly smaller than direct
free-hole absorption for p-Ge (9), p-GaAs(lo), vaaSb(ll), p~Ale(12)
and p-InAs (13). Due to the strong similiarities of AlAs with the
other materials considered, we consider the absorption in p-AlAs at
$-11 um to also be determined by direct heavy- to light-hole band
transitions.

The chapter is organized in the following way: In Sec, II we
present the results for the absorption saturation of p-GaAs, in
Sec. III we present the calculational approach for the other materials with
large spin-orbit splittings, in Sec. IV we present the results of the
calculation, in Sec. V we modify the calculatimal approach to under-
stand the saturation behavior of materials with small spin-orbit split-
tings, in Sec. VI we present the results for these materials with small
A, and in Sec, VII we summarize our conclusions.

The absorption of light by direct intervalence-band transitions
in a volume element of E-space depends on the distribution of holes in
the heavy-hole band which can absorb a photon and make a vertical
transition to states in the light-hole band., Thus only holes in a
narrow region of thc heavy-hole band can directly participate in the
absorption. Since the high intensity light decreases the population
of the free holes in the resonant region of the heavy-hole band, the
absorption coefficient is reduced, An expression for the absorption
coefficient as a function of the light intensity is given by Eq. (16)

of Chapter 2, We first examine the saturation behavior for p-GaAs
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since there exists experimental information for this material, A
detailed calculation is presented for p-GaAs; later in this chapter,
the theory is modified to analyze the saturation characteristics of

several other p-type semiconductors,

I1. RESULTS AND DISCUSSION FOR p-GaAs

We use the cyclotron resonance parameters of Lawaetz (14)

to
determine the GaAs valence band structure. (We neglect the small terms
linear in k which appear in the kep perturbation theory for zinc-
blende crystals,) Hole-phonon scattering is described as in Ge;

Eac is taken to be 3.6 &V (15) and Eop to be 6.5 eV (15). The input
parameters that we use for GaAs are not as accurately known as those
for Ge.

Our calculations of the intensity dependence of the absorption
coefficient give a result that is mumerically close to the inhomo-
geneously broadened two-level model result of Eq. (1). In Fig. (1),
we campare the calculated result for A = 10,6 um and T = 295%K with
Eq. (1). As for Ge, the small difference between the calculated
result and inhomogeneously broadened two-level model result comes from
the second temm in Eq. (20) of Chapter 2,

In Fig. (2), we show the theoretical results for Is@n) as a

function of photon energy at room temperature. The theoretical results

are determined by fitting the expression in Eq. (1) to the calculated
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results for a(I,w) for intensities between zero and 100 Mhchz.
The results for Is(w) are qualitatively similar to those for Ge
except that Is(w) is uniformly larger in GaAs than in Ge. The values
of Is(w) are larger in GaAs than in Ge primarily because the hole-
phonon scattering times are shorter in GaAs, The scattering times
are shorter in GaAs because the heavy-hole effective mass is larger
in GaAs, and as a result the density of final scattering states is
larger in GaAs.
Saturation of intervalence-band absorption in p-GaAs has been
observed in one experiment in p-GaAs (16). A saturation intensity
of IS = 20%5 MW/cm2 at A = 10,6 ym and room temperature was reported.
However, these measurements were performed over a relatively small
range of incident intensities and were interpreted in terms of a
hamogeneously (rather than an inhomogeneously) broadened two-level
model. If the results had been interpreted in terms of the inhomo-
geneously broadened two-level model (which we believe would have been
more correct), a smaller value of IS would most likely have been attained.
In Fig. (3), we present the results of a calculation of the
temperature dependence of the saturation intensity at ) = 10.6 ym in
p-GaAs. As for Ge, IS is an increasing function of temperature owing

to the increased phonon scattering rates at higher temperature.
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Figure 1. Calculated absorption coefficient normalized to its low
intensity value as a function of intensity for p-GaAs, The calcula-
tions were performed for A = 10,6 ym and T = 295°K. The inhomo-
geneously broadened two-level model result with Is = 22 MW/(:m2 is also

shown.
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Figure 2, Calculated saturation intensity as a function of photon

energy for p-GaAs at 295°K,
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Figure 3. Calculated saturation intensity as a function of temperature

for p-GaAs and light with a wavelength of 10.6 im.
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111, CALCULATIONAL APPROACH FOR MATERIALS WITH LARGE SPIN-ORBIT
SPLITTINGS

We are not aware of any experimental measurements for p-type
GaSb, Al1Sb, AlAs, or InAs; however, due to the similarities with p-Ge
and p-GaAs, we also expect the absorption in these materials to saturate,
In order to limit the numerical expense involved in the calculation,
we use the first-order calculation for the distribution of hole states
in the resonant region of the heavy- and light-hole bands. The first-
order calculation which neglects acoustical phonon scattering produces re-
sults which are within 15% of the more complex calculation of the satura-
tion intensity for p-Ge and p-GaAs. 1In this approximation (discussed in
Sec. 111 of Chapter 2), we find that the absorption coefficient as

a function of intensity is given by:

2 k f x) - f (X))
a(l,w) = __ﬁﬂ____. <?;> vdg | P Phe X )I ( ’
',-E-me ,}l + |7£‘~E}
(4)

where all symbols have previously been de}ined in Eqs. (6¢), (18a),
(18b) and (35) of Chapter 2.

In order to calculate the intensity dependence of the absorption
coefficient, we must know the scattering rates of the free holes. We
consider hole concentrations such that hole-phonon scattering is the
dominant scattering mechanism, Following the results of Wiley and

DiDamenico (17), we assume the mobility data for the p-type group IV
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and III-V semiconductors can be explained by acoustic and non-polar
optical scattering. The deformation potential parameters are chosen
so that the temperature dependence of the mobility agrees with the

experimental results (17-18)

Following Ref. (18), we neglect the
angular dependence in the phonon scattering matrix elements and take
the scattering rates to be the same function of energy for the heavy-
and light-hole bands.

The total mobility is given by

b= (N + N )/ (N * N (5)

where Nh(NQ) is the density of holes in the heavy- (light-) hole band.
Following Conwell (19), the scattering rates for acoustical and non-
polar optical phonon scattering are given by;

3/2 x 1/2

L *.3/2
1 2 (mh) (kBT) £ ©
Tac 'Tfﬁ4
and
8 %k 8/T 8 %
1 1 {C[(l"ﬁ) +e (l‘ﬁ)zj} ,
P S (7
Top Tac B B
where

_ 2,=2
£ = Eac: /QU ’ (8a)

X = e/kyT (8b)
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c=vyznEm /T 11
(8¢c)

and

i 2
n (Eop /Eac) . 5a)

Here Eac and Eop are the deformation potentials for the acoustic and
non-polar optical modes, kBeL is the energy of the zone-center longitudi-
nal optical phonon, p is the material density, and u is the average

sound velocity. Using the results of Ref. (17), we write

3/2.1/2 3/2
1+r :

S/2,3/2 3/2 ’

3mO kB

where
[ 3 *®

r=m/m (102)

and
-X
ax
S(B,Y],T) = [ xe 1/2 * (IOb)

o 1+C (gp'/* + e a-e/m)

In Table I we list the parameters used in calculating the hole
scattering rates for the materials considered. In calculating the
scattering rates, we follow Ref. (17) and assume n = 4 in all the

materials. By fitting the magnitude of ﬁ at T = 300°K, we obtain §
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as given in Table I, The average effective masses used in determining
£ are given in the table. Using the parameters determined from the
fits of the temperature dependence of the mobility, we determine the

hole-phonon scattering rate.

IV. RESULTS AND DISCUSSION FOR MATERIALS WITH LARGE SPIN-ORBIT SPLITTINGS

The calculated values of the saturation intensity at room tempera-
ture and a photon energy of 117 meV (3=10.6 um) for the materials con-
sidered are given in Table II, We find that the dependence of IS on
temperature and incident photon energy are qualitatively similar to
those for Ge and GaAs. This smooth behavior of Is near room temperature
and over the CO2 laser spectrum allows one to characterize the
saturation behavior by Is (at Eo = 117 meV and To = 295°K) and the
slopes (als/aE) Eo and (aIs/BT) To! Values of the derivative of Is
with respect to photon energy and temperature are given in Table II.

For completeness, we include the results for Ge and GaAs.

From Table II, we note a large variation of the saturation
intensity for the materials, This large variation of the saturation
intensity IS is due to two factors: (1) the deformation potential
parameters and (2) the valence band structures, We discuss the effect
on the calculation of I, on each of the two factors separately.

Using Eq. (6) to determine I/Tac, we note that large values of

On;)3/2£ (see Table I) indicate that the coupling of the free holes to
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TABLE I, Parameters used in determining the hole-phonon scattering
rates, The hole mobility is given at room temperature in units of
sl .
< - -
[Vgné_éE] . Values of £ are given in umits of [g__c_n__s_e_c_] . A1l

gn
symbols are defined in the text,

/2
Material & (°K) n;/mo m;/mo v teao il (:.;%)3 £x107 1y

GaSh 347 8 0.49°  0.046 P 3400 € 0.94 0.32
AlAs 578 & 0.76° 0.15 P 2009 308 2.04
ASH 4s0 @ 0.94° 014 P 40°¢ 0.74 0.67
InAs 350 2 0.60° 0.027P ae0 © 1.64 0.76

a. ¥, Richter, Springer Tracts in Modern Physics 78, Solid-State Physics,
ed. by G. Hohler (Springer-Verlag, Berlinm 1576), p. 174.

b. P. lawaetz, Phys. Rev. B4, 3460 (1971).

[

Helmst F. Wolf, Semiconductors (Pergamon Press, Oxford, England, 1971).

o

J. D. Wiley, Semiconductors and Semimetals, ed. by R. K. Willardson and
A. C, Beer (Acadenic Press, New York, 1975), p. 141.
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the lattice by acoustical interactions is strong; hence, the scattering
rates of the free holes with acoustical phonons is large., A large
value of 1/1aC also indicates a large value of l/Top (Eq. (7)) since
1/'[op « 1/Tac. The result of an increase in the scattering rates on
the saturation intensity is that higher intensities are required to
reduce the free-hole population in the heavy-hole band at the resonant
region since the free holes re-route at a faster rate. Consequently,
high values of the hole mobility yields small values for the
saturation intensity. A comparison of the mobility data at rToom
temperature with IS can be made using Tables I and II,

One can also present qualitative interpretations of the effect
of the valence band structure on the saturation intensity, Small values
of IS are produced when the resonant transition between the heavy-
and light-hole bands occurs for small values of k. That is, we predict
smaller values of I, for cases when the heavy- and light-hole band are
more split apart in energy for a fixed wavevector k. The reason for
this behavior is that intervalence-band resonances for smaller values
of k yield smaller values of the hole energies in the two bands at the
resonant region. The smaller values for the hole energies involved
in the optical excitation yield a smaller density of states for the
holes and consequently a smaller scattering rate due to lattice events.
The increase in the scattering rates with increasing hole energies is
clear from Egs, (6) and (7).

The effect of the heavy- and light-hole bands on the saturation
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characteristics is most easily analyzed by considering the average
effective masses for the heavy- and light-hole bands., Smaller values
of the saturation intensity are predicted for the larger heavy-hole
masses and smaller light-hole masses, That is, for a large heavy-hole
mass and a small light-hole mass, the two bands split apart much faster
with increasing k, and Is should be small, This behavior is shown in
Table II where we compare calculated values of IS with (lﬁm; - l/m;),

The two extreme cases for the saturation intensity are p-GaSb and
p-AlAs. GaSb has high hole mobility and a large value of (l/m: - l/m;),
both of which contribute to low values of Is‘ On the other hand, AlAs
has low hole mobility and a low value of (1fm, - 1/m’), both of which
contribute to high values of IS.

The predicted results indicate that the saturation characteristics
vary considerably between the different materials considered. Depending
on the intended application of the saturable absorber, one has a wide
variation on the saturation behavior for a given incident intensity
under room temperature conditions. In addition, we predict that one
can control the saturation characteristics for a given incident inten-
sity by controlling the temperature of the material,

The theory presented is applicable over a wide range of circum-
stances for the materials examined. We consider temperatures of the
saturable absorber to be about room temperature. The assumptioﬁ that
direct intervalence-band hole transitions daminate the absorption proc-

ess puts a lower limit on the free-hole concentrations, And the
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assumption that hole-impurity and hole-hole scattering rates are
small compared to the hole-phonon scattering puts an upper limit on
the free-hole concentrations, At present, most saturable absorption
experiments on p-type semiconductors are within these limitations.
Values of the saturation intensity for carrier concentrations

such that hole-impurity and hole-hole scattering mechanisms are com-
parable to hole-phonon scattering can be calculated using the theory

presented in Chapter 2,

' The calculations of the saturation intensity require knowledge of
the cyclotron resonance parameters and deformation potentials for the
materials considered. These input parameters are known much more
accurately for Ge than for the other materials, Thus there is larger
uncertainty in the predicted values of I, for these other materials.
However, the qualitative dependence of the calculated values of IS

on material parameters should be valid,

V. CALCULATIONAL APPROACH FOR MATERIALS WITH SMALL SPIN-ORBIT SPLITTINGS

In the previous sections we presented the results of a theory de-

scribing the saturable absorption of several p-type semiconductors

for light having a wavelength in the 9-11 um region, which corresponds
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to the CO, laser spectrum, The dominant absorption mechanism is
intervalence-band transitions where a free-hole in the heavy-hole
band absorbs a photon and makes a direct transition to the light-hole
band, Results of the theory have been presented for most of the
Group IV and III-V semiconductors for which the spin-orbit splitting
was large compared to the energy of the incident photon., However,
for materials, such as Si, where the spin-orbit splitting is less
than the photon energy, one must generalize the theory to include
transitions from the heavy-hole to light-hole band, the heavy-hole
to split-off band, and the light-hole to split-off band, In this
section,we consider the saturation properties of Si and InP, GaP,
and AlP which also have small spin-orbit splittings,

The absorption coefficient for these materials in the 9-11 \m

region can be written as

o =0p * aﬁ+£ * %hos * ai»s ’ (11)
where op is the residual absorption due to phonons, ah+£(ah*s) is the
absorption coefficient due to direct heavy-hole to light-hole (split-

off) band transitions, and « is the absorption coefficient due to

s
direct light-hole to split-off band transitions. The effect of lattice
absorption depends on the wavelength of the light and the temperature
of the material, Lattice absorption at 9.6 ym requires the cooperation
of at least three phonons to conserve energy and is therefore small.

In Si, two-phonon absorption is energetically possible for a wavelength
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of 10,6 um, The absorption of light by the creation of phonons can

be included in a straightforward way, since this process is nonsaturable
and just adds a residual absorption term. In this section, we analyze
the saturable absorption due to the direct intervalence-band
transitions.

In Section IV of this chapter we have given an expression to detemmine
the decrease in the absorption coefficient with increasing intensity
when only the heavy-hole and light-hole bands were involved in the
optical transition, Analogous expressions can be written for direct
transitions between the heavy-hole and split-off bands and between
the light-hole and split-off bands. In order to mumerically integrate
the expressions for Ohapr % and Op,g+ WE MuSt calculate the steady-
state distribution functions in each band as a function of intensity
for each wavevector 5, If we assume that the three direct optical
transitions are uncoupled, then the absorption due to each resonant
transition can be independently analyzed. That is, we can detemmine
the saturation characteristics for o ,,, op, - and o,  independently
using Eq. (4) for ®ig and the analogous expressions for % s and

a, ., Here, we assume that the modification in the distribution

L+s
function of free-holes due to one particular resonant transition
between two valence bands in E-space does not strongly affect the
distribution of free-holes in the resonant regions for the other
transitions. This assumption is made in order to limit the mumerical

expense involved in the calculation of the distribution functions

for each band; however, a more exact calculation can be performed
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provided new experimental evidence becomes available to justify the
additional complexity in the calculation. We present the calcula-
tion to qualitatively characterize the saturation behavior of these
materials and determine if the saturation properties are of sufficient
interest to warrant additional experimental investigation, The method
used for determining the momentum matrix elements IEhQ(EJ’Zz [Ehs(k)lz,

and IEQS(B)!Z is described by Kane (20). The one-hole energies are

determined by degenerate E-g perturbation theory (20).

The dominant scattering mechanism is hole-phonon scattering for
the hole densities we considef. Using the results of Section (III)
of the chapter, we choose the deformation potential parameters so that
the temperature dependence of the mobility agrees with the experimental
results. The values of £ defined in Eq. (8a) for the materials
considered are given in Table III. The values are obtained by assuming
n=4 and fitting the magnitude of the mobility at room temperature (17).
Given the values for the dgfonnation potential parameters, we can write
expressions for the scattering rates for acoustical and non-polar optical
phonon scattering following Conwell (19). For the case of lightly
doped material near room temperature, ionized impurity scattering and
hole-hole scattering can be neglected. For heavier doped material,

the effect of these scattering mechanisms can be included in analogy

with the results of Section (I11) of Chapter 2.
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VI. RESULTS AND DISCUSSION FOR MATERIALS WITH SMALL SPIN-ORBIT
SPLITTINGS

We numerically integrate the expressions for ah+£, gt and

a, _, and find that the intensity dependence of the absorption due

s
to each direct transition can be fit to high accuracy by the functional

form

o .
01

/1 + 1714

where %55 is the low-intensity absorption coefficient and (IS)i is the

cxi(I) = (12)

saturation intensity of the ith intervalence-band transition. Values
of (Is)hl’ (Is)hs’ and (IS)Rs at A=9.6 um and T = 295 K are given in
Table IV for the materials considered,

Most measurements of the saturable absorption in p-type semicon-
ductors are interpreted in terms of an inhomogeneously broadened two-
level model in which the reduction in the absorption coefficient is
given by Eq. (1) of this chapter. The absorption coefficient fram the
sun of the three intervalence-band processes can be reasonably well
approximated by Eq. (1) for intensities in the range in which most
saturable absorption experiments have been performed (I < 100 MW/cmZ).
For intensities low enough that the square roots in Egs, (1) and (12)

can be power series expanded, one has
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1 1 %j
T "o ?(‘1‘17. : a3)

The values of aoj/uo for each of the three rescnant transitions are
listed in Table V, We have taken Is to fit the result for the sum
of the three processes for intensities up to 100 MMchz. We find
the saturation intensity to have a smooth behavior near room tempera-

ture and A=9.6 um (Eo = 129.8 meV), This allows one to describe the

saturation near room temperature and near Eo by giving the values of

ol
= = s
Is (at Eo = 129.8 meV and T = 295 K) and the slopes EE—'E and
o]
aIs BIs BIs . .
iﬁP_T . The values of Is’ §E-E , and ET—-T are given in Table IV.
o o o)

Values of the saturation intensities in the materials with small
spin-orbit splittings are generally larger than the values in materials
with larger spin-orbit splittings such as Ge and GaAs. This difference
is primarily due to the relatively slow splitting between the valence
bands with increasing |k|. As a result the resonant optical transitions
occur at larger values of |k|. As discussed in Chapter 2, this leads
to larger scattering rates for the states involved in the transitions
and thus large values for the saturation intensity. The deformation
potentials and the values of the optical matrix elements also play
an important role in determining the value of the saturation intensity

as previously discussed in this chapter.
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a_.
TABLE V. Values of a.‘.’l for transitions between the heavy- and light-
(¢
hole bands, the heavy- and split-off bands, and the light- and split-
off bands. All values are given for a photon energy of 129.8 meV

(2=9.6 um) and room temperature conditions.

(ao)h-oz (uo)h-'s (Qo) £+s
Material N s, o
Si 0.37 0.39 0.24
P 2 0.39 -—-- 0.61
GaP 0.14 0.58 0.28
AlP 0.71 0.19 0.10

a) The h+s transition in InP is not energetically allowed for this photon energy.
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VII, SUMMARY AND CONCLUSIONS

We have presented a theory describing the saturation of several
p-type semiconductors with spin-orbit splittings large compared to
the incident photon energy (such as Ge), The functional form of the
decrease in the absorption coefficient with increasing intensity has
been predicted, and values of the saturation intensity have been
reported as a function of the photon energy and temperature of the
material. We have analyzed the systematic dependence of the saturation
intensity for the materials considered and found the large variation
in values for Is to be primarily due to the different deformation
potential parameters and the different valence band structures, We
predict the saturation intensity to be smaller for the materials with

* *
high hole mobility and large values of (J/mz - l/mh),

The theory was modified to also include p-type materials with
small spin-orbit splittings (such as Si). The calculated values for
these materials indicate that they are more difficult to saturate
than several p-type semiconductors with large spin-orbit splittings.
Thus, it seems likely that materials with large A will be more useful
in the applications of saturable absorbers to CO2 laser systems,

In addition the residual (non-saturable) absorption is smaller for the
materials with large A due to their smaller longitudinal optical

phonon energy, which is desirable,
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I. INTRODUCTION

At room temperature, the absorption spectrum of p-Ge in the wave-
length region of 2-25 ym is detemmined by direct intervalence-band
transitions (1). For light with a wavelength between 5 and 25 ym,
the daminant transition occurs between the heavy- and light-hole bands,
for wavelengths between 4 and 5 ym the dominant transition occurs
between the light- and split-off hole bands; and for wavelengths
between 2 and 4 um the dominant transition occurs between the heavy-
and split-off hole bands. For sufficiently high intensities, the heavy-
to light-hole transitions have been shown to saturate due to a
depletion of the population of holes in the resonant region of the
heavy-hole band (2'5). With a high-intensity pump laser saturating
the heavy-to light-hole band transition, the transmission of a low
intensity probe resonant between the heavy- and split-off hole bands
is altered, If the wavelength of the pump laser is fixed and the
wavelength of the probe is tuned, there is a spectral region for the
probe in which the two optical transitions are coupled due to their
sharing of comon initial states in the heavy-hole Band (Fig. 1).
Those features have been experimentally observed in p-Ge by Keilmann
and Kuhl (6). Here, the rapid relaxation of the excited holes allows
both a picosecond switching time and a broad usable bandwidth in the
modulation of the probe transmission. In the experiment of Ref. (6),
the wavelength of the pump laser was fixed at 9.6 um and the probe

was tuned in wavelength near 3 um. In this chapter, we present a
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Figure 1. Valence band structure of Ge for X in the [100] direction.
The solid arrow shows the direct hole transitions between the heavy-
and light-hole bands induced by light with é wavelength of 10 wum.
The dotted arrow shows the direct hole transitions between the
heavy- and split-off hole bands induced by light with a wavelength
of 3 ym. For this spectral region of the pump and probe beams, the
direct intervalence-band transitions are coupled due to a sharing

of camnon initial hole states in the heavy-hole band.
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theory describing the enhanced transmission of the 3 um probe in

the presence of the 10 um pump in p-Ge,

I1. THEORETICAL DESCRIPTION

We consider single quantum transitions between the heavy- and
light-hole bands due to the pump laser and between the heavy- and
split-off hole bands due to the probe, The absorption coefficient

of the probe is given by

= 2
a(luy) = —5— 3 i[g@g%gpﬂngH

1/l T, (0 )
[0, (0 -w, 35 1/T, (017

(1)

where the subscripts h(s) designate the heavy- (split-off) hole band,

Nh is the density of holes, I is the intensity of the pump, fmé is

the photon energy of the probe beam, € is the dielectric constant,

fi(g) is the probability that a hole state with wavevector B is occupied
in band 1, th(k) is the angular fréquency associated with the energy
difference [eh(g) - es(g)] where Ei(g) is the one-hole energy for a
state with wavevector B in band i, and lghs(g)lz is the squared momentum
matrix element between the Bloch states in the heavy- and split-off

hole bands (summed over the two degenerate states in each band). Here,
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fTZ(E)]hS is defined by

2

T, ™ o Dhkeck ™ ookt @

where Rak*bk' is the rate at which a hole in band a with wavevector
k is sca;te;ed into a state in band b with wavevector 5"

The dependence of the absorption coefficient on the intensity of
the pump laser occurs through the distribution function in the heavy-
hole band, fh(g). We consider the case in which the probe is of suf-
ficiently low intensity that it cannot saturate the transition (7).
Thus we take the distribution in the split-off hole band to be given
by the equilibrium value, We calculate the distribution function for
the heavy-hole band as a function of the intensity of the pump in the
manner of Chapter Z.

The valence band structure of Ge has been calculated by several
investigators to variousldegrees of accuracy (8'10). The more exact
of these calculations is given by Fawcett (8) where the interactions
between the valence band and the two neighboring conduction bands are
treated exactly rather than by perturbation methods. The result of
the calculation indicates that for small k the heavy- and light-hole
bands can be adequately described by a simpler calculation given by
Kane (9), and that the split-off band is better approximated by a

simpler calculation given by Dresselhaus, gz_gl_(lo). We calculate

the dispersion curves for the heavy- and light-hole bands and the
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momentum matrix elements following Kane (9), The dispersion curve

for the split-off band was taken to be

2 4 2

ss(k) = «A « AK" - Dk4 [sin"® cosz¢ sin2¢ + sin”@ coszej , (3)

where A is the spin-orbit splitting (295 meV), A is a cyclotron resonance
parameter, © and ¢ are the polar and azimuthal angles (relative to a

[100] axis), respectively, and D is determined by fitting to the results

(ll). The angular dependence of the K term in Eq. (3)
0
6 meV—AA. For

of Ref., (8B)
is suggested by symmetry. The value of D used was 5x10
the small k region of interest, the fit of Eq. (3) to the results of
Ref. (8) is very good. Of course, this result cannot be extended to

large values of k. The cyclotron resonance parameters of Hensel and

Suzuki (12) were used.
For room temperature conditions, the dominant scattering mechanism
is phonon scattering for hole concentrations less than about 3x1015cm’3.

For larger concentrations, one should also include the effect of hole-
impurity and hole-hole scattering. Here we consider two cases; the
low concentration case and the case of a hole concentration of

16cm’3 (which corresponds to the experimental conditions in Ref.

1.3x10
(6)). The hole-phonon, hole-impurity, and hole-hole scattering rates

are treated as in Chapter 2.
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111, RESULTS AND DISCUSSION

The calculated values for the absorption coefficient of the probe
as a function of the photon energy of the probe are presented in Fig.
(2) for a pump wavelength of 9.6 um, All values of the absorption co-
efficient at a given photon energy are given relative to the small-
signal absorption ao(mz) at that energy. To indicate the dependence
of the absorption of the probe on the intensity of the pump, we plot
a(I)/uo for 1 = 20,40,60, and 80 MW/cmz. We note that the transmission
of the probe is further enhanced as the pump intensity is increased
due to the further depletion of the hole distribution in the resonant
region of the heavy-hole band, We also note that for a given intensity
and probe energy, values of a/ao are larger for more heavily doped
samples. This occurs because an increase in the hole concentration
increases the hole-impurity and hole-hole scattering rates. Thus
higher intensities are required to deplete the heavy-hole band popula-
tion in the more heavily doped material.

The quantity that is presented by the authors of Ref, (6) is
a/ao = ¢n T/4n To , 4
where T is the transmission with the pump and Tb is the transmission

without the pump. Because the intensities of the pump and probe beams

change in space on a scale which is long compared with the wavelengths
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Figure 2. Calculated spectral response for the absorption in p-Ge
of a weak tunable probe in the presence of a saturating pump laser
with a wavelength of 9.6 um. Curves are shown for pump in-
tensities of 20, 40, 60 and 80 MW/cmz. The top figure illustrates
the probe absorption for hole concentrations such that hole-hole and
hole-impurity scattering can be neglected compared with hole-phonon
scattering. The bottom figure illustrates the probe absorption for
l6 -3

a hole concentration of 1.3x10 °cm ~.



-149-

R k] 1 1 1 T |
PROBE ABSORPTION VS PHOTON ENERGY IN P-Ge
LOOF Np € 3x10%em® A= 06um T =300 4
20MW/cm?
. OB} 40 MW/cm?
B 80MW/cm?
o 06 " BOMW/cm? ]
T 2 '
04t -
0.2+ ' _
O=E 1 1 ] 1 i { 1 T
Q 360 400 440 480
] 1 1 1 1 1 1
Lol Na = 13x10%R° X =9.6um  T=300°K
20MW/cm?
o8 40 MW/cm?
. _BOMW/cm? Ny
o % 80 MW /crm?
8 O
— 6 — a—
= 0.
o]
04+ -
0.2+ B
OO:E ) 1 1 1 .| i A #
’ 360 400 440 480

PHOTON ENERGY (meV)



-150-

of the beams and the carrier mean free paths, this ratio can be written

as

’!GU@JDM
. f I, () e ° %

u/ao = fn

| 15,0 &%

(5)

(- 2)

Here z is the direction of propagation of the probe, p is the axial
dimension of the probe, Iin(p) is the incident intensity of the probe
and & is the sample length, The quantity which we calculate is (1)
(normalized to o which is separately calculated), If the experimental
geometry was accurately known, it would be straightforward to perform
the spatial integrals and make a direct comparison with the experiment
but the experimental conditions were not accurately enough defined to
make this practical. However, the calculated values of a(I)/a0
account for the main qualitative features of the experimental results.
The experiments of Ref. (6) were done at room temperature with a
punp laser at A = 9.6 ym and a sample with Nh = 1.3x1016cm-3. The
intensity of the pump laser was estimated by the authors of Ref. (6)
to vary between 80 MW/cm2 and 7 MW/cmz as the beam passed through the

absorbing sample. The pump was focused to a Gaussian spot size of
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2w = 0.7 mm, The probe entered the sample from the opposite surface
and was characterized by an elliptical cross section with 2w = 1,6 mm
in the plane of incidence and 0.4 mm perpendicular to it. In addition
the pump and probe beams were not colinear, Thus much of the probe was
outside of the pumped region. Ideally one would like to have the spot
size of the probe to be considerably less than the spot size of the
pump. Under these experimental conditions, a dip in Ef/czz0 was observed.
" The dip was centered at a probe energy of 417 meV, the mini;mzm value of
E/ao was 0,82 and the FWHM of the dip was about 130 meV,

The calculated values of a(l) predict the location of the satura-

%

tion dip center to be at 410 meV, in close agreement with the experi-
mental measurement of 417 meV, The location of the dip can be shifted
to higher (lower) probe energies by adjusting the pump to higher (lower)
photon energies. This allows a means to tune the maximum transmission
of the probe by controlling the wavelength of the pump laser. It has
been previously noted that the band s'_cructﬁre results of Ref, (8)

could account for the position of the dip (13).

Comparing the magnitude of the calculated dip in a/cxo with the
experimental results, we see that the calculated values of the dip
are larger than was measured, This is to be expected because, as we
have previously noted, much of the probe passed through unpumped
regions of the sample in the experiment.

The calculated value of the FWHM of the dip in a/ao varies fram

about 70 to 110 meV for intensities in the 20-80 MW/cm2 range. The
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lineshape is non-lorentzian (there is an inner dip in the curve)
owing to the convolution of the Lorentzian lineshape of the probe
with the hole distribution function in the heavy-hole band, The
experimental results indicate a somewhat broader FWHM of about 130
meV, The experimental lineshape is approximately Lorentzian, Some
of the discrepancy could be understood if the presence of the cal-
culated inner dip was not experimentally observed owing to the broad

frequency settings (14)

of the probe used in measuring E/uo.

In Ref. (6), it was suggested that a hamogeneous linewidth of
about 80 meV for the heavy to split-off band transitions is required
to account for the measured width of the dip in E/ao. This large
width requires a hole lifetime in the split-off band of about 0.008
psec, We believe that this is an unphysically small value for the
lifetime,and it is inconsistent by almost an order of magnitude with

(15). (Theoretically, we find a value of about

previous estimates
0.06 psec.) In our calculations the width of the dip in a/a0 results
primarily fram band structure effects. Because of anisotropy in the
band structure, the energy of the initial heavy-hole state resonant
with the pump laser varies with the direction in k-space from about

20 to 60 meV. The energy of the initial heavy-hole state resonant
with the probe laser also varies with direction in k-space. As a
result, the value of the probe frequency for which the same heavy-hole

states are resonant with both optical transitions will change with

the particular direction in k-space. Thus anisotropy broadens the dip
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in u/a0 campared with the result one would find in a spherical model
for the band structure, In addition, the distribution of holes not
directly depleted by the pump laser can be depleted by scattering into
the depleted regions (Fig, 1 of Ch. 2 ), Also the curvature of the
split-off hole band is greater than that of the heavy-hole band which
further broadens the dip.

For semiconductors with the diamond or zincblende crystal struc-
ture, the valence band is similar to that of Ge and enhanced trans-
mission of a probe by a saturating pump technique should be observable
in these materials as well, As noted in Ref, (13), the location of the
saturation dip can serve as a test of electronic band structure cal-
culations. This method has been applied to testing the valence band
structure calculations for Ge (13) and good agreement is noted. The
results of the experiment are not surprising since the cyclotron
resonance parameters are known to high accuracy for Ge. However,
accurate cyclotron resonance parameters are not known for many of the
I111-V semiconductors, and the presence of laser-induced saturation dips
should be measurable in many of these materials (as GaAs, A1Sb, and
InP). Such measurements provide useful infommation on the valence
band structure for materials in which the cyclotron resonance param-

eters are not as well known as those for Ge,
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Iv. SMMARY

We have presented a theory describing the enhanced transmission
of a probe due to the presence of a saturating pump. Detailed cal-
culations for p-Ge with a pump laser wavelength of 9.6 um and probe
energies between 350 and 500 meV have been shown. The results of the
calculation are qualitatively consistent with existing experimental
measurements; however, more experimental information is required for

a detailed quantitative camparison,
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CHAPTER 5
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I. INTRODUCTION

Experimental attempts have been made to understand the
response of the hole distribution to a high intensity pump laser
of fixed wavelength by measuring the transmission of a weak

tunable probe also resonant between the heavy- and light-hole

bands (1°3). Here the specific features of the absorption lineshape
of the probe beam gives information on the distribution of hole
states and fundamental relaxation constants. The absorption coef-
ficient of the probe beam consists of two separate parts. One part
is due to the decrease in the distribution of free-holes in the
resonant region of the heavy-hole band induced by the saturating
beam, and the second part results from the population difference’s
response to a forcing oscillation at the beat frequency A (4=uw, -w_)
for a pump laser with frequency w, and a probe laser with frequency
w_ . The first part can be accurately accounted for in the hole-
burning model, while the contribution from the second part depends
on the presence of pulsations of the difference in occupation probabili-
ties for states in the resonant region of the heavy- and light-hole
bands, which is not accounted for in the hole-burning model. The
population pulsations act as a laser-induced grating which can
scatter pump photons into the direction of the probe beam with the
frequency of the probe, and vice versa. The contribution due to this
Raman scattering can have a significant influence on the light trans-
mission as measured along the probe direction. The two contributions

to the probe absorption behave differently as the probe freguency w_
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is detuned from the pump frequency w,. The hole-burning contribution

has & linewidth as given by the homogeneous linewidth of the resonant
transition, whereas the second part is more complex and depends on the
dynamic model used to describe the pulsations of the population dif-
ference for the states in the resonant region. For cases in which the
linewidths of each contribution are significantly different, one
expects the existence of a double-dip saturation spectrum for the
probe absorption coefficient as a function of the detuming A. In
this chapter we present a calculation of the composite lineshape of a
weak tumable probe beam in p-Ge in the presence of a high-intensity
pump beam with a wavelength of 10.6 ym.

Theoretical discussions of the absorption of the probe have been
presented for atomic systems with an inhomogeneous frequency dis-

tribution resulting from Doppler broadening (4-6)

Inhomogeneously
broadened media which are not velocity-induced have also been con-
cidered (7"9) . Each of the calculations has analyzed the inadequacies
of using only the hole-burning model to describe the probe absorption
for several different experimental situations. In this chapter we
present a calculation of the absorption lineshape of the probe beam in
p-Ge by considering the initial- and final-hole states to form a
continuum with the valence band structure determined by second-order
degenerate k-p perturbation theory. A theoretical discussion of the
probe absorption in p-Ge has also been presented; however, the treat-

ment of the carrier relaxation is somewhat different from our calcu-
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lational approach (10). OurAcalculated Tesults are in good agreement
with the experimental measurements (3).
The chapter is organized in the following way: in Sec. II we pre-
sent our theoretical approach, in Sec. III we give the results for

p-Ge, and in Sec. V we summarize our conclusions.
I1. THEORETICAL APPROACH

The absorption of light in the 10 ym region by p-type germanium
is determined by direct intervalence-band transitions in which a

free-hole in the heavy-hole band absorbs a photon and is excited to

the light-hole band. For hole concentrations in the 1015—1016cm'3
range, the intervalence-band absorption is about two orders of magnitude
greater than the other absorption mechanisms. We consider only the

direct intervalence-band absorption process in the calculation.

We consider the case in which the medium is subjected to two electro-
magnetic waves (pump and probe laser beams) propagating along the z-axis
and polarized along the same direction. We take the high-intensity
pump beam to have a photdn energy of fuw, and low-intensity probe
beam to have a photon energy of fw_. The vector potential describing the
waves is written as

iw,t-k, z) i(w_t-k_z)
A(z,t) = %(Ae +A e n + c.c.. )

We define k_ to be positive for the case of undirectional beams and
negative for the case of opposing beams (as is the case in most pump-

and-probe experiments).
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Evaluating the matrix elements describing the effect of optical
excitation (See Eqns. 6a and 6b of Chapter 2), we find that for the heavy-

and light-hole bands the band index diagonal elements are determined by

doyy (k) AL DT ®) ik, 2w, t-k,2)
& T Y| TEw {Chake Opn(k) e )
1eA € b () i(w_t-k_2) “i(w t-k_z
* pi e " (k) e

Sty e _ _ e
*r Rc§-+b5(occ(§ )-0.{k")) zk, Rpkock' Opp B oK), @)

~ ~

where the (-) sign is for the heavy-hole band and the (+) sign is for
the light-hole band. The first terms on the right-hand side give the
effect of optical excitation on cbb(g,t) and the remaining terms give
the effect of the hole scattering. The off-diagonal elements are

determined by (for frequencies near the resonant frequency)

-~

doy, (k,t) [ 209 1 ] @
= li - o
dt - Tziki he'<

[ieA+ Siw,t-k,z)  deA -i(m_t—k_zﬂ

?ﬁ_m_c_ € + mc 1] (chh(!.()-olﬂ,(l()) . (3)

Here, A2(k) is the angular frequency associated with the energy
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difference (eh(g) - El(g)) where ci(g) is the energy of the hole with
wavevector k in band i.

Since we are interested in the case for (A+ >> A), we write the
one-hole density matrix as a perturbation expansion in the probe field

magnitude:
otk,t) = s D0 + oWty A+ Py A2 v .. @)

0
where o((%,t) describes the one-hole density matrix subject to the
high-intensity pump laser but with no probe laser, and 0(1)(k,t) is the
modification of o(g,t) due to the presence of the probe beam (to first

0 .
order in the probe field strength). The function g %g,t) is used in Ch. 2

to compute the hole distribution function with no probe laser present.
For small probe intensities, we consider G(E,t) up to first-order in the
field strength of the probe in our calculation of the probe absorption co-
efficient. For values of A_ such that (A, ~ A ) the calculational ap-

proach must be modified to include the higher terms in the perturbation.
We now expand o(i)(k,t) for the heavy- and light-hole bands in a

Fourier series of the form (for i = 0,1,2)

. . i(k,-nk )z .
°1(>;) k,t) = I “t(:;xrxp o W dpht (52 )
mmp



. -i(w,t-k, 2)
om i = mnp . (Sb )

In the band index diagonal matrix elements, we take into account the
presence of a pulsation in the population of free holes in the resonant
Tegion due to a forcing oscillation at the beat frequency & (b=w -w_ ).
This population pulsation is due to a nonlinear coupling of the free-hole
distribution to the two laser beams with frequencies w,_ and w_. The
The simpler form for the time dependence of chz(g,t) Tesults from
neglecting off-resonant components of the electromagnetic field which
involve higher-order oscillations in the coupling of the two beams,
such as the effect of second harmonic or frequency addition type oscil-
lations. The spatial Fourier expansion is introduced to account for the
spatial variation of the two fields with wavevectors k, and k_.

The zeroth order solution to U(g,t) (i.e., for A_ = 0) has pre-
viously been investigated in Chapter 2. For
states in the resonant reéion, we calculated the hole distribution by
considering only optical phonon scattering for states in the heavy-hole
band and assuming that the rate at which free-holes are scattered into
the states in the resonant region is given by the equilibrium value.

In this approximation,

opn(®) - o, ()
1+ 800 (0,00 + T,00) (5)

ol a9 - @0 =

where all symbols have been previously defined by Eqs. (17c),(18a) and
(18b) of Chapter 2.
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The off-diagonal term is given by

“i(w t-k. z)
oég)(g,t) = yégé(k,t) e o , (7)

-~

where

-ieA, o
Yoogket) = 2 1B () gy (-0, (k) 1T - 10,
[n(g)1if+1/(T2(5))2[1+1/g(53]’

(8)

and 2(k) is defined by Eq. (35) of Chapter 2 (1),

Here, oﬁh(E) [czz(k)] is defined to be the one-hole density matrix in
thermal equilibrium. The imaginary part of Ygg%(k*t) can be related to
the absorption coefficient of the pump by performing the integration over
all k-space.

We now examine the solution of o(g,t) to first-order in the probe
field strength. Using the calculated values of o(OD(B,t) above, we can
use Egs. (2), (3) and (5) to write expressions for o(l)(g,t), which can
be related to the probe absorption coefficient (details in Appendix A).

The term proportional to Re(E(B)) in Eq. (A7) describes the effect of
the non-linear coupling of the pump and probe beams. This contribution results
from the response of the free-holes to the component in the hole distri-

bution which oscillates at the beat frequency A. This modulation of
the hole distribution leads a small amplitude modulation of the strong
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pump field and to the appearance of an additional signal at the frequency
of the probe field; and consequently to the additional term in the probe
absorption coefficient. For the beat‘frequency much less than 1/Th(§)
and llTi(g), the contribution due to the coupling of the pump and

probe is approximately equal to the contribution predicted from the hole-
burning model. As the beat frequency & is increased by detuning so that
4 1is comparable with the scattering rates for holes in the resonant
Tegion of the'heavy— and light-hole bands, the contribution from this
additional signal is decreased. And for A much greater than the scat-
tering rates for the initial and final hole states, the hole distribu-
tion cannot follow the variation in the forcing frequency A and the
additional contribution to the absorption coefficient becomes vanishingly
small.

The other term in the absorption coefficient of the probe is due
to the modification of the free-hole distribution in the presence of the
high-intensity pump beam. The absorption coefficient of the probe would
be defermined entirely from this term if one neglects the coupling of the
two electromagnetic fields. Here, the intensity dependence is completely
contained in the distribution functions fg(g) and ff(g). This contri-
bution is analogous to the hole-burning response of a Doppler broadened

gaseous medium by a saturating beam.

We now examine the difference in the one-hole occupation probabilities

(fh(k) - fz(k)) for states in the resonant region for the pump and probe
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optical transitions. In the absence of the probe wave, the population
difference is given by (fﬁ(g) - fg(f)). The distribution functions
fg(k) and fg(g) are calculated in the manner of Chapter 2. The dif-
ference in the one-hole occupation probabilities is modified when the

probe field is taken into account. To lowest order in the probe field,

o) = 05 (0 = (aygpp() - 0ho(8) + A L) 1 B0 y); 09)
[-1i (k,-k_)z-4t] (9)
x € +cc. ]

which yields a term in (fh(g) - fl(g)) which oscillates at the beat
frequency. The spatial dependence of the second term is such that for
fixed time, there exists a periodic variation in the one-hole occupation
probabilities. Using Eqs. (2), (3) and (5), we solve for (aﬁi% 1(k)
lgﬁ?]_(k)) to determine the beat frequency oscillation of the popula-
tion difference as a function of the frequencies of the pump and probe

and the intensity of the pump.

There exists a d.c. component in (chh(k) - 022(5)) which is second-
order in the probe field. The second-order d.c. component is given by

the following system of equations:

sen, .
[1/7, 09dagdp () * h(Z n°Pe) &r$B a0y &)

_*
13 np 06D, (10)
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ieA, *
[1/7, 03ag500®) - zak € 1°Bpe) (rgog 0-¥550 T

3
- it ¢ 0, IO R A O T 10b)
and
[1/T,(K)+i(Q-w,)] (2) 1y + 1eA, T (2) 13-2(2)
L+ (@0 )] v () + mom (b N *Ppc) (00 ) e 500 (k)
= AR SICH IO RO (100)
C

The d.c. population difference (for A#0) correct to second-order in
the field strength of the probe is given by
. (0) (0) (2) (e (D)
(O () - 05y (g c. = (o 030 (00500 GI+A% (a5 (3-agZd ), A1)

where

2) _ (2 _ ( 2
(000220007 = ‘m(z NP T +Ty )(Yooé'ﬂgoé)

e Ben(E_ 1Be) Ty T, )00 9, v(i)n) . az2)

This temm represents the effect of the probe field on the optical tran-
sition rate between states in the heavy- and light-hole bands. We
find that the change in the absorption of the probe due to the non-
linear coupling of the two beams can be explained by accounting for
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(O}(,(Z)%O(B) - G,E(z)%o(k)), which produces a small change in the rate of

energy absorption of the pump.
We proceed to calculate the absorption coefficient of the probe
and to analyze the quantities which describe the nonlinear coupling of

the pump and probe beams.

I1I. RESULTS AND DISCUSSION OF THE CALCULATION

We calculate the lineshape for the absorption coefficient of the
probe beam in the presence of a high-intensity pump laser by mumerically
integrating Eq. (A7). We consider the case in which the pump laser 1is
at a fixed wavelength and the probe can be tuned in wavelength in the
vicinity of the resonant region of the pump. The probe absorption
coefficient is calculated for a pump laser at 10.6 wm (fhw = 117 meV),
since experimental information exists for this case; however, the
theory presented can be apﬁlied for other pump and probe wavelengths.
Using Eq. (A7) we calculate a(I)/uo versus the photon energy of the

probe. All values of the absorption coefficient at a given probe
energy are given relative to the small-signal absorption coefficient o,
at that energy. The calculation was performed for room temperature
conditions. To indicate the dependence of the absorption coefficient
of the probe on the intensity of the pump, values of a(I)/o  are calcu-
lated for several pump intensities. We find that the absorption coef-

ficient of the probe is further decreased as the pump intensity is
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increased. This is due to further depletion of the pertinent states
in the resonant region of the heavy-hole band.

The experiments of Ref. (3) were done at room temperature with a

15_ -3

high-intensity laser at X = 10.6 im and a sample with N, = 7.1x10 an °.
The polarization directions were parallel for the pump and probe waves.
The saturator and probe were in approximately opposite directions, with
the saturator being 16° out of the probe’s plane of incidence. The
intensity of the saturating beam was estimated by the author to be 11
and 95 Mx’/cmz at its center just inside the sample. However, there is
a note added in proof where the authors have questioned the calibration
of their detectors in measuring the beam intensities. Since the inten-
siiy of the pump is not known in the measurements, we choose to test
our calculated results with these measurements by fitting the pump
intensity so that the magni tude of thé absorption reduction at A = O

be the same as the measured magnitude of the absorption dip. This
requires that the pump intensity be considerably less than the intensity

approximated in Ref. (3); however, these lower intensities are more

consistent with other measurements of the saturation characteristics

of p-type germanium (12-14) i thout accurate knowledge of the experi-
mental beams, a detailed camparison of the dip magnitude is not possible.
The experimental results of Ref. (3) are also shown in Fig. (1), together
with the calculated values of a(I)/ao for pump intensities of 0.48 and
2.0 m/cnz. We find good agreement with the measured Tresults.
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Probe absorption versus photon energy of the probe in p-Ge
for a punp laser at 10.6 ym (117 meV) and room temperature
conditions. The top line shows the calculated values of a(lI)
a(1)/o, for a pmp intensity of 0.48 Mi/cn’ and the bottom
line shows the calculated values for a pump intensity of

2.0 MW/cmz. The experimental data were taken from Ref. (3).
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The absorption lineshape of the probe in non-Lorentzian owing to
the effect of the two separate contributions to a(I). The hole-
burning contribution accounts for most of the broadness in a(l)/ag
where the width is determined by the homogeneous linewidth of the tran-
sition. The shaperof a(I)/uo from this term results from convoluting
the Lorentzian lineshape of the probe with the hole distribution in
the heavy- and light-hole bands as modified by the high-intensity
pump. The other contribution is due to the nonlinear coupling of
the‘pump and probe fields as previously discussed. Due to the coupling
of the two electromagnetic fields, there exists a temporal and spatial
modulation in the distribution of hole states in the resonant region.
This Raman type modulator oscillates at the beat frequency of the two
waves with a spatial variation determined by (k,-k_)z. This modulator
can scatter light from the pump beam into the direction of the probe
beam with the frequency of the probe photons, and vice versa. These
population pulsations are treated in a microscopic picture; however,
one can get an understanding of the coupling of the beams by con-

sidering the scattering to be due to a diffraction grating formed

from a periodic variation in the index of refraction. The intensity

Tesulting from the two fields at w, and w_ is given by
I=1+1+2/TT cos(t-(k,-k )z+(6,-¢_)) as)

where I, (I_) is the pump (probe) intensity, and ¢, (¢_) is the phase

associated with the pump (probe) field. That is, there exists a term
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in the total intensity due to the interference of the two waves which
oscillates at the beat frequency and has a spatial variation given
by (k,-k_)z. And since the index of refraction is a function of intensity

05-16)’ we see that the index of refraction can

from nonlinear effects
be modulated with the same spatial and iemporal dependence provided

the medium can respond to the forcing oscillation at the beat frequency
A. Otherwise, an averaged intensity is seen and the modulation of the
index of refraction is averaged out. For A comparable to l/Th

1/T,, there exists a periodic variation in the index of refraction
which can transfer some of the saturating wave into the probe or vice
versa. For beat ffequencies small compared to the reciprocal lifetimes
of the initial and final hole states, energy is transferred from the
punp to the probe and the absorption coefficient of the probe is reduced.
And as b is increased so that it is much greater than /T and /T,
there is a small energy tfansfer from the probe to the pump so that there
is a small increase in the probe absorption coefficient at these wave-

lengths.

The correction to the hole-burning model is contained in the
factor [1 - I*/l(g) Re(E(B))] in Eq. (A7). In Fig. (2) we show
the results for this factor versus the energy separation between the
heavy- and light-hole bands for k in the [111] and [100] directions and
A=0. The calculated values are for intensities of 0.48 and 2.0 MW/sz-
The dependence of Re(E(g))/l(g) in Fig. (2) is contained in the k-depen-

dence of the one-hole energies, momentum matrix elements and hole scat-
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Variation of the factor (1-I+/£(§) ReZ) in B-space for

k in the [111] and [100] directions and the pump and probe
beams fixed at 10.6 ym. The values of the factor

are shown as a function of the energy separation (k) for
states in the heavy- and light-hole bands. The dashed (solid)
curve shows the calculated values for a pump intensity of 0.48

Mi/am® (2.0 Mi/cn?).
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Variation of the factor (1 - I*/ﬁ(g) ReZ) vs ﬁh(k) for k in
the [111] direction and a pump laser at 10.6 um. The top
el e = 120 meV) and the

bottom figure is for A = -S?.llxlol?'sec:'1 (b = 123 meV).

figure is for A= -4.56x10

The dashed (solid) curve in each figure is for a pump intensity
of 0.48 (2.0) Pﬁchz. The calculated values are for T=300K.
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tering rates. We immediately note that the term describing the coupling
of the pump and probe beams in a(I)/ao depends on the particular direc-
tion in g-space due to the presence of anisotropy in the valence band.

In Fig. (3) we show the results for [1 - I+/£(§) Re(E(g))J Versus
the detuning 4 for k in the [111] direction. The top figure is for

125ec™ which corresponds todw_ = 120 meV and the bottom

12

A = 4,56x10
figure is for A = -9.11x10%%sec™} which corresponds to fw_ = 123 meV.
Using Figs. (2) and (3), we see that for small detuning (A << l/TZ),

the factor is less than unity for all values of fi?(k), and the probe
absorption is reduced as compared to the hole-burning results. As

the detuning is increased, the factor [1 - I,/%() Re ] also increases
and exceeds unity for same values of ﬁﬂ(g) as shown in Fig. (3). For
example, from the bottom figure of Fig. (3) we see that for states

with fia(k) less than about fw_, the probe absorption is increased as
compared to the holé-burning calculation, and for‘ﬁﬂ(g) greater than
about fw_, the probe absorption is decreased as compared to the hole-

burning calculation.

The component in the difference of the one-hole occupation
probabilities for states in the heavy- and light-hole bands which
oscillates at the beat frequency is described by the coefficients

A—(aéi%-l(k) i} °§i%-1(§3)- Using Egs. (7),(8) and (10), we mumerically

calculate A_(“ﬁ%l-] - QE%%_I) as a function of the detuning. Room temperature
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1 Q)

values of the real part of | A ( -a )
- Phil-1 %1V, T
L(0) _ (@) +
®h000"%2000

are shown in Fig. (4) for a high-intensity laser withA= 10.6 wm. The
values are shown for pump intensities of I = 0.48 and 2.0 M%'/cmz and beat

12,071 (hw_ = 120 meV). We note

frequencies of zero and -4.56 x 10
that the magnitude of the pulsation increases with increasing intensity.
In addition, we see that the magnitude of the pulsation is a maximm
for zero beat frequency and decreases as the pump and probe are de-
tuned. For zero beat frequency, values of the real part of

(a}(lﬁ_l -aﬁ%_l) are peaked at H2(k) = 117 meV and have a Lorentzian
shape for states with“K(k) in the resonant region. As the pump and
probe are detuned, the structure of Re (aﬁ%_l - “IEB—I) Vs ﬁQQc)
becomes more complicated as shown in the bottom figure of Fig. (4)

with two peaks located at approximately R2(k) = fw,_ and K2(k) = 4w_.

We have so far consiaered the effect of the high-intensity pump
laser on the absorption coefficient of the probe. In addition, there
exists a d.c. component in (fh(}f) - fl(}_c)) which is second-order in
the field amplitude of the probe laser as shown in Egs. (11) and (12).
The first term on the right-hand side of Eq. (11) gives the effect
of the probe field on the absorption coefficient of the pump laser.

It is smaller than the zeroth order term by approximately I /I_.

For (I_ << 1 +) the term has a negligible effect on the measured absorption

coefficient of the pump; however, the term does account for a small change
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- A 6411178417 =
Figure 4. Room temperature values of Re ) (0 xJI1,/1_

®h000" %2000
versus‘hn(k) for 5 in the [111] direction and a pump laser at
10.6 ym. The top figure shows the factor for A =40 and
the bottom figure for A = -4.S6x10125ec-1. The dashed

(solid) curve in each figure is for a pump intensity of

0.48 (2.0) MH/cm®.
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in the energy absorbed by the medium from the pump field. The second
term on the right-hand side ofvK. (11) is proportiénal to the energy
absorbed by the probe beam. Eq. (11) is an energy balance equation which
states that an increase in the transmission of the probe beam occurs at

the expense of the pump beam or vice versa.

IV. SUMMARY AND CONCLUSIONS

- We have presented a theory describing the abSorption lineshape of
a low-intensity probe laser which is tuned in the vicinity of a high-
intensity pump laser at a fixed frequency. Values of the probe absorption
coefficient are calculated at room temperature for a pump laser with a
wavelength of 10.6 ym. We find that the absorption coefficient of the
probe is modified by the high intensity pump which saturates the resonant
transitions. The absorption coefficient of the probe has two separate
contributions: one being due to the depletion of free holes in the
resonant region of the heavy-hole band and the other being due to a non-
linear coupling of the pump and probe beams which allows an energy
transfer of photons in the pump beam to the probe beam and vice versa.
The composite lineshape of the probe absorption coefficient due to these

contributions is non-lorentzian. The calculated results are compared with
the experimental measurements and good agreement is found. The theory
presented can be applied to other wavelengths of the pump and probe

(for wavelengths in the 8-25 ym region) and to other p-type semi-

conductors with a valence band structure similar to that of Ge.
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APPENDIX A: EQUATION FOR PROBE ABSORPTION COEFFICIENT

The current density owing to the intervalence-band transitions
induced by the probe is given by (where J = T J(k))
Sk~

-

300 = ek BL00)

Nhe -i(w_t-k_2)

=D P, [a v

(k)] + cc. (a1)
-1-11°

The power gained by the probe from states with wavevector k is given

by the time average

L nn > = D 51 Im{v(i)l 1K), (a2)

where I_ is the intensity of the probe beam. Using the Fourier expansions,

we find Y(i)l 1(k) to be determined by the following set of algebraic

equations which are first-order in the probe field strength.

. (0)
(1, 00-12) 1] 10 + 25 AC 0B G0 R- VB 00 E e ®

(a3 )
®
[1/T, (9-18] o, () (0 -5g A, n Pbc)(yii)l(k) 4 1(k))=2%§ﬁ*ég%(k)

2 )
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[ 1/1,00+i0-0,-0 W) 00+ 25 A, 1), 10-0, 7)., 0070 (a5

*®
[1/T,(0)+i @0, 0] YD) 00 + A A (aﬁ{ - @)

Tk (5gbo® - aggh(0) s )

Using Egs.(A3-A6), we solve for Im(y(l)1 1(}_()) in terms of the zero-order
expansion. We find that the absorption coefficient of the probe in the
presence of the pump laser is given by (after pérforming the integration

over all k-space)

1 1
il T, Zki
2n Nhe
(1) = —=— LK) - £(K) @ Inp 19
S e kPR agg ) CACI
I
x [1- gy ReGANT (A7)

where I_ is the light intensity of the pump laser. Here, fﬁ(g) and
£ (k) are the one-hole distribution functions in the heavy- and light-
hole bands in the presence of the high-intensity pump laser. In addition,

we have defined the auxiliary functions

'ﬁz e meE

- ?8)
@y (9 + T, () T 2ne” 2 [0 F

L(k) =
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and

(B+C)° + (D+F)?

Re(E(X)) =
where we have defined

1+ (@04) (@0) (1,007 1 - (@uq0)2T,0)3
+
1+ (@) (T,0)° 1+ (w0, +8)(T,00)°

2

2(T, +7,)

B(K) = o L ,
- [(Th) + (T.Q) ] +4a Th TR, Th T.Q

A =

(A10)

1+ (Rw,-8) (-u+8) (T2 + 22217 ] 1,
- [1¢(2-w,-8) (0-w,+8) (T,)“3 + ar’(r,)? ] PR
267, [-1+ (@-w, -0 @w8)(TH?] 1, a5
D(K) = A3
9 [1+ (Q-w,-b)(Q-w,+2) (T2)2]2+[ZAT2]2 Hg)— ’
AT, 2(2-w,+) T,
E(k) = vy y '
= 1@ T 1+ (e n () (a14)
and
28(Tp *Ty ) 2 2 1
F(k) = /T, +1/T, )% + 2(8% ). (A15)
YT am, am, e’ [ hoTk )

Here we have continued with the notation in which a subscript (+) refers

to the pump laser and a (-) refers to the probe laser.
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CHAPTER 6
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I, INTRODUCTION

The absorption of light in the 10 um region by p-type germanium
is determined by direct intervalence-band transitions in which a free
hole in the heavy-hole band absorbs a photon and is excited to the
light-hole band (1)‘ Since the absorption of light modifies the dis-
tribution of free holes, one expects a change in the sample conductivity
upon illumination. Because the density of states in the heavy-hole
band is much greater than that in the light-hole band, the photo-
excited holes primarily scatter into high energy states in the heavy-
hole band. Thus the dominant change in the distribution function is
an increase in the average energy of occupied states in this band. For
temperatures and doping levels for which phonon scattering dominates
the momentum relaxation, the conductivity decreases ﬁpon illumination
because the rate of phonon scattering increases with increasing hole
energy. For lower temperatures or higher doping levels where ionized
impurity scattering dominates the momentum relaxation, the conductivity
increases with illumination because ionized impurity scattering de-
creases with increasing hole energy. These photoconductive effects
have been observed experimentally @2-7) and have been shown to

-influence the performance of p-Ge photon drag detectors (8'10). In
this chapter we present a calculation of the photoconductive response
of p-Ge upon illumination by 10,6 wm light as a function of doping

level, temperature and intensity.
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Previous calculations of this photoconductive response have been
based on idealized models in which the Ge valence bands have been
replaced by a set of discrete energy levels, each characterized by
an effective mobility (6’7). In addition, the effects of saturation
of the intervalence-band transitions were not included, so that the
results could only be applied for low intensities, Here we describe
the Ge valence band using degenerate E-E perturbation theory, We
calculate the hole distribution as a function of the laser intensity
in both the linear and nonlinear regimes, Using the calculated hole
distribution, we determine the photoconductive response. We find
reasonable agreement with experimental results, There are no adjustable
parameters in the theory.

The paper is organized in the following way: in Sec. II we present

our theoretical approach, in Sec, III we give our results for the change

in the conductivity, and in Sec. IV we summarize our conclusions.

1I. THEORETICAL CALCULATION

The valence bands of Ge consist of three two-fold degenerate
bands: the heavy-hole, the light-hole, and the split-off hole bands.
In thermal equilibrium the occupied hole states are in the heavy-
and light-hole bands only. We consider the intervalence-band photo-
conductivity of p-Ge when the sample is pumped by a CO2 laser, Sin&e

the laser does not couple free-holes to states in the split-off
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hole band, only the heavy- and light-hole bands need to be considered,

The d.c. current density owing to free-holes is given by
I= G N e : I £,0) vy &%, @)

where N is the density of holes, b labels the band index, k is the
wavevector, f (k) is the one-hole distribution function and vbk is
the group velocity of the carrier with wavevector § in band b,

In order to calculate the current density and thus determine
the conductivity, it is necessary to find the distribution fumction
in the presence of the exciting laser and a small applied d,c.

electric field., The distribution functions in the heavy- and

light-hole bands are detemrmined by solving the following equations ai)
(see Eqs. 17a and 17b of Chapter 2).
€ oo . - - R £ ' )]
80 (£,00-£,00) + £ B%y §,00 = %, [Ryecer 5~ Rk ’
(2a)

and
e
®
(2b)
where 8(k) is given by Eq. (17c) of Chapter 2. The term proportional
to B in Egs. (2a) and (2b) describes the change in the distribution due -
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to optical excitation, the term proportional to E describes the
acceleration of the holes by the electric field and the terms propor-
tional to R describe the scattering of the holes, The one-hole
energies and momentun matrix elements are determined by
degenerate E’E perturbation theory (12). The cyclotron resonance
parameters of Ref. (13) are used in the calculation. The hole scat-
tering rates are treated in the manner of Chapter 2,

In small d.c. electric fields, the distribution of carriers
can be described by the sum of a small drift term and the distribution

function without an electric field. Thus in small electric fields,

we write
AOREHORE SO (3)

where fﬁ(k) is the distribution function subject to the high-intensity
laser but with no external electric field, and gb(k) is the modifica-
tion of fb(g) due to the presence of the electric field. Here, it is
assumed that gb(g) << fg(g). The function fg(g) is computed as in
Chapter 2. Using Eq. (3), we write Egs. (2) to first order in the

electric field

800 (&, 0-g, 00+ B0y 00 = - I DRy g0, 00 Ry DT

(42)
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and

8 (g, (1)-g, (K)) - g B9, () = Lo PRujccie 8200 - Regoogy 8 (K1) -
(4b)

We assume that a relaxation time approximation can be made for the low
d.c. field, that is, the rate of change of gh(k) due to collisions

can be approximated by

hy « B®
c}(‘ th-*Ck' gh(k) df _,,h}f gcq( )] = W ’ (5)

and a similar gxpression for the effect of collisions on gz(f)*

Here, Th(B) [12(5)] is the mamentum relaxation time due to scattering
of holes with wavevector k in the heavy- [1ight-] hole band by phonons
and ionized impurities (lé).

Using Eqs. (4) and the relaxation time approximation, we write

expressions for gb(k) in terms of the fumctions fg(k), Taking the

d.c. electric field to be in the z-direction, we have

- _ af°/ak -
1+ 81, (—— + 1)
g () = £ 1 |E| o .
p®) = g hE e 1+errh+1£)
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and

£°

[
. ~€ L
gﬂ,(]_() = -ﬁ' TllEl E}(z

1+ BTth + ID (6b)
Since v, (K) = -v},(-K) and £ k) = fgcfﬁz, we can write
1.3
I = 2N [ g, () v, () &k -
Integrating Eq. (7) by parts the conductivity is given by
i 2£2/3k )
2 + BTz(—f-gn-z—— +1)
1.3e 3 af /ak_ .
= 2393 Ex !éﬁk £ 1) - n’ %%,
° = 2@ £ )Tk H®) 5 | ho\ )
L afp/ak -
i 1+ 87 ( P +1)
2 ?f, /3k
1 .3e" 9 2"z
* 2 -h—"h[dsk £0) 551y Ve, (1 TR F 1) ) :
z h (2
(8)
The factor
2£9/ 8k
1+ 8ty (——2 + 1)
3ty / ok, (9)

zhz

1+ B(‘th + T’J
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appearing in the heavy-hole band contribution to the conductivity and
the analogous factor Z£ present some numerical difficulties owing
to the peaked nature of the terms involved, This factor differs
significantly from unity only if By, 21 (15). We note that B is
sharply peaked in the resonant region of the optical transition and
negligibly small outside of this region, Thus we need only evaluate
af°/akz in the vicinity of the resonant region., At low light inten-
sities where saturation of the optical transitions does not occur
I<1 MW/cmz), BTh is small campared to unity even in the resonant
region, and Zh is essentially one, At high intensities where satura-
tion does occur, Zh differs from unity in the resonant region. However,
for the range of intensities considered in this paper (I < 10 MW/cmz),
this difference still does not make a large contribution to the integral
in Eq. (8) because of limited range over which it occurs,

To estimate the value of Zh’ we only need to know the distri-
bution function in the resonant region. We have found in Chapter 2
that these functions can be reasonably approximated by a simple

analytical form for states in the resonant region,

BK) TP(£L (X)) - ££(x))
fg(k) e _ -7 "h Yh'C [
- - 1+ 8(k) (TP + T,)

n

’ (10a)

£ - £00 + L0 TH GO - 00

. 10b
U e o
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where £°(k) is the equilibrium distribution,
'r—uzjl =I Rk ’
2\ bk' "oV (11)

and Tgp is defined for the heavy-hole band analogous to Eq. (11)
except that only optical phonon scattering is included,

In the resonant region, the distribution functions in Eqs, (10a)
and (10b) have a peaked structure owing to the Lorentzian factor
contained in B. Taking the other factors in Eqs.(10) to be slowly

varying in the resonant region, we approximate

af°  af° 38
E'E'z_ T ST\"; : , (12)

With this approximation we

af°  [af°
% h - ©
_‘ﬁz—/?’g:'rl/hp ’ (43

and thus a simple analytical expression for Zhg To calculate the
conductivity we must also evaluate the derivative of Zh with respect
to kz. In evaluating this derivative, we take the factors other than
B to be slowly varying in the resonant region and take the change in 8
to occur primarily through the Lorentzian factor which depends on Q(k);

that is, we approximate
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YA -¥4
h _""h3 do
SK'Z ~ 28 on HI'Z . 14)

With this approximation, we have

& T
h _ £ dn 28 (Q-w)
.t 1 (—) .
3k, h ™ % TOph dk_ (1+B(Th""fl))2 @)+ @ /Tz)z (15)

We treat the factor 22 which appears in the light-hole contribution

to the conductivity in a similar way, We note that the expression in
Eq. (15) is vanishingly small outside of the resonant region and changes
sign as QQ() crosses w, As a result this term tends to cancel in the
!_(-space integration., The inclusion of the terms containing azh/akz and
azg/akz makes a contribution of less than 20% to the calculation

of the photoinduced change in the conductivity at the highest inten-

sities we consider.

I11. RESULTS OF Ao (I)

We campute the conductivity due to free holes by numerically
integrating Eq. (8). For very lightly doped (near intrinsic) samples,
we also include a term due to free electrons. We assume that the
electron contribution is not much modified by illumination because
the absorption cross section for electrons is nearly two orders of

magnitude smaller than that for holes (16).
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In Fig. (1) we show the cglculated results for (~Ag/ol) vs Ny
in the low intensity regime where Ac is proportional to I, The cal-
culation was done for room temperature Ge illuminated by A = 10.6 ym
light. The conductivity has decreased upon illumination, The
primary effect of illuminatia on the hole distribution is to in-
crease the population of high energy holes in the heavy-hole band,

At room temperature and for the doping levels considered here, hole-
phonon scattering limits the conductivity. Since hole-phonon scat-
tering rates increase with increasing hole energy, the conductivity
decreases with illumination, For hole densities between about 1014 -
4x1015cm'3, (-Ac/cI) is essentially independent of N« In this
region hole-impurity scattering makes a negligible contribution to
the scattering rates. For hole densities greater than about
4x10150n'3, (-8o/01) decreases with increasing N,. In this regime,
hole-impurity scattering begins to play a role in limiting the
mobility. Hole-impurity scattering rates decrease with increasing hole
energy. As a result the fractional increase in the total scattering
rate (hole-phonon plus hole-impurity) does not increase as much with
increasing hole energy in the more heavily doped samples, In addition,
the hole distribution is not as strongly modified by illumination of

a given intensity in the more heavily doped samples due to the increase

in hole-ionized impurity and hole-hole scattering which tends to

maintain the equilibrium distribution, For hole densities less than
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Figure 1. Values of (fé%)vvs the hole concentration in p-Ge for CO,
laser excitation at 10.6 ym, room temperature and low light intensi-
ties. The calculated values of ('g%) are shown by the solid curve.
The experimental data are taken from: x Ref, (4), A Ref, (5),

BWRef. (6), ®Ref. (7), and ORef, (9). Error bars are reported only
in Refs. (5) and (7).
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4 -3

about 10 %an” ¢ (-80/c1) decreases with decreasing hole density,

This decrease is due to the increased contribution to the conductivity
of free electrons whose distribution is not strongly modified by
illumination, (In Ge at 300K, the intrinsic density is about 2x10%3an™>).

Also shown in Fig, (1) are the available experimental results.
There is considerable variation in the results reported by the various
authors., Our calculated values are in fairly good agreement with the
data of Gibson et al (4) and those of Maggs (9).

In Fig. (2), we present our results for the temperature depen-
dence of (Ao/ocl) for a hole concentration of 2x1016cm'3. We choose
this value for the hole density since experimental measurements exist
and the change in the conductivity was observed to change sign over
the temperature range that was reported (3) + We note that the change
in the conductivity is negative for temperatures greater than about
100K and becomes positive for lower temperatures. In the higher
temperature regime, hole-}:;honon scattering plays a greater role in
determining the momentum relaxation than hole-impurity scattering
and thus the conductivity decreases upon illumination. In the lower
temperature regime hole-ionized impurity scattering dominates the
momentum relaxation and the conductivity increases upon illumination.
The temperature at which Ao changes sign depends on the doping level.
At lower doping levels, the sign change in Ao occurs at lower tempera-
tures. This effect has been observed experimentally (5). In addition,

we note that the magnitude of [Ao/ocl| decreases as the temperature



-201-

Figure 2. Calculated values of the normalized change in the conductivity

of p-Ge vs temperature for light at 10.6 ﬁn, a hole concentration of

2.0)(1016 c:nf3 and low intensity excitation, The experimental data are

taken from: &4 Ref. (5) and ®Ref., (3). Error bars are only reported
in Ref. (5).
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increases from about 150K. This decrease is due to a decrease in the
rate of phonon scattering at the lower temperatures, As a result of
the decreased scattering rate, the hole distribution is more strongly
modified by a given light intensity at the lower temperatures, The
experimental results of Refs, (3) and (5) are included in Fig. (2).
The data show the same qualitative features as the calculated results,
The calculation gives somewhat larger values for |Ac/cI| than were
observed in Ref. (5). Froam Fig. (1), we note that the room temperature
results reported in Ref, (5) are systematically smaller than those of
Refs. (4) and (9).

Because of interest in the performance of photon-drag detectors

(8'10), we also examine the photoconductive

at high laser intensities
response of p-Ge at intensities for which saturation effects are

important. In Fig. (3), we present the results of our calculation

of (-Ac/cl) as a function of Nh for different light intensities., The

curve for 0.05 MW/cm2 is in the linear regime. At the higher inten-

sities, (-Ac/c) increases with increasing intensity at a rate which is
slower than linear. The nonlinear behavior is due to saturation of the
intervalence-band transitions. The shape of the curves at any given
intensity are similar. We are not aware of any direct measurements of
(Ac/cl) at these high intensities; however, both saturable absorption(17’18)
and non-linear photon-drag voltages (9,10 have been seen experimentally.
It is possible that this saturation effect could account for some of

the variation in the experimental results shown in Fig. (1).
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Figure 3. Values of (’é%) vs the hole concentration in p-Ge for

A =10.6 uym and T = 300 K. The solid curves are our calculated values

for intensities of 0.05 (linear regime), 1, 5, and 10 MW/cmZ.
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IV, SOMMARY AND CONCLUSIONS

We have presented a theory of the photoconductive response of
p-Ge for light with a wavelength of 10,6 ym, Values of (Ac/cI) are
calculated as a function of doping level in the low intensity regime
at room temperature, We have also reported the temperature dependence
of (Ac/cl) at a fixed hole concentration in the low intensity regime.
The effect of saturation at high light intensities was investigated.
The theory presented can be applied to other p-type semiconductors

with a valence band structure similar to that of Ge,
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