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Af!>STRACT 

This thesis presents theoretical studies of the nonlinear optical 

properties of p-type semiconductors. Oiapter 2 is concerned with the 

intensity dependence of the canplex dielectric constant of p-type 

gennanil.D'l1 for light with a wavelength in the 9-11 µm region. The 

nonlinear absorption is described by the imaginary part of the ccmplex 

dielectric constant, and the nonlinear dispersive properties are 

described by the intensity dependence of the real part of the dielectric 

constant. Chapter 3 deals ~ith the saturation characteristics of 

practically all Groups IV and III-V p-type saniconductors and includes 

a discussion of the systematic dependence of the saturation intensity 

on the material parameters. Chapters 4 and 5 are concerned with several 

''pl.D'l1p-and-probe" experiments. Here, the transmission of a low-intensity 

light beam (probe) can be altered by the presence of a high-intensity 

laser (pwnp). In these chapters the modulation of the probe transmission 

is analyzed as a ftmctiori 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 µm. 

In Oiapter 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 µm, The free-hole distribution function is 

modified by the high-intensity light, which leads to an intensity 

depen:ience in the absorption coefficient and the index of refraction. 
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The absorption coefficient i~ found to decrease with intensity in a 

manner closely approximated by an inhanogeneously broadened two-level 

model, For temperatures and hole concentrations where hole-phonon 

dcrninates hole-impurity and hole-hole scattering, the saturation 

intensity is independent of the hole concentration, For larger hole 

densities, the satl.ll"ation 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 cc:mpared 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 fran 

the satl.ll"ation of the intervalence-band transitions. Calculations of 

the intensity dependence of the real part of the dielectric constant 

are performed for roan te,mperature and for light with a wavelength 

of 10.6 µm, The index of refraction is found to increase monotonically 

with increasing intensity, 

In Oiapter 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 co2 light, For 

materials with large spin-orbit splittings as canpared 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 ccrrtpared to 

the excitation ~~velength (as for Sil, direct intervalence~band 

transitions are allowed ben;een the heavy-hole and light ~hole, hea\'y~ 

hole and split-off, and light-hole and split-off hole bands. In each 

material, values of the saturation intensity are reported as a ftmction 

of the photon energy and temperature. 

In Chapter 4, we present a theory to describe the enhanced 

transmission of a weak tunable probe laser ~1th a wavelength near 3 ian 

in the presence of a high-intensity saturating beam with a wavelength 

near 10 llII1 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, Roan temperature values of 

the absorption coefficient of the probe are predicted as a ftmction 

of the intensity of the punp beam, 

In Chapter S, we present a theory of the absorption lineshape of 

a low-intensity probe laser "1hlch is ttmed in the vicinity of a high

intensity punp laser with a wavelength of 10.6 µrn. Values for the 

absorption coefficient of the probe are calculated at rocrn 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 ptmip, aro the other being due to a coupling of the p.mip 

and probe beams 'Which allow the punp photons to be scattered into the 

probe and vice versa. The calculated results for the canposite line-
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shape of the probe are compared with the experimental ~ta and gocx:1 

agreement is fotmd. 

In Chapter 6. we show how the mcx:1ification of the free~hole 

distribution function by the saturating beam leads to a change in the 

conductivity of p-Ge, 1be 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 (l). These nonlinear phencrnena 

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 w1 and w2 , where w = w1 + w2 ; (2) fre· 

quency-up conversion in which a weak signal at w1 is converted to a 

signal at a higher frequency w3 by mixing ~~th a strong pump laser at 

w2 , where w
2 

= w3 - w1; (3) and second-hannonic generation in which part 

of the energy of a laser beam at frequency w is converted to that of a 

wave ~ith frequency at 2w. 

Sane 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 saniconductors by high

intensi ty light with a wavelength near 10 \.Il'll. 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. 1bese 

self-focusing acticns are due to an intensity dependence in the index 

of Tefraction 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 mcxiif ied as the pulse 

propagates through the meditml. 

When radiation at a given frequency interacts with a material 

w~th a transition near the frequency, a resonant interaction occurs, 

and several nonlinear phenanena associated with the resonance may also 

occur. For materials in thermal equilibritml, 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 

dI dz= -al (1) 

Here, I is the light intensity and a is the absorption coefficient. 

The absorption of light by several p-type semiconductors becanes a 

nonlinear function at high light intensities. At low light intensities 

(linear regime), the absorption coefficient of the mediun 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 m~terial relatively unattenuated, This effect 

is often tenned saturation of the resonant transition and has many 

important applications in the design of laser systems, Most of the 

experimental infonnation on the saturable absorption of p-type 

semiconductors exists for germanium for wavelengths in the 9~11 µrn 

region, which corresponds to the co
2 

laser spectrum (2• 5), The 

measurements indicate that the reduction in the absorption coefficient 

with increasing intensity is approximately given by 

a.a (w) 
a(I) = ----

11 + I/ls 

where a
0

(w) is the absorption coefficient at low intensity, and Is 

(2) 

is the saturation intensity (3-5) ~ This functional fonn for the in

tensity dependence of a(I) is predicted for an inhanogeneously broadened 

two-level system in which the mediun 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 

co2 laser by simply inserting a slice of a suitable p-type semiconductor 

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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.f (6-8) uni onnly , 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 minimun 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 C9-ll), 

where the pulse duration is limited by the gain line~~dth of the laser. 

Considerably shorter pulses on the order of a few picoseconds should 

be possible by operating the laser at higher pressures (ll)_ 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-gennanium). 

The saturable absorption characteristics of p-type semiconductors 

have also been used to achieve isolation of high power co2 oscillator

amplifier systems C4-s). One of the most important problems facing the 

design of fusion-oriented co2 lasers is the provision for adequate 

interstage isolation. The isolation devices must prevent spontaneous 

lasing in the high gain arnplif iers and suppress retrodirected signals 

which can arise fran windo~~ and targets as well as other laser systems 

in a multiple beam irradiation experiment. By inserting a slice of p-
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gennanium as an isolation device, lo~-level oscillations as well as 

reflections would be attenuated, t.'hile 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 gaseous 

saturable absorbers, such as a high damage threshold, integrability 

into a beam transport systen, picosecond recovery time and a broadband 

perfonnance 1.ll1der saturation conditions, 

1he nonlinear absorption has also been used to temporally ccmpress 

laser pulses (6, 12). 1hat is, for a pulse of Gaussian lineshape, the 

tails of the pulse see a high absorption coefficient while the peak of 

the pulse propagates relatively lll1attenuated, 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 canpression is required to achieve these durations. 

In order to analyze. the saturation properties of p-type semi

conductors, one must first 1.ll1derstand the nature of the absorption 

process. 1he dominant absorption mechanism in p-Ge at roan temperature 

has been shown to be direct intervalence-band transitions for light in 

the 2-25 µm region and hole concentrations greater than about 

io14cn-3 (l3-l5). 1he observed character of the absorption spectnmi 

in the 9-11 \ml region is primarily detennined by two factors: the shape 

of the valence band structure and the steady-state distribution of free 

holes. 

1he valence band structure for small k is detennined by degenerate 
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~·p perturbation theory by a method developed by Kane 0 6) 

based on measured values of the cyclotron resonance parameters, In 

Figure 1, the valence band structure of gennaniun is shov.11 for ~ 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 atans times the two spin 

:fi.mctions, spin up and spin dov.11. The heavy- (h) and light-(£) hole 

bands are degenerate at k=O, and the split-off hole band (s) is 

separated at k=O fran 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 (::10], [111], [110] and [yJ direction. The [yJ direction is 

defined to be the direction in ~-space ~irich makes equal angles with the 

[100], [111) and [110] directions (l6). According to the band structure 

calculations given by Kane, for a given direction in ~-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. 1bese 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 spectll.ITI of p-Ge at roan temperature conditions. For 

light with wavelength between about 5 and 25 ion, the dan.inant transi-
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Figure 1. Valence band stnicture of gennanium for small k in the [100] 

direction. Here, an increase in hole energy corresponds to going 

vertically do~n~ard. 
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Figure 2. Hole energy vs k2 in gennanium fork in the [100], [110] , 

(111] and [y] directions. 1be figure shows the anisotropy of the 

heavy- and light-hole bands. 1be [y] direction is a direction which 

makes equal angles ~~th the [100] , [110] and [111] directions, Here 

the band structure graphs are inrertedso that increasing hole energy 

corresponds to going vertically upward. 1be arrows indicate intervalence

band resonances for light with a wavelength of 10.6 µm. 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 inn, the daninant transition occurs between the 

light- and split-off hole bands; and for wavelengths about 2 and 4 

lJJ11, the daninant transition ocrurs between the heavy- and split-off 

hole bands. These three regions of absorption due to the three sets 

of valence bands are shov.n in Figure 3. For the 9-11 1-llll region, which 

corresponds to the co2 laser spectrum, the absorption cross section 

is about 6.0xlo-16 an2, as explicitly shown in Figure 3. Similar 

intervalence-band absorption has been observed in several other p-type 

semiconductors as well (l3-ZZ); 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 dire~tly participate in the absorption. For light 

with a wavelength of 10.6 µm, the resonant regions are shown by the 

arrows in Fig. (2) for ~ in the (100] , (111] , [110] and [\] directions. 

The variation in the magnitude of k2 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 becanes a nonlinear function for 

intensities sufficiently high that the distribution of hole states 

cannot maintain its equilibrium value. The absorption in the 9-11 1-llll 

region has been shown to saturate in p-Ge (Z-S) and p-GaAs (2) due to 

this depletion of the initial hole states. 
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Figure 3. Absorption cross section of p-:type germaniun at Toan 

temperature. The lattice absorption independent of carrier concen· 

tration has been subtracted. The shaded Tegion shO\\'s the 9·11 

µrn 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 daninant relaxation mechanisms, For hole 

concentrations and temperatures at which most saturable absorption 
15 -3 measurements have been perfonned (roan temperature,~~ 4x10 on ), 

phonon scattering is the daninant 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 defonnable potential model, where 

the defonnation parameters were taken to fit the temperature depen

dence of the meast.rred 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 detennine the ftmctional fonn for the reduction in the absorption 

coefficient with increasing intensity. The calculated intensity 

dependence of a(I) of p-Ge can be fit to high accuracy to the func

tional fonn of Eq. (2), and values of the saturation intensity are 

detennined as a ftmction of the photon energy and temperature, In 

Chapter 3
1 

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 detennined the hole distribution as a 

function of the light intensity and frequency~ This infonnation 

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 punped 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 

(pump) of fixed frequency. The probe pulse can be distinguished 

by using a different wavelength. direction, or polarization fran the 

pump. 

With a high intensity ptmlp 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 

~ich the two optical transitions are coupled due to their sharing 

of ccmnon 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 comnon 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 ~m resonant between the heavy- and light-hole bands. 

These features have been experimentally observed in p-Ge by Keilmarm 

and Kuhl C24). 

We also consider the case of a high intensity punp saturating 

the heavy- to light-hole band transition, an:l a weak ttmable 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 

pwnp, 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 agreanent is fot.md 

. h . (25,26) 
Y.'1 t expenment • 

Since the absorption of light alters the distribution of free

holes, we expect a change in the sample conductivity upon illunination. 

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 tanperattn"es and doping levels for which phonon scattering daninates 

the rnanentum 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 

observed experimentally C27 -32) and have been shown to influence the 

perfonnance of p-Ge photon drag detectors C33-35)_ In Chapter 6 

we present a calculation of the photoconductive response of p-Ge upon 

illumination by 10.6 µm light as a function of doping level, temperature 

and light intensity. 

II. CUfLINE OF 1HESIS 

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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sattrration of the heavy- to light-hole band transitions by the high 

intensity 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 ftmction 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 calcolated values for the hole 

distribution, we relate the distribution to the absorption coefficient 

to determine the intensity dependence of the absorption coefficient. 

1be intensity dependent absorption coefficient can be described to 

high acetrracy by Eq. (2). Values of the saturation intensity are 

predicted as a ftmction of the excitation wavelength and hole density 

and good agreement is fotmd 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 detennined 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 Te·route 

at a faster rate. 

The distribution function is also related to the real part of 

the canplex 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 µm. TI1e 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 detennine 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. Z), 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 ~m in the presence of a high intensity saturating beam with a 

wavelength near 10 µm 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 ptunp beam. 

In Chapter S, 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 rnodif ication of the free-hole distribution f\.ll'lction 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 µrn 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 ptunp 

yields infonnation 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 lJJTl, At higher light intensities, 

the effect of saturation of intervalence-band transitions is important, 

and the photoconductive response becomes a nonlinear flmction 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 lJ1Tl and roan temperature conditions, 

II I. SU!-NA.RY OF MAIN RESULTS 

Chapter 2 

1. 1he 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 µrn. 

2. The nonlinear absorption of p·Ge in 9-11 µm region is foond 

to be due to a depletion of hole states in the resonant 

region of the heavy-hole band. The absorption coefficient 

is found to decrease with intensity in a manner closely 
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approximated by an inhcrnogeneously broadened two-level model. 

3. The saturation intensity is fotmd to increase monotonically 

with increasing photon energy over the co2 laser spectIUm. 

4. The saturation intensity increases monotonically with 

increasing temperature for near roan temperature conditions. 

5. The saturation intensity is fotmd to be independent of the 

hole concentration for hole densities less than about 

3 1015 -3 d . . 11 . h . . x en an to increase monton1ca y wit increasing 

hole concentration for larger hole densities, 

6. The saturation behavior is found to not vary significantly 

with the polarization of the co2 light. 

7. The dispersive properties -0£ p-Ge are also modified by the 

high intensity co2 laser radiation due to the saturation 

of the intervalence-band transitions. 

8. The index of refraction is fotmd to increase monotonically 

Olapter 3 

with increasing beam intensity. Values for the intensity 

dependence of the real part of the canplex dielectric con

stant are given for 1..Ulpolarized light, and light polarized 

along the [110] and [100] directions. 

1. 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, 

2. The saturation intensities for the different p~type semi· 

conductors are fotmd 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. 

3. The saturation behavior for the different p·type semi

conductors is predicted as a ftmction of photon energy over 

the co2 laser spectrum and as a ftmction of temperature for 

near room tenperature conditions. 

4. p-GaSb is predicted to saturate at lower light intensities 

Chapter 4 

than p-Ge and may be more important for the intended appli

cations of saturable absorbers in the 9-11 µrn region than p-Ge 

(which is the material most frequently examined experimentally). 

1. The transmission of weak ttmable beam near 3 µrn can be 

modulated by the presence of a high-intensity co2 beam near 

10 µrn. For this spectral region of the two beams, the direct 

intervalence-band transitions are coupled due to a sharing 

of canmon initial hole states in the heavy-hole band. 

2. Values for absorption coefficient of the 3 µrn probe are 
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predicted as a f\mction of the intensity of the 10 lJ1ll 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 µm region 

is found to be modified by the presence of a high-intensity 

beam at 10. 6 1J11l. Values of the absorption coefficient of 

the probe beam are predicted as a ftmction of the intensity 

of the punp beam. 

2. The lineshape of the probe beam allows a means to examine 

the distribution of free-holes in the vicinity of the resonance 

of the pump beam. 

3. A double-dip saturation spectn.un is predicted for the probe 

which is not characteristic of a simple hole-bu111ing model. 

In addition to the Lorentzian lineshape due to hole-buTiling, 

there exists another tenn in the probe absorption coefficient 

due to a coupling of the punp and probe beams, which allows 

pump photons to be scattered into the direction of the probe 

with the frequency of the probe and vice versa. 

4. The canposite lineshape of the probe beams in the presence of 

the high-intensity pump yields i:n£.onnation on the 

scattering rates of the free holes. 
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Olapter 6 

1. The conductivity of p-Ge is changed by light with a wave .. 

length in the s .. 25 µm region due to a modification of the 

free-hole distributiOn. function. 

2. The change in the conductivity allows an tmderstanding of 

the response of photon-drag detectors. The linear 

photoconductive response is predicted for light ~~th a 

wavelength of 10.6 µm as a function of the hole density at 

rocxn temperature and as a function of temperature for fixed 

hole density. 

3. The photoconductive response is also predicted for high 

light intensities where the effects of saturation of the 

intervalence-band transitions are important. This infonna

tion allows an tmderstanding of the nonlinear perfonnance 

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 ~~th 

those effects which are connected ~~th 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 germanitm1 due to the absorption of light with wave

length in the 9-11 µm region, which corresponds to the co2 laser 

spectn.nn. 

In p-type germani1..1T1, 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. (l-4) This saturation property allo~~ a means 

of passively mode-locki~g a co2 laser by inserting a slice of p-Ge 

into the optical path of the cavity. Experiments have demonstrated 

that a co2 laser with p-Ge used as a saturable absorber can generate 

passively mode-locked pulses of subnanosecond duration (S-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 nl..ITlerical 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), 
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The theory is also used to describe the laser~jnduced 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 whose level populations approach one another at high 
(2-4,8-9) 

light intensities . This two-level model predicts that the 

dependence of the absorption coefficient as a function of intensity 

is given by 

a(I,w) = Ql 

where ~0 (w) 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 experimentally, and values of 

Is(w) were detennined (Z~ 4)• However, attempts to calculate Is(~) as 

a ftmction of photon energy using the two-level model and a multistep 

cascade relaxation C9) gave results that disagree with experiment (Z). 

A theoretical discussion of saturable absorption in p~type Ge based 

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

ever, the results of that discussion are qualitatively different than 

that of F.q. (1) and are in disagreement with experiment, 



-33-

In this chapter, we present a theoretical Clllalysis of the saturable 

absorption by considering the initial and final hole states in the 

optical transition to fonn a continuum with the valence band stIUcture 

d . d b d k b . h (ll.,-lZ) Th. . h etern11ne y egenerate • p pertur at1on t eory • is is t e 

first time the saturable absorption properties have been discussed in 

a model which realistically accotmts for the anisotropic and nonpara

bolic valence band. o.ir calculated results are in close agreement 

with Eq, (1), and the values of I
5

(w) deduced fran the calculation are 

in good agreement with experiment, 1here are no adjustable parameters 

in the theory. We also determine the dependence of 1
5 

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 \\iith 

the zincblende crystal structure as well, 

1he theory is also applied to describe a laser-induced change in 

the real part of the canplex dielectric constant in p-type semicon

ductors at 10.6 J..ln1 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 fonn 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 
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than at the tails, We report explicit values for the intensity 

dependence of the index of refraction for light at 10,6 µm and room 

temperature conditions, 

II • IBEORETI CAL APPROACH 

In semiconductors with the diamond or zincblende crystal struc-

ture, the valence band maxi.mum 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=O and the other two 

bands (degenerate) are split-off to lower energy by the spin-orbit 

interaction. A~~y from the zone center, the bands degenerate at 

k=O split into two 2-fold degenerate 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 µm can induce transitions between 

the heavy-hole band and the 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~lO um; 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) For example, at A=l0,6 µr.i and roan temperature the inter

valence-band absorption cross section in Ge is 6-10·16
Cll

2 cis), The 
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intravalence~band ~bsorption cross section, estimated fran Drude

Zener theory is about 10·17cn2
a and the absorption coefficient from 

multiphonon absorption is about 0,013 on""1 (l?l. Thus
1 

for hole 

. . h 1015 .. 3 concentrations in t e en 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 goveined by the population of these 

hole states. The optical transitions tend to deplete the population 

of the pertinent heavy-hole states. At lo~ 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 beccmes large, scattering 

cannot maintain the equilibrium population of the pertinent heavy

hole states, and they beccme depleted. As a result the absorption 

saturates at high intensity. To detennine 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 perfonned (Toan temperature 

and Nri ~ 4x1015cn-3). hole-phonon scattering is the dominant relaxation 
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mechanism, We first consider only hole-phonon scpttering~ (!-ater 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) 
0 

where 

and 

H = H + H h 0 e: p 

e y(t) = - A(t) •P me - _ 

(7a) 

(~b) 

(2c) 

Here }\: describes the free holesf Hph describes the phonon system, V 

is the hole-phonon interaction, and y(t) describes the interaction 

of the holes with the electranagnetic field. 'Ibe electranagnetic 

field is described by the vector potential ~; in the Coulanb gauge ~ 

satisfies the wave equation 

2 
2 e:~ a ~ · 4 

VA ... -
2 

__,,,= ... iJ 
- c at~ c -

(3) 
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\\'here J is the current dens.ity induced by the interv~lence-bpnd .. 
transitions 

J = N ~Tr [oP'] 
- h m .. 

(_4) 

Here~ is the hole density~ o is the one~hole density matrix 1 and 

~' 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 

(5) 

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

index diagonal matrix elements of o are determined by 

(6a) 

and the off-diagonal elements are detennined by 

' 
(6b) 
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'Where 

(6c) 

-. 
Here Rak~bk' is the rate at which a hole in bi!nd a ~ith wavevector ~ - ... 
is scattered into a state in band b 'With ·wavevector ~', h(t) refers 

to the heavy- (light~) hole band~ and y~) and HE Q5) are defined 

analogous to Eq. (5), 

Using the equations for the time evolution of o, the current density 

owing to intenralence-band transitions is fotmd (details in .Appendix 

B) to be detennined by 

(7) 

Here ~(~) is the energy of a hole in band b with wavevector ~, 1m(~) 

is CEi:i~) - Ei~)), we rename the diagonal elements of the hole density 

matrix fb (~) , and .J: ~) is the part of ~ which includes only those 

tenns in the trace with wavevector k O: J(k) = J), 
-· k f'"' - ~ 

Eq. (7) is the basic equation describing the absorption and dis-

persion for the mediun. We find that the current density acts as a 
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hannonic oscillator of frequency n driven by the electric field through 

a coupling coefficient proportional to the population difference for 

a given state with ~"avevector k, 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 T
2

• 

Asstmling both A and J(k) oscillate in time with angular frequency 
.... - .... 

w, we have 

2 
Nhe A•Pb P b + A•P P 

J = -r.::- I: (fh (k) - f £ (k)) I: - - c-c - ... cb-bc n(k) (8) 
- m d1 k - - be Ul~)-w2 ) -i 2w/Tz~) -

Due to the peaked behavior of Eq. (8), the primary contribution to 

the current density is fran states with an energy difference1iD(~) 

which does not differ greatly fran the photon energy-tiw; thus, we 

write 

N..e
2 .A•P P + A•P P 

J --h r(f (k) f (k)l t ~ ... bc~cb ~ ~cb~bc 
= 2 - h .. £ ... b (lh (k) ·~) - i/T2 (k) - 2md'lk - c .. .... 

(9) 



-40-

Using Eq, (9), we write the susceptibility as a second-rank tensor 

given by 

N..e
2 P. P ~ P P 

r. I) -·h !: (f (k) • f (k)) '"' ~cb..._bc -bc:--cb • (lO) 
X \w, = '2 2 · h ... 1 ... bt. lITLK) ~w) .. 1/1

2 
(1) 

;:: 2mw:t'ik c ... -

The imaginary part of x describes the changes in the absorptive properties ... ..... 

of the saniconductor, and the real part of~ describes the changes in 

the dispersive properties. We define 

X : X I + ix" J (11) 
:: ~ ~ 

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

and 

x'(w,I) 
~ 

~e2 
n(k) - w 

= 2 2 !:(fh(k) - fn(k)) er pcbpb +c.c.) ' 
2m w 1i k - JI., - be ... .... c 2 2 

(D(~)-w) +(l/T2 (~)) 

(12) 

(13) 

Here, the intensity dependence in the susceptibility is contained in 
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the distribution f\.Dlctions fh(~) and fi(~), 

For a plane ~~ve vector potential, 

A = A ei{~·! • wt) 
- ... o 

the ccrnplex propagation constant is given by (lS·l9) 

(n(l<) ·w)+i/T2(k) 
2 - .... 

- f n (k)) I phn Qc) I 2 2 ' 
"' - - Tv - Cflct)-w) +U/T2 ~D . 

(14) 

(15) 

where the squared manentum matrix elanent l_Ph.£ ~) ! 2 is to be summed 

over the two degenerate states in both the heavy- and light·hole bands. 

Assuming that the second tenn in the square root in Eq, (15) is small 

canpared to unity, the absorption coefficient is given by 

a(I,w) = 2Im(K) 

47T2 ~e2 
= 2 -3-

1£m WC 
co 

(16) 
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Eq, (16) is the usual expression for the absorption coefficient except 

that a nonnalized Lorentzian replaces the usual energy conserving delta 

function. 1be absorption coefficient is a fL.mction 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 detennine the 

saturation characteristics, 

In order to detennine 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 ft.m.ctions. Using Eqs. 

(6) the steady state distribution ft.m.ctions are found to solve (details 

in Appendix C) the rate equations 

8(~) (fh(~) • ££~)) • • ~. [~+c~'fh~)·Rc~'+h!'. fcCl;'l] , (17a) 

= r , [R.tk-+c.k '· f ~ ~) ... Rck_ ~_..tk ... f c ~ ~ )J 
ck - .,.. 

(17b) 

where 

(17c) 
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1bese equations state that the rate of optical excitation out of (into) 

a given state is equal to the net rate of scattering into (out of) 

the state when steady state is attained, The lefthand sides of Eqs, 

(17a) and (170) give the net rate of optical excitation out of a 

state with wavevector ~ in the heavy-hole band into a state with wave

vector ~ in the light·hole band, The righthand side of Eq, (17a) gives 

the net rate of scattering into the state with ~-avevector k in the -
heavy-hole band, and the righthand side of Eq, (17b) gives the net 

rate of scattering out of the state with wavevector ~ in the light

hole band, 

To calailate 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 - ! 
Rw<+ck' 

(18a) 
Th(9 - ck' ' ·- ""' 

1 = I: R.tk+ck~ (18b) 
Ti~) ck' 

F(k) = I: Rck'+hk(fc ~·) • fe(k')) , (18c) 
ck' 

c ... 

and 

G(k) = I: Rck'-..tk(fc ~·) . fe(k')) 
' 

(18d) - ck' c 1'". .... ... 
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. e 

where fc~) is the equilibrium value for the distribution function. 

The ftmction F~) is the difference in the feeding Tate of free holes 

fran the equilibrium feeding rate for the state with wavevector ~ 

in the heavy·hole band. The ftmction G~) 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(k)). In tenns of the auxiliary ftmctions, - -
the distribution functions can be written as 

F(~) Th~) + B~) Th(~) T£(~) (F~) + G(~)) 
+ ----------~-----------------------

(19a) 

and 

G(~) T£(~) + BQ) Th(~) T£(~) (F(~) + G(!)) 
+ --~--------------------~-------~ 

(19b) 

The difference in occupation probabiliti.es which a.ppears in the ex

pression for the absorption coefficient is given by 
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(~ (~) - ~ (~)) = ~~~~~~~-

Th0s) F(h) - TR.(~) G(~) 
+ ~~~~------~---------- (20) 

1 + B (k) (Th(~) + TR. ~) ) 

The first tenn in Eq\ (?O) gives the population difference that would 

occur for the states at k if the populations of the states that .. 
feed those at ~were given by their equilibritnn values, The second 

tenn in Eq, (17) accounts for the change in the population of the 

states that feed those at k. For those values of k which are im-
~ ~ 

portant in the integral in Eq, (16), the first tenn 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 detennine FQ) and G~). If there is 

no angular dependence in the phonon scattering matrix elements which 

go into the scattering rates, the functions F (k) and G (k) depend on - -
~ ~) and E i~), respectively. Thus, one~dimensional (rather than 

three-dimensional) equations must be solved to detennine these 

functions. Q.ir treatment of these functions is included in .Appendix 

D. 
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III. D\LQJLAJION OF VALf}JCE AA~ STRVCTUREr MC:MDH1JM MA.TRIX ELE4ENTS 

A\'D HOLE SCA1TERING RATES 

The free hole energies are detenn.ined by degenerate k•p pertur .. 
'!'lioo. ~ 

bation theory by a method developed by Kane (ll) based on measured 

values of the cyclotron resonance parameters, We present a short des .. 

cription of the method used to detennine the one-hole energies for 

hole states ~~th small wavevector k. 

In a periodic lattice, the one-hole wave flUlctions can be lt.Titten 

as Bloch functions 

ik·r 
Wk = e - - ukC!) (21) 

where uk C:) is ccl1 periodic. The Schroedinger equation can then be 

\\Ti tten as 

(22) 

The tenn ~ ~ ·p) is treated as a perturbation for detennining uk and 

~ in the vicinity of k=O in tenns of the complete set of cell 

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

' sumed known. It is convenient to define ~ as 

(23) 
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In a lattice where the invetsion i.S f:l srrivnetry operation (~s for 

diamond structure), the first-order matrix elements of the~·~ pertur

bation vanish when the zero-order wave ftmctions are taken at k = 0 1 

and second-order perturbation theory must be used to describe the 

energy surfaces. 

Following Ref, (20), we take three degenerate states at k=O to 
+ + + transfonn as e:1 rvyz, r.2-vzx and r.3-vxy. We now construct by perturbation 

theory three functions u~C:) ei~·: which are eigenfunctions of the 

crystal translation operator, but ~ilich are not eigenfunctions to 

first-order in~ of the Hamiltonian, However, linear canbinations of 

u~ diagonalize the Hamilton to first-order in k; thus, 

= E; + ~ k • i: I £a:j ><£oj I I; Ii+> 
1 m-10:· E -E J 0 ia. 

(24) 

where ia.j denotes the state j belonging to the representation a in the 

band £, and E1 is the energy of the £th band at ~=O. Neglecting spin, 

the perturbation matrix to be diagonalized is of the fonn (ZO) 

Lk2+M(k2+k2) 
x y z 

Nkxky 

Nkxkz 

Nk k x y 
Lk2+M(k2+k2) 

y x z. 

Nk k y z 

Nkxkz 

Nkykz 

Lk2+M(k2+k2) z x y 

=O • (25) 

Here, synrnetry arguments have been used to replace the sums over 

mCJnent'l.IIl matrix elements by the three constant L, M, and N, The 

quantities L, M, and N can be detennined fran cyclotron resonance 
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measurements, 

'The effects of spin·orbit coupling are most easily considered by 

regarding the spin-orbit interaction H as a perturbation, 'The perso 
turbation is "-Titten in the following fonn as an operator on the cell 

periodic function uk, 

(26) 

The coupling is k independent and analogous to an atcrnic spin-orbit 

splitting tenn. When spin-orbit effects are considered we take the 

I + I + + + + + basis fl.D'lctions to be £1+>, £2+>, 1£3t>, lc1~> 1 lc2+> and lc3+>, 

where ·j and + designate the spin fi.mctions, spin-up and spin-dov.n, The 

~·p Hamiltonian including spin then beccrnes a 6x6 matrix as "'Titten 

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

We calculate the valence band structure of gennaniurn in this 

manner using the measur~ cyclotron resonance parameters of Ref. (21). 

A spin-orbit splitting of 0.295 eV (ZZ) is used in the calculation. 

The results for the one-hole energies for ~ in the [100), [ 110), [ll1] 

and [ y] directions are shov.n 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 ~-space. 
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The optical absorption coefficient for transitions between the 

heavy· and light·hole band.sis proportional to the matrix elements 

l<uhl~·p!u1>1 2 , where tis the vector potential of the light inducing 

the transitions, and 1ii (u£) is the cell periodic ~"ave ftmction for the 

heavy· (light-) hole band, At k=OJ parity is a good quantum number in 

a cubic crystal. The k·p perturbation brings in a first....order correc-...... 
tion to the ~"ave function of parity opposite to the k=O parity of the 

band. The operator A•p 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 

~ <uoJlk•plu .> 
u = u . + r ~) ..... - 01 uoJ 

o1 J'm E~ - E~ 

The ~·E matrix elements between bands h and £ is 

(27) 

The righthand side of Eq. (28) is identical in fonn to the second order 

~·p energy. The ~·E matrix elements can be conveniently obtained by 

using the ~·r part of the Hamiltonian matrix (without a spin-orbit 

splitting) and substituting Ck.e.1\n + A1km) for k1km (ll). The resulting 

matrix is then transfonned by the unitary matrix which diagonalizes the 

Hamiltonian. The A•p matrix elements are independent of the direction ... -
of~ if we average the equivalent aibic directions. 
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In order to calculate the distribution of free holes as a ftmc~ 

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 tenperature and impurity densities for which 

hole .. phonon is the daninant scattering mechanism, (Jhis condition is 

relaxed in a later section to also include the effect of hole-

impurity and hole-hole scattering), Optical phonon scattering 

is the d001inant energy relaxation mechanism. The optical phonon 

spectrum is relatively flat for small le 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 S(k) is small to one in which it is 

large. Thus, although ~coustic phonon scattering is less important than 

optical phonon scattering in determining the distribution ftmctions, 

it is not negligible because of the anisotropy of the valence bands. 

We take the scattering rates to be given by 

+ ~lt.f 12 o(E {k) - E Ck') - fi'wo) 
"II op a - -b - (29) 
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Here IM~pl 2 is the squared matrix element for optical phonon emissi.on 1 

IM• 12 is the squared matrix element for optical phonon absorption~ and op 

I Mac 12 is the squared acoustic phonon scattering matrix element (~ed 

over both absorption and emission processes). 

We consider the case of defonnation potential scattering, The 

central idea of the defonnation potential scattering is that the matrix 

element is approximately equal to that obtained by replacing the per· 

turbation energy by the shift oEv of the band edge energy that would be 

produced by a hanogeneous strain of magnitude equal to the local strain 

at ! induced by the mode g. 

For spherical energy surfaces and acoustic mode scattering, the 

shift of the band edge is given by 

oF = E (e + e + e ) = E c6 -v ac xx yy zz a (30) 

where thee .. are the diagonal canponents of the strain tensor, their 
l.l 

sun being equal to the dilatation 6, and E is the shift of the band ac 
edge per unit dilatation. One obtains after some calculation that 

only longitudinal lattice waves scatter the holes with the matrix 

element given by 23 

E2 k T 
JM 

1 
z = ac B 

ac 2Vpu2 
i 

(31) 

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

density, and ui is the longitudinal sotmd velocity. 
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For nonpolar crystals ~s Ge) and spherical energy surf~ces 7 the 

hole-optical phonon scattering can also oe described by a defonnation 

potential approach, In this case, the optical strain is proportional 

to the displacement of the sublattice containing one type of atan 

with respect to the sublattice containing the other, where the displace· 

ment is induced by the optical mode, Integration over the electron 

coordinates and lattice oscillator coordinates gives CZ3) 

(?2a) 

and 

' (32b) 

where E
0
p is the defonnation potential for optical phonon scattering, 

iiw
0 

is the zero~center optical phonon energy, and Nq is the optical 

phonon Bose factor defined by 

(33) 

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 m.unerical value for 
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the constants appeqring in the squared matrix elements were ta.ken fran 

the mobility fits of Ref, (24), where Eac was taken to be 3,5 eV and 

E0 p to be 6. 8 eV, The scattering times T 2 ~) , Th(~) and T t ~l are 

canputed fran Eqs. (6c) and 0..Sa,b) using these scattering rates, 

Optical phonon scattering (primarily emission) dominates in the results 

for T 2 ~) and TR,~) 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(~). 

IV. CALQJLATION OF THE HOLE DISTRIBUTION 

We calculate the distribution of holes in k-space allo~~ng the ... 
holes to interact ~~th the laser excitation and the phonon systan, 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 of the resonant region, we must numerically 

compute the auxilial)' functions F(k) and G(k) as discussed in Appendix D. ... -
a) First Approximation for (fh(~) - f£~)) 

As a first approximation for the population difference (fh~)-ft(~)), 

we neglect the auxiliary ftmctions F(k) and G(k) and include only the 
. ..... ~ 

first tenn in Eq. (20). This approximation is equivalent to assuning 

that the rate at which free holes are scattered into the states involved 

in the optical transition is given by the equilibrimn value, For optical 
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phonon scattering, the en~rgy of the initial hole state in the scattering 

event differs fran 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 ~esonant region themselves. Thus, the popu

lation of these states is directly depleted by the optical transitions. 

Including only the first tenn 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 firs~ approximation for (fh~) • £1(!)) ignoring acoustic 

phonon scattering produces results close to that of our more canplete 

calculation. 

Using only the first term in f.q. (20) to detennine the population 

difference, the absorption coefficient becanes 
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x 
(Q[k)-w) 

(34) 

where -

(35) 

Transfonning to an integration over surfaces of constant S'l(k), and .. 
assuming that the power-broadened Lorentzian is sharply peaked, Eq. 

(35) can be written as 

1 4TI2 . ~e2 (~) 3 
a [I,w) = 2 -jfi...-- LTI 

/'£; m WC 

(36) 

f 
n(k)=w -

Here the integral is over a strrface of constant n(k). Integrating Eq . ... 
(36) nunerically, we find that the absorption coefficient satisfies 

Eq. (1) to high accuracy, Indeed, if i(k) were independent of k over 
~ -
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the region of the surface integral, Eq, (~6) \\t)Uld reduce to Eq, 

(1) exactly. 

The auxiliary functions F(k) and G(k) are computed numerically as - ... 
discussed in Appendix D. The distribution function c001puted from 

these at.D.:iliary functions for ~ in the [111] and [100] directions 

together with their equilibrium values are sho~~ in Fig, (1). The 

dominant dip in the heavy~hole distribution function and corresponding 

peak in the light-hole distribution ftmction is due to direct optical 

transitions. Additiona~ 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 equilibriun 

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 :function 

of k2 for k in the [111] and [100] directions. The calculations 

were perfonned for A= 10.6 µm, T = 300°K and I= 30 MV\/an2• The 

equilibrium distribution functions are shown for canparison, Ne is the 

effective density of states. 
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V, n ... Th~SIIT DEP.EJ'\DFJ\CE Of THE ABSORPTION PROPERTIES OF p-Ge 

The absorption coefficient is calculated nunerically, The 

calculated result for A = 10,6 µm and T = 295°K is compared with 

the expression in Eq. (1) in Fig, (2), The value of Is used in Eq, 

(1) was determined by fitting the calculated result for a(J,w), The 

nunerical 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 retainedi the calculated a(J,w) has 

almost exactly the form of Eq, (1). The second tenn 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 tenns of the inhanogeneously broadened two·level model 

which produces Eq, (1) 1 and the values of Is(w) have been reported. 

In Fig, (3), we canpare measured values of Is(w) at room temperature as 

a function of photon energy ~rith our theoretical values, The theoreti-

cal values of I (w) are determined by fitting the expression in Eq. 
s 

(1) to the calculated results for a (1,w) for intensities between zero 

and 100 MK/on2, In the range of photon energies considered~ ls(w) 

was found to increase monotonically \tlth photon energy. There is good 

agreement between theory and experiment, 'Ibere are no adjustable 

parameters in the theory, 
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Figure 2. Calculated absorption coefficient nonnalized to its low 

intensity value as a ftmction of intensity for p~Ge, The calculations 

were perfonned for I. = 10.6 µm and T = 295°K. The inhC111ogeneously 

broadened two~level model result with 1
5 

= 4,1 M\\'/an2 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 Tesults are from Refs, 

(2), (3) and (4). Error bars are only given in Ref. (2). 
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The calculated results sh0\\'11 in Fig. (3) were attained using the 

higher order approximation for (fh ~) - f i ~)). The results for the 

first order approximation are qualitatively similar to those of the more 

canplete calculation; the numerical values of the two calculations 

differ by an approximately constant factor. At A = 10.6 µrn and T = 295K, 

the more canplete calculation gives a value of I of 4.1 MK/cn2, s 

the first order calculation including acoustic phonon scattering 

gives a result of 5.8 Ml\/cn2, and the first order calcultion neglecting 

acoustic phonon scattering gives a result of 3.5 MW/an2• Thus the 

first order calculation neglecting acoustic phonon scattering is within 

about 15% of the more canplete calculation. This result is interesting 

because the first order calculation is much easier and less expensive 

to perfonn than the more canplete calculation. 

The increase in I
5

(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, I
5

(w) is given by a weighted average of 

t(k) (see F.q. (34)). The values of 1(k) are proportional to: - -
w2, T2 - 1 (~), (Th(~)+ T1 ~)) and l~h.R.~)!-2 • In Fig. (4), the varia-

tion of these £actors 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 detennined 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 I
5

(w) in our first approximation for the absorption 

coefficient in p-Ge. The values of the factors are nonnalized to their 

value at 11w = 117 rneV p, = 10. 6 µm). The factors were canputed for 

T = 295°K. 
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interest to be able to control the saturation behavior,_ Since 

optical phonon scattering is the daninant 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 tenperature dependence of I (w) s 
in p-Ge for a light with a wavelength of 10.6 µrn. Is(w) increases 

monotonically with temperature. 1bis 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 orientationa1 dependence of the sample on 

the saturation characterisitics. 'Ibis 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 manentt.nn 

matrix elements. Using the first-order approximation for the hole 

distribution, we numerically calculate o.(I) for light polarization 

along the [100), [110) and [111) directions. Values of I for the difs 
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 I with crystal orientation, which is con-s 
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 µm, 
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TABLE (1). Values of the s~turation intensity for the laser excita· 

tion polarized only the [100), [110) and [111] directions. Also sho~n 

is the value of 1
5 

for the case of tmpolarized light. All values 

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

3.0x1015an-3) and roan temperature conditions. 



Direction of Light 
Polarization 

[ 100] 

[ 110] 

[ 111] 

tmpolarized 
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3.2 

3,4 

3,3 

3,5 
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VI. HOLE-IQ'\IZED IMPURITI A't\D HOLE-HOLE SCATTERING 

For those temperatures and hole densities for which hole-impurity 

and hole-hole scattering is small canpared to phonon scattering, the 

calculated Is is independent of hole concentration. At roan tempera

ture, Is has been found experimentally to be independent of hole 

concentration for concentrations less than about 4•Io15on-3 (l). 

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 tmcanpensated samples of p-type 

gennanium where the acceptors are all shallov.· and ionized at room 

temperature conditions. 

1be scattering rate for a hole ~~th energy £ by singly ionized 

impurities is given by 

where 

Bz = 2Km*kBT 

7rNie'-fi2 
e: 

(35a) 

{35b) 

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

kB is the Boltzmann constant, and N1 is .the total concentration of 

. . d . . . {26) 1on1ze :unpur1t1es • 

Follov.~ng Ref. (27), the rate of hole-hole scattering for a hole 
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with energy E is given by 

(36a) 

\\ihere 

(
e: K rn* 1/) A = 1 + in zn ( z) 

2nNhe 
(36b) 

The calculation of the saturation intensity I at different impurity s 
concentrations is perfonned using the first-order approximation to 

(fh(~) - £1 (~)), where the calculation of scattering rates is modified 

to include hole-impurity and hole-hole scattering in addition to 
. h . (28) carr1er-p onon scattering • 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 1
5 

as a flmction of the impurity con

centration are given in Fig. (6) for 250, 300 and 350°K. We note that 

I is substantially independent of the hole concentration for concen
s 

. b 3 1015 ~ 3 tha . trat1ons less than a out x en , t is, in the region where the 

hole-phonon scattering mechanism is dcminant. For hole concentrations 

greater than about 3xlo150it3, the saturation intensity begins to 
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Figure 6. Calculated values of the saturation intensity 1
5 

vs the hole 

concentration for p-Ge ~~th light having a wavelength of 10,59 µm. 

Values of 1
5 

vs ~ are shown for 250, 3QO and 3S0°K. The dashed line 

in the figure represents a calculation of I
5 

assuming hole-impurity 

and hole~hole scattering to be negligible canpared 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 
s 

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.Sx1015cn-3, 

measured values of Is at room temperature have been found to be inde

pendent of hole concentrations (l) with a value of about 4 MW/cn2, (Z-4) 

which is consistent with our calculation. 

For a fixed impurity density, we find that Is increases with 

increasing temperature. This increase is predaninantly due to the 

increase in the hole-phonon scattering rate at the higher tanperatures. 

The fractional increase in Is with increasing impurity density is 

smaller for the larger temperatures. The decrease in the impurity 

concentration dependence at higher temperatures occurs because the 

hole-impurity and hole-hole scattering mechanisms beccrne 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 perfonned 

in samples of different resistivities, 

We finally consider the case in which the intensity is sufficiently 

high that the effect of residual absorption becanes important in 

detennining the absorption properties. In this case we expect 

a(I)/a(I=O) to more strongly deviate fran the ftmctional fonn given in 
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Eq. (1). This deviation may be significant for I>> I ov.~ng to the s 
decrease in the direct intervalence-band absorption canpared to the 

nonsaturable absorption. The important residual (nonsaturable) 

absorption mechanisms are lattice absorption and indirect free-hole 

transitions. 

Lattice absorption for wavelengths near 10 ion 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 an-l at roan temperature. Similar measurements 

of the lattice absorption for other Group5 IV and III-V semiconductors 

yield small absorption coefficients at these wavelengths. 

The absorption coefficient a1(w) due to indirect free-hole 

transitions is approximated by 

(37) 

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

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

data (l4). The intravalence-band absorption cross section estimated 

from Eq. (37) is about 10-17 an2, which is small compared to the direct 

intervalence-band cross section of about 6.0xlo-16on2• 

The total absorption coefficient at 10.59 \ml can be written as: 



00 
a(I) = Clp + a1 + ---

./l+I/15 
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where I has a calculated value of about 4 MK/cn2 for a hole con· 
s 

(38) 

centration of 2x1015an2, The effect of a nonzero '1> and a1 in Eq, (38) 

is illustrated in Fig. (7) for~= 2x1015
CI1·

3, where values of 

a(I)/a(I=O) are plotted as a function of intensity. Values of 

a(I)/a(I=O) are sho~~ for intensities ranging up to 1 Gh/an2, 

which corresponds to the estimated optical damage threshold C3) 

For this value of~' o
0 

= 1.20 an-1, a1 = 0.02 an-1, and 
·l Clp = 0.013 an . The values of o(I)/o(I=O) for °'P = a1 = 0 are 

also sho~m for canparison. The inclusion of residual absorption 

effects becomes important for I >> Is and produces significant 

deviations of a(I)/a(I=O) fran the fonn of Eq. (1). A deviation 

has been measured for I~ 200 MW/an2, 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 tenn of Eq. 

(20) is retained, the calculated a(I,w) has precisely the fonn of Eq. 

(1). The second tenn of Eq. (20), which is not included in the first-

order approximation,is smaller than the first tenn and leads to small 

deviations of the calculated fonn of a(I,w) fran the expression of 

Eq. (1). And since the magnitudes of the nonsaturable absorpUon and 

the second tenn of Eq. (20) become more important as the intensity 

is increased, we expect a measurable deviation of a(I,w) fran the fonn 

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

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

vs intensity for a hole concentration of Zx1015an-3 and light having a 

wavelength of 10.59 µm. 1be solid line in the figure represents the 

calculated values assuming no residual absorption. 1be dashed line 

in the figure represents the calculated values assuming a residual 

(non-saturable) absorption due to lattice absorption and indirect 

free-hole transitions. 1be upper o.irves show values of a(I)/a(I=O) 

for intensities in the range of 1 - 100 Mr./cn2, and the lower curves 

are for intensities ranging from 100-1000 Mr.'/cn2. 
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VII. I?\"TB\SIIT DEPENDENCE OF IBE 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 jmportant in many applications 

of co2 laser systems, one needs to understand the changes in the dis

persive properties induced by the high .. intensity beam. Im 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 {Z9). 

For light ~'ith a wavelength near 10 µm, the dCJn.inant absorption 

mechanism in p-Ge is due t,o 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 

. d h . . (l-4) . od" absorption ue to t ese transitions saturates O\l.'ing to am i-

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 

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

contribution due to a field modification of the virtual electron·hole 
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. . C30) Th . ud f h pair creation processes • e magn1t e o t e resonant inter-

valence-band contribution depends on the doping level. Both contri

butions lead to an increase in the index of refraction ~ith increasing 

intensity. We find that the magnitude of the resonant intervalence

band contribution to the first order modification of the index of 

refraction equals measured values C3l) of the intrinsic contribution 

at a doping level of about 3xlo15an-3. 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 ian. 

In Section IV, we presented a calculation of the hole distribution 

in p-Ge as a ftmction of the co2 laser intensity. Using the calculated 

distribution ftmction, the intensity dependence of the absorption co-

efficient was determined. Good agreement with the available experi

mental data was foW1d. Here we use the calculated distribution ftmction 

to detennine 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), 

rl(k)-w 

x' (w,I) 
::: 

(39) 
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Here, the intensity dependence is contained in the distribution ftmc-

tions fh Q'.:) and f R, Q:). 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 £ is described by a second

rank tensor. Using the results of Section IV, the steady-state dif

ference in the occupation probabilities \</hich appear in the expression 

for x'(w,I) is given by 

_ f~ (~) -f~ (~) + Th (k)F (k) -T .e, (k)G (k) 

fh (~)-f R, ~) - l+S ~)(Th (~)+T t ~)) l+S(~)(Th C~)+T t (~)) (40) 

where the auxiliary ftmctions Th(~), T.e,(~), F(~) and G(~) are defined 

in Eqs. (18a), (18b), (18c) and (18d). The ftmction S(k) is defined as 

B (le) 

\</here I is the light intensity, n is the polarization of the light, 

and £ is the intrinsic material dielectric constant. The definition 
0 

of B(k) in Eq. (41) differs slightly frCJn that of Eq. (17c) because -

( 41) 

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 calrulational approach 

however is the same as that of Section IV. Sane of the results we 

present here are for tmpolarized light. In this case we average Eq. (41) 

over polarizations as in Section IV. 



-84-

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 lm(I) or nc(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 

thennal effects using measured values of ~ • The thennal 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 perfonned, phonon scattering 

is the dominant scattering mechanism. The phonon scattering rates 

were treated in the manner of Section IV. The one-hole energies 

and manentum matrix elemepts are detennined by degenerate ~·p pertur

bation theory as previously discussed. The cyclotron resonance para

meters of Hensel and Suzuki (Zl) were used. Using the steady-state 

solution for the difference in the occupation probabilities, we 

integrate Eq. {39) to detennine the laser-induced changes in the real 

part of the susceptibility. 

The real part of the susceptibility is calculated numerically 

for A=l0.6 µrn and T = 300 K. Using Eq. (39) we can calculate ~'(I) 

for any polarization of the light. Explicit values of ~'(I) are -
calculated for the case of unpolarized light, and for the polarization 

along the [100] and [110] directions. 
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For tmpolarized light the second~rank tensor x' becomes a scalar, 
;:; 

since any orientational dependence has been averaged out when we averaged 

over the directions of the vector potential (l9) 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'(I=O) are given in Fig. (8) for intensities between 0 and 

60 MK/an2. At low intensities Cx' (l=O)I~) is equal to 1.4xlo·20an3 

(X'(I=O) is proportional to~). 

Laser-induced changes in x'(w) can be measured by observing 

changes in the real part of the dielectric constant, which detennine 

the dispersive properties of the medium. The real part of the canplex 

dielectric constant E is given by 

£ = E + 4TIX' 
0 ::: 

(42) 

Values for the change in £ can be measured by studying threshold values 

for self-focusing (for ~positive). In Fig. (9) we show the calculated 

results for bE and the corresponding results for the change in the index 

of refraction, fin, for unpolarized light with a wavelength of 10.6 l.Dil 

at 300 K. The changes in £ and in n are directly proportional to the 

free-hole density. We find that E and n are increasing ftmctions of 

intensity. 

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

measured to be about lxl0-6an2;tlM C3l). The resonant intervalence-
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Figure 8. Cala.ilated values of x'(I)/x• O=O) as a ftmction of intensity 

for tmpolarized light in p~Ge, The calculation was done for light 

~~th a wavelength of 10.6 lJ1Il 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 flmction of intensity for p-Ge at A = 10.6 l11Tl. 

T = 300 K, and for tm.polarized light, The corresponding values for 

the change in the index of refraction are given in the lower panel, 
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b.E vs INTENSITY FOR UNPOLARIZED LIGHT 
P-Ge >.=I 0.6J-Lm T = 300K 

20 40 60 
INTENSITY (MW/cm2) 
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20 40 60 
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band contribution to dn/dI is intensity dependent, In the lower 

intensity region the change inn is linear in I. For hole densities 

b 3x 15 .3 h . greater than a out 10 en , t e resonant 1ntervalence-band con-

tribution is larger than the intrinsic contribution at the lower 

intensities, 

In Fig, (10) we show the cal01lated results for the diagonal 

canponents of (~~/~) 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 systen, the off ·diagonal components of £ vanish as -
at low intensities. There is a small difference in the values of 

£xx and czz (£yy = £zz in this case) due to the polarization dependence 

of SCk) in detennining the distribution of holes in the heavy- and 

light-hole bands. For the case of (110] polarization? the X axis 

is taken in the [110) direction, the Y axis in the [lIO] 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 three 

diagonal canponents, Overall~ fran Fig. (10), we see that the effects 

of polarization on ~; are rather small, 

The change in ; with intensity is due to the change in the dis

tribution of hole states. We find that the diagonal canponents of 

increase monotonically with increasing intensity. Fran Eq. (39), we 

see that values of k for which n(k) < w lead to a positive contribution - ... 
to x' and thus to E, whereas values of k for which n (k) < w lead to a - - ~ 
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Figure 10. Calculated values of the diagonal elements of llE (_divided 
s:; 

by the free~hole density) as a function of intensity in p·Ge at 300 K 

for light with a wavelength of 10,6 µm, 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 
s:: 

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 

[llO] direction and the Z axis is in the [OO~direction. In this 

coordinate system E is diagonal. 
:: 
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negative contribution to xt, Under optical excitation, the holes 
== 

occupy higher energy states than in equilibrium, Thus for the higher 

energy states with n (k) > w the difference in occupation probabilities 

(fh(~)-£1 (~)) is on the average enhanced canpared to the equilibrium 

value, whereas for states with n(~) < w the difference in occupation 

probabilities is decreased canpared to the equilibrium value. Hence 

the positive contributions to £ from terms with Q(k) > w is increased 
~ -

by illumination, and the magnitude of the negative contribution to c 

fran terms ~~th n~) < w is decreased by illumination. Consequently, 

: monotonically increases with increasing intensity. As the intensity 

increases, the increase in c is slower than linear due to saturation 
:::: 

of the intervalence-band transitions. 

From the results for ~~(I), together ~~th the intrinsic con-
-

tribution, one can determine the effect of self-foaising actions in 

nonlinear optics experiments using p-Ge. The importance of self

focusing in any given experimental situation must be independently 

analyzed since it depends on the doping level, the intensity range, the 

sample thiclcrless and the beam profile. 

For two laser beams incident on a Ge sample, as in a pwnp-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 ftmction 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 

pump-probe exJ>eriment. 

Many semiconductors have a valence band structure which is 

similar to that of Ge and an intensity dependence in£' should be 

present in these materials. The theory presented here should apply 

for these materials as well as for Ge, 

VII. ~NA.RY M'D CONCWSICNS 

We have presented a theory of saturation of heavy- to light·hole 

band transitions in p-type semicondu:tors with the diamond or zincblende 

crystal structure. Detailed calculations have been presented for p

type Ge and light in the 9-11 µm region. We fotmd that the intensity 

dependence of the absorption coefficient is closely approximated by 

an inhanogeneously broadened two-level model. For the temperature and 

concentration range where hole-phonon scattering daninates hole-impurity 

and hole-hole scattering, I is found to be independent of hole density. s 
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 canputed and canpared with available experimental 

results. Good agreement between theory ar.d experiment was fotmd. 

We have predicted the dependence of the saturation intensity on 

tenperature. 
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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 becanes 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 

15 -3 of about 3xl0 on . 
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APP!:J'WIX A: THE FREE-HOLE DENSITI' M\TRIX 

In this appendix we outline the derivation of Eqs, (6) for the 

hole density matrix. We consider the low-hole density limit and take 

the Hamiltonian to be given by Eq. (2). 1be density matrix p(t) 

satisfies 

(Al) 

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 tir.le evolution of physical 

observables, we would need to know the density matrix of the wh9le 

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 not 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 

P1 describing the lattice in equilibrium. Then p(t) ~ cr(t)P1 . 

Using standard approximations C3Z), one finds 

dol (t) --i [ + 1l 
dt · - ..ff yl(t)' ol( .. )j 

(A2) 

-} j dt' TrL f vl(t), [ VI(t'), ol(t) PJJ . 

0 
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Here the subscript I signifies that an operator is in the inter

action representation, and Tr1 signifies a trace over lattice 

modes. 

Fran Eq. (AZ), one can see that o(t) is diagonal in wavevector. 

Prior to laser excitation, a(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 do
1

(t)/dt which 

is off-diagonal in k is equal to a sum of tenns, all of which are 

proportional to a matrix element of o1(t) which is off-diagonal in~-

1hus when the equation is integrated in time, all off-diagonal in k 

matrix elements of o1(t) vanish. 1bis result is 'to be expected since 

the electranagnetic field leads to transitions between states with the 

same wavevector. Taking matrix elements of Eq. (A2), dropping non

resonant tenns and retuniing to the SchrOdinger representation gives 

Eq. (6). 
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APPENDIX B; EQJATIONS OF MOTIO~ FOR J (]<} 
... !'< 

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

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

= _ i Tr (dcr(lc,t) [ P' H ]) 
11 b dt - ' E 

(Bl} 

We have used the facts that o, P', y, and H are all diagonal ink 
- e: -

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

[P',y) vanishes. Using Eq. (6b), we can write 

i d i 
- Tz(k_) at Trb (o(k,t) P') - z Trb(o~,t)~'). (BZ) 

(Tz ~)) 

'Thus Eq. (Bl) becc::mes 

::2 (Trb(oQ<,tl~')) + T~~) ~ (Trb(oQ<,tl~')) 

+ ~)2 Trb(o~,t) ~') 

-= -.;z Tr b (o (~ , t) [ (HE +-y) , [HE , ~ ~ ] ) 
(B3) 
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Evaluating the trace on the righthand side, multiplying by (Nhe/rn) 

and neglecting (l/T2 (~)) 2 compared ~ith n~) 2 gives Eq. (7). We find 

that (l/T2 ~)) 2 is about three orders of magnitude smaller than 

(n(k)) 2 for wavelengths in the 9·11 vm 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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APPE!\TIIX C: EQUATIQ'\S OF MOTIC?\ FOR THE DISTRIBUTION FUNCTIONS 

In this appendix we derive equations for the distribution func-

tions fh~) and fi~). M.iltiplying Eq. (6b) by (Nhe~'/rn) and taking 

the trace over bands gives 

i ~ ~c~J + i2c¥J JCk) = 

(Cl) 

Using Eq. (Cl) and neglecting (1/T2 (~)) canpared with w, Eq. (6a) can 

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

dfh (~. t) 
---a-1-= 

- r [R .. k' fh(k,t) - R k' hk f (k' ,t)] . 
ck ' -~-+c - - c .... c -

(C2) 

With b in the light-hole band, Eq. (6a) can be written as 

.., (C3) 
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Assuming ~~) and ~ have sinusoidal time dependence and averaging over 

many cycles, one gets the steady rate equations of Eq, (17), 
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APPE1'IDIX D: THE AUXILIARY FUNCTICNS F(k) AND G(k) - .. 
In this appendix we describe our treatment of the auxiliary func

tions F~) and G~). From the definition of these functions, we see 

that when the phonon scattering matrix elements are approximated 

as independent of the scattering angle, F~) depends on 11i~), 

and G(k) depends on E.e,~). Using the definitions of F~) and G(k) 

and Eqs. (17) for the distribution functions, F~~)) is seen to 

be detennined by 

F(Eri(~)) =~(-~,~~Th~') + R1~'~~ T1~')) 

x[(±i:(~') - ~(!<')) + HEi,Qc'l) Th(!<') - G(E£0;''l) T£(!<'))] 

BC~') (Dl) 

and G(E.t ~)) is determined by a similar equation where ~) in the 

scattering rates is replaced by (1~). 'Ibe function G(~) describes 

the increased (fran 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). In addition Th~) is nn.ich greater than T 1 ~). Thus in Eq. 
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(Dl), we neglect T1 (!1 G(~) canpared with Th(~) F~). We have 

explicitly checked the self ~consistency of this approximation at the 

end of the calculation. 

Eq. (Dl) is an inhanogeneous, linear integral equation. Because 

of the energy conserving delta flUlctions in the phonon scattering 

rates, it reduces to algebraic equations relating FCJ1.i(k)) at dif

ferent values of 11iCk). The tenn proportional to Rtk'-thk FCEriQ5')), 
-however, is responsible for coupling the equation for FCE.ii~)) to those 

for all other values of 11i~'). (In the other tenns, the equation for 

FC:Eiif!5)) is only coupled to those for FCEriC~)~0) and F(fJi(k)-~0)). 
To overcome this difficulty, we approximate the first tenn on the 

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

by 

x B (k I) (f (k I) - f (k')) 1 
- h- i- (D2) 

where (fh ~') - f 1 ~')) 1 is the first approximation to (fh ~') ·f 1 ~')) ; 

that is, the first tenn in Eq. (20). Here X is a :function of <f'fw, T and 

I, but is assuned independent of EJi (k) • We detennine X by requiring 
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r B (k 1 
) ( fh (~ I ) - f n (k I ) ) = x r B (k ' ) ( f (k I ) - f (k ' ) ) 1 • (D3) 

k' - I. - k' - h - .t -

Since scattering to the light~hole band is Jiruch slower than scattering 

to the heavy-hole band (oKing to the small density of states in the 

light-hole band) 

1bus Eq. (D3) assures that the integral of the positive and negative 

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

x B (k I ) (.f (k ' ) - f (k , ) ) 1 
h - R. -

11ris is a series of inhomogeneous linear algebraic equations. We 

truncate the series for fnC~) > 400 meV. (F(~(~)) 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 detennine X 

from Eq. (D3) which reduces to 

(D4) 

(D5) 
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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 Eqs, (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 

where a1(1,w) is given by Eq. (34). 

(D6) 

(D7) 



-106-

REFERENCES 

1. A. F. Gibson, C. A. Rosito, C. A. Raffo, and M. F. Kimnitt, Appl. 

Phys. Lett. 21, 356 (1972). 

2. C. R. Phipps, Jr., and S. J. 1bornas, Opt, Lett • .!_, 93 (1977). 

3. R. L. Carlson, M. D. Montgomery, J. S. La.dish, and C. M. Lockhart, 

IEEE J. Quantum Electron. 13, 35D (1977). 

4. F. Keilmann, IEEE J. Quantum Electron. 12, 592 (1976). 

5. A. J. Alcock and A. C. Walker, Appl. Phys. Lett. 25, 299 (1974). 

6. B. J. Feldman and J. F. Figueira, Appl. Phys. Lett. 25, 301 (1974). 

7. A. F. Gibson, M. F. Kimni tt, and B. Norris, Appl. Phys. Lett. 24, 

306 (1974). 

8. M. Kawai and T. Miyakawa, Jap. J. of Appl. Phys. 1 to be published. 

9. M. Sargent III, Opt. Commun. 20, 298 (1977). 

10. V. L. Komolov, I. D. Yaroshetskii, and I. N. Yassievich, Fiz. Tekh. 

Poluprovodn. 11, 85 (1977) [Sov. Phys. Semicond. 11, 48 (1977)). 

11. E. 0. Kane, J. Phys. Chem. Solids 1, 82 (1956). 

12. W. Fawcett, Proc. Phys. Soc. 85, 931 (1965). 

13. H. B. Briggs and R. C. Fletcher, Phys. Rev. 91, 1342 (1953). 

14. A.H. Kahn, Phys. Rev. 97, 1647 (1955). 

15. w. Kaiser, R. J. C.Ollins, and H. Y. Fan, Phys. Rev. 91, 1342 (1953). 

16. R. BratmStein, J. Phys. Chem. Solids~' 280 (1959). 

17. A. J. Bishop and A. F. Gibson, Appl. Optics .!I, 2549 (1973). 



-107-

18. We neglect off-diagonal tenns that can appear in the nonlinear 

susceptibility tensor for polarized light, and we average over 

polarizations. 1bat is, we consider the case of 1D1polarized light. 

19. We average the vector potential over all angles. 

20. G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev. 98, 368 

(1955). 

21. J. C. Hensel and K. Suzuki, Phys. Rev. B9, 4219 (1974). 

22. P. Lawaetz, Phys. Rev. B4, 3460 (1971). 

23. E. Conwell, J. Phys. Chem. Solids!, 236 (1959). 

24. D. M. Brown and R. Bray, Phys. Rev. 127, 1593 (1962). 

25. J. D. Wiley, Solid State Comrm.m. !' 1865 (1970). 

26. H. Brooks, Advances in Electronics and Electron Physics (L. 

Marton, ed.), Vol, 7, p. 85. Academic Press, New York (1955). 

27. I. N. Yassievich, and I. D. Yaroshetskii, Fiz. Tekh. Poluprovodn. 

g_, 857 (1975). [Sov. Phys. Semicond. 9, 565 (1975)]. 

28. We use the first-order approximation discussed in Section III 

of this chapter. This approximation was shown to produce results 

for I within 15% of the more complete calculation. s 
29. See, for example, E. Bergmann, I. Bigio, B. Feldman, and R. Fisher, 

Opt. Lett. ~' 82 (1978). 

30. J. Wynne, Phys. Rev. 178, 1295 (1969). 

31. D. E. Watkins, C. R. Phipps, Jr., and S. J. 1bomas, Opt. Lett. 

2_, 248 (1980). 

32. See, for e~le, A. Abragam, 1be Principles of Nuclear Magnetism 

(Oxford: Clarendon Press, 1961) p. 272££. 



• . 

-108-

CHAPTER 3 
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I , I:t\'TRODUCTION 

There is active theoretical and experimental interest in saturable 

absorbers in the 9-11 ~m region due to their practical use in co2 
laser systems (l-4). The attempts have been to find a material ~~th 

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 sane distinct advantages over gaseous saturable absorbers, such as 

a picosecond recovery time and a broadband perfonnance under saturation 

conditions. Most experimental studies on saturable absorption in p

type semiconductors have used samples of p-Ge (4-618). These measure

ments indicate that p-Ge satisfies the above criteria over the co2 

laser spectn.mi; however, other materials should also exhibit similar 

behavior and may be more pranising 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: 

a(I,w) "" 

-J1 

a (w) 
0 

+ I/I (w) s 
' (1) 
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"''here a
0

(w) is the absorption coefficient at low intensity, and I (w) ' s 

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 CCJTipared to the photon energy of the C02 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 sattrration behavior 

of materials with spin-orbit splittings large CCl'llpared 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, AlSb, InAs, and 

Al.As. Results for p-Ge have been presented in Oiapter 2. The daninant 

absorption mechanism in each material is asslllled 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 C7)_ 

The absorption due to this mechanism has been shown to saturate at 

high light intensities for p-Ge (4-618). Other absorption processes 

at rOCJ'Jl temperature include lattice absorption, the photoionization 
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of impurities, and indirect free·carri~r transitions, Absorption 

due to these mechanisms is significantly smaller than direct 

free-hole absorption for p·Ge C9), p-GaAs(lO), p~GaSb(ll), p·A1Sb(l2) 

and p-InAs (l3) IA.le to the strong similiarities of AlAs with the 

other materials considered, we consider the absorption in p~AlAs at 

9-11 µrn to also be detennined 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 calculaticnal approach to tmder· 

stand the saturation behavior of materials with small spin-orbit split

tings, in Sec. VI we present the results for these materials with small 

~. and in Sec. VII we sunmarize our conclusions. 

1he absorption of light by direct intervalence-band transitions 

in a voltm1e element of k-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. 1hus only holes in a 

narrow region of the 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 ftmction 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 infonnation for this material, A 

detailed calculation is presented for p .. GaA..s; later in this chapter, 

the theory is modified to analyze the saturation characteristics of 

several other p-type semiconductors, 

II. RESULTS AND DISCUSSION FOR p ... GaAs 

~e use the cyclotron resonance parameters of Lawaetz Cl4) to 

detennine the GaAs valence band structure. (We neglect the small tenns 

linear in k which appear in the ~·E perturbation theory for zinc

blende crystals.) Hole-phonon scattering is described as in Ge; 

E
8
c is taken to be 3.6 eV (l5) and E

0
p to be 6.5 eV (l5). The input 

parameters that we use for GaAs are not as accurately known as those 

for Ge. 

C:Ur calculations of the intensity dependence of the absorption 

coefficient give a result. that is numerically close to the inhorno-

geneously broadened two-level model result of Eq. (1). In Fig. (1), 

we canpare 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 inhornogeneously broadened two-level model result canes fran 

the second tenn in Eq. (20) of Chapter 2. 

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

function of photon energy at roam temperature. The theoretical results 

are detennined 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 MW/an2, 

The results for I (w) are qualitatively similar to those for Ge 
s 

except that I
5

(w) is tmifonnly larger in Ga~s than in Ge. The values 

of Is(w) are larger in Ga.\.s than in Ge primarily because the hole-

phonon scattering times are shorter in Ga.\.s. The scattering times 

are shorter in GaAs because the heavy-hole effective mass is larger 

in Ga.\.s, and as a result the density of final scattering states is 

larger in Ga.\.s. 

Saturation of intervalence-band absorption in p·GaAs has been 

observed in one experiment in p-GaA.s (l6). A saturation intensity 
2 

of I
5 

= 20±5 MK/an at A = 10.6 lJ11l and roan temperature was reported. 

However, these measurements were perfonned over a relatively small 

range of incident intensities and were interpreted in tenns of a 

hanogeneously (rather than an i.nhcrnogeneously) broadened two-level 

model. If the results had been interpreted in tenns of the inhomo

geneously broadened two-level model (which we believe would have been 

more correct), a smaller value of I
5 

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 1Jffi in 

p-GaAs. As for Ge, I is an increasing function of temperature mdng s 

to the increased phonon scattering rates at higher temperature. 
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Figure 1. Calculated absorption coefficient normqlized to its low 

intensity value as a ft.mction of intensity for p·Gal\s, The calcula

tions were perfonned for A = 10,6 µm and T = 295°K. The inhCJno· 

geneously broadened two-level model result with I = 22 ~/cn2 is also s 

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

energy for p-GaAs at 295°K, 



>
I-
U5 >-
z (.!) ~ 
w a:: 0 

I- w l[) 

z z O'> 
-WN 
z II 

0 z 1-_ o 
~I- V) 

c:: 0 <:r 
::> :::c 0 
~ a.. (.!) 

<l: Cf) I 
CJ) > a.. 

0 

-117-

0 
C\J 

> Q) 

oE 
t()-

->
(.9 
0:: 
w 
z 
w 
z 
0 

o~ 
NO _I 

CL 

0 



-118-

Figure 3. Calculated saturation intensity as a ftm.ction of temperature 

for p-Gai\s and light with a wavelength of 10.6 inn. 
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Ill. CALCULA.TIONAL APPROAGf FOR MATERIAI.S l\TTH L\RGE SPIN-CRBIT 

SPLITIINGS 

We are not aware of any experimental measurements for p·type 

GaSb, AlSb, AlAs, or Iru\s; however, due to the similarities with p-Ge 

and p-Ga.As, we also expect the absorption in these materials to saturate. 

In order to limit the nunerical 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 ~nich 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-GaA.s. In this approximation (discussed in 

Sec. III of Chapter 2), we find that the absorption coefficient as 

a function of intensity is given by: 

47T2 
a(I,w) = ----

./£ m2
wc 

co 

(k)3 J 
O(k)=w 

dS 

(4) 

where all symbols have previously been defined in Eqs. (6c}, (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 

daninant scattering mechanism. Following the results of Wiley and 

DiDanenico (l7), we asstnne 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. 1be defonnation potential parameters are chosen 

so that the temperature dependence of the mobility agrees with the 

experimental results (l7-lB). Follo~ing 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. 

1be total mobility is given by 

(5) 

where ~(N~) is the density of holes in the heavy- (light-) hole band. 

Following Conwell Cl9), the scattering rates for acoustical and non

polar optical phonon scattering p.re given by~ 

and 

where 

1 -= 
T ac 

2~(~)3/2(kBT)3/2 x 1/2 C 

. 'ITfi 

-
1 ____ 1 {C [ (l + e )~ + ee/T (1 - e )12]} 

kBT kBT 

C = E 
2
/ u2 

ac P 

' 

(6) 

(7) 

(Sa) 

(Sb) 
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C • 1/2 n(e/T) (ee/T - 1)-1 
t (Sc) 

and 

(Sd) 

Here Eac and Eop are the defonnation 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 ..A ( 3/2) * 5/2 -1 ,, = 2 ~ e'h. r+r ((m. /m) t) S(e n T) T- 312 
,.. 5/2 3/2 3/2 n · o ' ' 

3m
0 

kB l+r 
(9) 

where 

* * T = lT\i/mR, , (lOa) 

and 

S(e,n,T) (!Ob) 

In Table I we list the parameters used in calailating the hole 

scattering rates for the materials considered. In calailating the 

scattering rates, we follow Ref. (17) and assume n .. 4 in all the 

materials. By fitting the magnitude of l.I at T = 300°K, we obtain ~ 
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as given in Table I, The avera.ge effective masses used j.n detennining 

~ are given in the table. Using the parameters detennined fran the 

fits of the tanperature dependence of the mobility, we detennine the 

hole~phonon scattering rate. 

IV. RESULTS A"t\TI DISaJSSION FOR MATERIALS WIIB LA.RGE SPIN-ORBIT SPLITTINGS 

The calculated values of the saturation intensity at room tempera

ture and a photon energy of 117 meV (A=l0,6 ian) for the materials con

sidered are given in Table II, We find that the dependence of I on s 
tanperature and incident photon energy are qualitatively similar to 

those for Ge and GaAs. This smooth behavior of I near roClTI temperature s 
and over the co2 laser spectnmi allows one to characterize the 

saturation behavior by Is (at E
0 

= 117 meV and T
0 

= 295°K) and the 

slopes car /cE)IE and (a! /aT)lr. Values of the derivative of Is 
s 0 s 0 

with respect to photon energy and temperature are given in Table II. 

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

Fran Table II, we note a large variation of the saturation 

intensity for the materials. This large variation of the saturation 

intensity I is due to two factors: (1) the defonnation potential s 
parameters and (2) the valence band stn.ictures. We discuss the effect 

on the calculation of I on each of the two factors separately. s 

Using Eq. (~} to detennine l/Tac' we note that large values of 

(~) 312t (see Table I) indicate that the coupling of the free holes to 
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TABLE I, Parameters used in detenninins the hole-phonon scattering 

rates, 
anz 

[V-sec] 

The hole mobility is given at room tenperature in units of 
.,r2 . 2 re\ ~an-sec J Values of ~ are given in mri ts of L gm All 

symbols are defined in the text. 

e1 c°K) • • t(xlO-ll) ~~
12

tcxio" 11 J MateTial ·'\/mo 11.t/~ IJ 

GaSb 347 a 0.49 b 0.046 b 1400 c 0.94 0.32 

Al.As 578 8 0. 76 b 0.15 b 200 d 3.08 2.04 

AlSb 480 a 0.94 b 0.14 b 420 c 0.74 0.67 

lnt\s 350 a 0.60 b 0.027 b 460 c l.64 D.76 

a. l'i. RichteT, SpTinrr Tracts in Modern Physics 78, Solid-State Phy.sics, 
ed. by G. K:iEler Spnnger-\:erlag, Berlin 1976). p. 174. 

b. P. Lawaetz, Phys. Re\•. !i· 3460 (19il). 

c. HellmJt F. Wolf. Semiconductors (Perganx:m Press, Oxford. mg land, 1971). 

d. J. D. Wiley, Serr.icondu:tors and Ser.imetals, ed. byR. K. Willardson and 
A. C. Beer (ACader..ic Press, Ne;; York, 197 5), 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/T8 also indicates a large value of 1/T (Eq. (7)) since c op 
l/T

0
p ~ l/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 canparison of the mobility data at roan 

temperature with I
5 

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 Is for cases when the heavy- and light-hole band are 

more split apart in energy for a fixed wavevector ~· 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 in~rease in the scattering rates with increasing hole energies is 

clear from F.qs. (6) and (7). 

1be effect of the heavy- and light-hole bands on the saturation 
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characteristics is most easily analrzed 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 (l/rnt - l/mh). 

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/mi ~ 1/11\i), 

both of which contribute to low values of I • Cb the other hand, AlAs s 
* * has low hole mobility and a low value of (1/rn£ - 1/m ), both of ~tiich 

contribute to high values of I
5

• 

The predicted results indicate that the saturation characteristics 

vary considerably between the different materials considered. .Depending 

on the intended applicatipn 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 cira.ml

stances for the materials examined. we-consider temperatures of the 

saturable absorber to be about roan temperature. The assumption that 

direct intervalence-band hole transitions daninate the absorption pro:::-

:ess puts a lower limit on the free-hole concentrations, And the 
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assunption that hole-impurity and hole'Phole scattering ra.tes fire 

small canpared 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 can

parable to hole-phonon scattering can be calculated using the theory 

presented in Chapter 2. 

The calailations 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 Is for these other materials. 

However, the qualitative.dependence of the calculated values of Is 

on material parameters should be valid. 

I 

V. CALClJLATIO\AL APPROAOi FOR MATERIALS \'H1H 9{AJ..L SPIN-ORBIT SPLmINGS 

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 µm region, which corresponds 
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to the co2 l~ser spect1:u111\ 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 111 .. v semiconductors for which the spin~rbit splitting 

was large CC111pared 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 nrust generalize the theory to include 

transitions fran the heavy-hole to light-hole band, the heavy-hole 

to spli t-.off band, and the light-hole to split -off band, Jn 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 l..lJJl 

region can be written as 

(11) 

where~ is the residual absorption due to phonons, °h+i(°h+s) is the 

absorption coefficient due to direct heavy-hole to light-hole (split

off) band transitions, and a1~5 is the absorption coefficient due to 

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 µm 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 µm, 1be 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 tenn. In this section, we analyze 

the saturable absorption due to the direct intenralence~band 

transitions. 

In Section IV of this chapter we have given an expression to detennine 

the decrease in the absorption coefficient ~~th increasing intensity 

when only the heavy-hole and light-hole bands were involved in the 

optical transition. Analogous expressions can be ~Titten for direct 

transitions between the heavy-hole and split-off bands and between 

the light~hole and split-off bands. In order to numerically integrate 

the expressions for o:h+i' ~sand o:i~s' we must cala.ilate the steady

state distribution functions in each band as a :function of intensity 

for each wavevector ~· If we assume that the three direct optical 

transitions are uncoupl.ed, then the absorption due to each resonant 

transition can be independently analyzed. That is, we can detennine 

the saturation characteristics for °h+t• °h+s and o:i~s independently 

using Eq. (4) for °b+t and the analogous expressions for °h+s and 

o:i~s· Here, we assume that the modification in the distribution 

function of free-holes due to one particular resonant transition 

between two valence bands in k-space does not strongly affect the -
distribution of free-holes in the resonant regions for the other 

transitions. 1bis assumption is made in order to limit the numerical 

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 bec(l!\es ava,ilable to justify the 

additional canplexity in the calrulation~ We present the calrula-

tion to qualitatively characterize the saturation behavior of these 

materials and detennine if the saturation properties are of sufficient 

interest to warrant additional experimental investigation, 1be method 

used for detennining the momentum matrix elements 1Eht~)l 2 ~ IIJ.i5 (~)1 2 , 
and IEis(~) 12 is described by Kane (ZO). 1he one-hole energies are 

determined by degenerate k•p perturbation theory (ZO). 
":"-' -

1be dominant scattering mechanism is hole~phonon scattering for 

the hole densities we consider. Using the results of Section (III) 

of the chapter, we choose the deformation potential parameters so that 

the temperature dependence of the mobility agrees ~~th the experimental 

results. 1be values of ~ defined in Eq. (Sa) for the materials 

considered are given in Table III. 1be values are obtained by assuming 

n=4 and fitting the magnitude of the mobility at room temperature (l7)_ 

Given the values for the defonnation potential parameters, we can ~Tite 

expressions for the scattering rates for acoustical and non-polar optical 

phonon scattering following Conwell (l9). For the case of lightly 

doped material near roan 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 (III) of Chapter 2. 
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VI. RESULTS AND DISaJSSION FOR .t>~TER.IALS WI1H S-t-\LL SPJ:f\.,..QJUHT 

SPLJTIH\GS 

We numerically integrate the expressions for ~£' °h+s• and 

at~s' and find that the intensity dependence of the absorption due 

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

f onn 

aoi 
ai (I) = -;:::=====;;:;-

. /1 + I/ CI ) . v s 1 

(121 

where a . is the low-intensity absorption coefficient and (I). is the 
01 s 1 

saturation intensity of the ith intervalence-band transition, Values 

of (I5
)h£' (Is)hs' and (Is)is at A=9,6 um and T = 295 K are given in 

Table IV for the materials considered, 

Most measurements o.f the saturable absorption in p-type semicon

ductors are interpreted in tenns of an inhomogeneously broadened two-

level model in which the reduction in the absorption coefficient is 

given by Eq. (1) of this chapter, 1be absorption coefficient fran the 

sum of the three intervalence-band processes can be reasonably well 

approximated by Eq. (1) for intensities in the range in which most 
2 

saturable absorption experiments have been perfonned (I ~ 100 Mh'/an ) • 

For intensities low enough that the square roots in Eqs, (1) and (12) 

can be power series expanded, one has 
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1 1 ao. 
r= a- ~ITT. 

s 0 J s J 
(13) 

The values of a ./a for each of the three resonant transitions are 
OJ 0 

listed in Table V. We have taken I to fit the result for the sum s 

of the three processes for intensities up to 100 MK/cn2• We find 

the saturation intensity to have a smooth behavior near roan tempera-

ture and A=9.6 \JlII (E
0 

= 129,8 meV}. This allows one to describe the 

saturation near room tanperature and near E by giving the values of 
o al 

Is (at E
0 

= 129.8 meV and T = 295 K} and the slopes W and 
Eo 

a1 s 
i3T T 

0 

i3Is 
The values of Is, i3E E 

0 

Clls 
and ar- are given in Table IV. 

To 

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 !kl. As a result the resonant optical transitions 

oco.ir at larger values of lk!. As discussed in Chapter 2, this leads 

to larger scatteri:iir, 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 o.:J for transitions between the heavy .. and light-

hole bands, the heavy- and split-off bands, and the light- and split

of f bands. All values are given for a photon energy of 129. 8 meV 

(A=9.6 i.nn) and room temperature conditions. 

(ao)h-+t (ao)h-+s (ao)t+s 
Material ao ao 00 

Si 0.37 0.39 0.24 

InP 8 0.39 0.61 

GaP 0.14 0.58 0.28 

AlP 0. 71 0.19 0.10 

a) The~ transition in InP is not energetically allowed for this photon energy. 
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VI I. fil!INARY AND CONCLUSIONS 

We have presented a theory describing the saturation of several 

p-type semiconductors with spin·orbit splittings large canpared to 

the incident photon energy (such as Ge), The functional fonn 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 defonnation 

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 (lfmR. • l/mhl. 

The theory was mod~f ied 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 6 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 ~ due to their smaller longitudinal optical 

phonon energy, which is desirable, 
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I. INTRODUCTIO~ 

At roan temperature, the absorption spectl1.ll1l of p-Ge in the wave

length region of 2-25 µm is detennined by direct intervalence-band 

transitions (l). For light ~~th a wavelength between 5 and 25 µm, 

the daninant transition occurs between the heavy- and light-hole bands, 

for wavelengths between 4 and 5 µm the daninant transition occurs 

between the light- and split-off hole bands; and for wavelengths 

between 2 and 4 µm the daninant transition occurs between the heavy

and split-off hole bands. For sufficiently high intensities, the heavy-

to light-hole transitions have been sho~n to saturate due to a 

depletion of the population of holes in the Tesonant region of the 

heavy-hole band (Z- 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 wave.length 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 ccmnon initial states in the heavy-hole band (Fig. 1). 

Those features have been experimentally observed in p~Ge by Keilrnann 

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 µm and the probe 

was tuned in wavelength near 3 µm. In this chapter, we present a 
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Figure 1. Valence band stn.icture of Ge fork in the [100] direction. 

The solid arrow shows the direct hole transitions between the heavy

and light-hole bands induced by light with a wavelength of 10 imi. 

The dotted arrow shows the direct hole transitions between the 

heavy- and split-off hole bands induced by light with a wavelength 

of 3 µm. For this spectral region of the p1.111p and probe beams, the 

direct intervalence-band transitions are coupled due to a sharing 

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

the presence of the 10 µm pl..Dilp in p-Ge, 

II. IBEORETICAL DESCRIPTION 

We consider single quantum transitions between the heavy· and 

light-hole bands due to the ptmip laser and between the heavy- and 

split-off hole bands due to the probe, lbe absorption coefficient 

of the probe is given by 

2 ~e2 

== 
4
n r [ f (k) -f (k)] IP (k) I 2 

'- 2 ~ k h - s - -hs -
YEJ11 w2c -

(1) 

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

~ is the density of holes, I is the intensity of the pump, 'fiw2 is 

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

f.(k) is the probability that a hole state with wavevector k is occupied 
l - -

in band i, ~s (k) is the angular frequency associated with the energy 

difference [Eh~) - E5 (~)] where Ei(~) is the one-hole energy for a 

state with wavevector ~ in band i, and I ~hs ~) 12 is the squared manentum 

matrix element between the Bloch states in the heavy- and split-off 

hole bands (sunmed over the two degenerate states in each band). Here, 
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[T 2 (~) ]hs is defined by 

(2) 

where Rak+bk' is the rate at which a hole in band a with wavevector 

k is scattered into a state in band b ~ith wavevector k'~ - ~ 

The dependence of the absorption coefficient on the intensity of 

the pump laser occurs through the distribution fl.D'lction in the heavy

hole band, fh(~). 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 ftmction of the intensity of the punp in the 

manner of Chapter 2. 

The valence band structure of Ge has been calculated by several 
. . . . d f (8·10) 111vest1gators to various egrees o accuracy • The more exact 

of these calculations is given by Fawcett (B) ~'here 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 C9), and that the splitpoff band is better approximated by a 

simpler calculation given by Dresselhaus, et al (lO). We calculate 

the dispersion curves for the heavy- and light-hole bands and the 
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manentllTl matrix elanents following Kane (~) The dispersion cunre 

for the split-off band was taken to be 

Ck) A Akz Dk4 [ . 46 2~ . 2 . 2 2 J ES = ~~ ~ . ~ S1n COS ~ Slil ¢ + Slil 6 COS 6 (3) 

where !::. is the spin-orbit splitting (~95 meVl. A is a cyclotron resonance 

parameter, e and ¢ are the polar and azimuthal angles (relative to a 

[100] axis), respectively, and Dis detennined by fitting to the results 

of Ref. (8) (ll). The angular dependence of the k4 tenn in Eq. (3) 

6 °4 is suggested by syrrunetry. The value of D used was SxlO meV·A , for 

the small k region of interest, the fit of Eq. (~) 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 (lZ) were used. 

For roan temperature conditions, the daninant scattering mechanism 

is phonon scattering for· hole concentrations less than about 3xlo15cm·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 

l.3xlo16an·3 (which corresponds to the experimental conditions in Ref. 

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

are treated as in Chapter 2. 
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III. RESULTS ,A;\'D DISQJSSION 

1be 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 ~~velength of 9.6 µm, All values of the absorption co

efficient at a given photon energy are given relative to the small

signal absorption a
0

(w2) at that energy. To indicate the dependence 

of the absorption of the probe on the intensity of the pt.nnp. we plot 

a(I)/a
0 

for I= 20,40,60, and 80 Uf/an2. 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/a
0 

are larger for more heavily doped 

samples. 'lb.is 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/a = .tn T/.tn T 
0 0 

(4) 

where T is the transmission ·with the ptmlp and T
0 

is the transmission 

without the punp, Because the intensities of the pump and probe beams 

change in space on a scale which is long canpared 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 µm. Curves are shown for pump in

tensities of 20, 40, 60 and 80 M~/on2 • The top figure illustrates 

the probe absorption for hole concentrations such that hole-hole and 

hole-impurity scattering can be neglected cCJnpared ~~th hole-phonon 

scattering. The bottom figure illustrates the probe absorption for 

a hole concentration of 1.3xlo16on-3• 
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of the beams and the carrier mean free paths 1 this rAtio can be ~'Titten 

as 

I I. (p) a2p in 
(5) 

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 a(I) 

(nonnalized to a
0 

~flich is separately calculated), If the experimental 

geanetry was accurately known, it would be straightforward to perfonn 

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) I a 
0 

account for the main qualitative features of the experimental results. 

The experiments of Ref. (6) were done at room temperature ~~th a 
16 -3 pump laser at ;\ = 9.6 µm and a sample with Nii = l.3x10 on • The 

intensity of the pump laser was estimated by the authors of Ref. (6) 

to vary between 80 MW/on2 and 7 M\\'/on2 as the beam passed through the 

absorbing sample. The punp was focused to a Gaussian spot size of 
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2w = 0,7 mm. The probe entered the SQJnple 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 co linear, 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 1 a dip in a/o.
0 

was observed. 

The dip was centered at a probe energy of 417 meV, the minimum value of 

0./o.
0 

was 0, 82 and the FWf-J-1 of the dip was about 130 meV, 

The calculated values of o.(I) predict the location of the satura-
ao 

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 allm;s a means to ttme the maximum transmission 

of the probe by controlling the wavelength of the pump laser. It has 

been previously noted that the band structure results of Ref, (8) 

could account for the position of the dip (l3). 

Canparing the magnitude of the calculated dip in a./a lo.'ith the 
0 

experimental results, we see that the ca101lated 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 l.mpumped 

regions of the sample in the experiment. 

The cal01lated value of the ~1H>l of the dip in a/a
0 

varies fran 

about 70 to 110 meV for intensities in the 20·80 MW/cn2 range. The 
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lineshape is non-Lorentzian (there is an inner dip in the curve) 

ov.·ing 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 R\'1-f.1 of about 130 

meV. The experimental lineshape is approximately Lorentzian, Sane 

of the discrepancy could be understood if the presence of the cal

culated irmer dip was not experimentally observed owing to the broad 

frequency settings Cl4) of the probe used in measuring 0./o • 
0 

In Ref. (6), it was suggested th.at a hanogeneous line~idth of 

about 80 meV for the heavy to split-off band transitions is required 

to account for the measured width of the dip in a/a • This large 
0 

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 

previous estimates (IS) (Theoretically, we find a value of about 

0.06 psec.) In our calculations the width of the dip in a/a
0 

results 

primarily fran band stiucture effects. Because of anisotropy in the 

band stiucture, the energy of the initial heavy-hole state resonant 

with the pump laser varies with the direction in ~-space fran about 

20 to 60 meV. The energy of the initial heavy-hole state resonant 

~ith the probe laser also varies with direction in ~-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 parti0.1lar direction in ~-space. Thus anisotropy broadens the dip 
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in a/a
0 

canpared 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 ~~th 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 ll3) 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 

III-V semiconductors, and the presence of laser-induced saturation dips 

should be measurable in many of these materials (as GaAs, AlSb, and 

InP). Such measurements provide useful infonnation 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, SU.NARY 

We have presented a theory describing the enh~ced transmission 

of a probe due to the presence of a saturating pump~ Detailed cal

culations for p-Ge with a p1.m1p laser wavelength of 9,6 µm 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 infonnation is required for 

a detailed quantitative canparison. 
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I. INTRODUCTION 

Experimental attempts have been made to understand the 

response of the hole distribution to a high intensity pt.nnp laser 

of fixed wavelength by measuring the transmission of a weak 

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

bands (l- 3)_ Here the specific features of the absorption lineshape 

of the probe beam gives infonnation on the distribution of hole 

states and fundamental relaxation constants. 1he 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~ (6=~+-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 pulsat~ons 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 m:xiel. 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 ~ 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 frequency w_ 
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is detl.med fran the p~ frequency "'+· The hole-burning contribution 

has a linev;idth as given by the homogeneous linewidth of the resonant 

transition, 1-'hereas 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 spectn.mi for the 

probe absorption coefficient as a function of the detuning fl. In 

this chapter we present a calculation of the composite lineshape of a 

weak tunable probe beam in p-Ge in the presence of a high-intensity 

p~ beam -with a wavelength of 10.6 lJTl. 

Theoretical disrussions of the absorption of the probe have been 

presented for atomic systems with an i.nhCJnOgeneous frequency dis-

tribution resulting from Ibppler broadening (4-6) Inhomogeneously 

broadened media which are not velocity-induced have also been con

sidered (?- 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 tlle initial- and final-hole states to fonn a 

contintnmt with the valence band stnicture detennined by second-order 

degenerate ~·r pernirbation theory. A theo~etical discussion of the 

probe absorption in p-Ge has also been presented; however, the 'treat

ment of tlle carrier relaxation is Scxne\l.fiat different from our calcu-
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lational approach (lO). CA.tr calculated results are in good agreement 

~1th the experimental measurements (3). 

1be chapter is organized in the follo~1ng 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 surrrnarize our conclusions. 

II. THEORETICAL APPROACH 

1be absorption of light in the 10 µm region by p-type germanium 

is detennined 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 io15-1016an- 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 

·pi.mrp beam to have a photon energy of fu+ and low-intensity probe 

beam to have a photon energy of fu _. The v~ctor potential describing the 

waves is written as 

(1) 

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 m:>st 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 detennined by 

~- Ck t) [ieA er n·Pbc(k)) ·c ,, ) ··c k ) uubb _ , _ + + be- - - ( 1 W + t- ,,_ + Z -1 w + t- + Z ) 
dt - - 2fi me 0hl~~ -o th(~) e 

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 obb(~,t) and the remaining tenns give 

the effect of the hole scattering. The off-diagonal elements are 

detennined by (for frequencies near the resonant frequency) 

Here, ii.'1 (k) is the angular frequency associated with the energy -
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difference (Eh(~) - £1 ~)) where ci(~) 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: 

(4) 

~'here o(O~,t) describes the one-hole density matrix subject to the 

high-intensity pump laser but with no probe laser, and o(l)(k,t) is the -
modification of o(k,t) due to the presence of the probe beam (to first 

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

to compute the hole distribution function with no probe laser present. 

For small probe intensities, we consider o(~,t) up to first-order in the 

field strength of the probe in our calculation of the probe absorption co

efficient. For values of ~- such that (A+ ~ A_) the calculational ap

proach must be modified to include the higher tenns in the perturbation. 

We now expand o(i)(k,t) for the heavy- and light-hole bands in a 

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

(Sa ) 

and 
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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 

region due to a forcing oscillation at the beat frequency b (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 fonn for the time dependence of ohR..(~,t) results from 

neglecting off-resonant ccmponents of the electromagnetic field which 

involve higher-order oscillations in the coupling of the two beams, 

su::h as the effect of second hanoonic or ·frequency addition type oscil

lations. The spatial Fourier expansion is introduced to accotmt for the 

spatial variation of the two fields with wavevectors k+ and k_. 

The zeroth order solution to a(~,t) (i.e., for A_= O) has pre-

viously been investigated in Chapter 2. For 

states in the resonant region, 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, 

, (6) 

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 

' (7) 

lffiere 

-ieA 
Y0C000)C~,t) =.,..,.._~+er n·P (k))(oe (k)-oe (k)) fl/Tz(~) - i(n(~)-w+)] 

2func ·b - -be - hh _ U., _ --~..-----~---
c fnC~)"iJ.Jf+11cr2 c~)) 2[1+I/£(~)J' 

( 8) 

and t(~) is defined by Eq. (35) of Chapter 2 (ll). 

Here, o~/~) [ 0:£ (~)] is defined to be the one-hole density matrix in 

thenna.1 equilibrium. The imaginary part of y6g&~, t) can be related to 

the absorption coefficient of the pump by perfonning the integration over 

all !-space. 

We now examine the solution of o(k,t) to first-order in the probe 

field strength. Using the calculated values of o(O)(~,t) above, we can 

use Eqs. (2), (3) and (5) to ~rrite expressions for o(l)(~,t), which can 

be related to the probe absorption coefficient (details in Appendix A). 

The tenn proportional to Re(=(~)) in Eq. (A7) describes the effect of 

the non-linear coupling of the pump and probe beams. Tiri.s contribution results 

from the response of the free-holes to the component in the hole distri

bution which oscillates at the beat frequency !::.. This modulation of 

the hole distribution leads a small amplitude IOC>dulation of the strong 
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Ptml> field and to the appearance of an additional signal at the frequency 

of the probe field, and consequently to the additional tenn in the probe 

absorption coefficient. For the beat frequency much less than l/Th(~) 

and l/T (k), the contribution due to the coupling of the pump and 
.£. .. 

probe is approximately equal to the contribution predicted from the hole-

buming model. As the beat frequency A is increased by de'b.ming so that 

A is comparable with the scattering rates for holes in the resonant 

region of the heavy- and light-hole bands, the contribution from this 

additional signal is decreased. And for A nuch 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 becornes 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 ptD'Tlp beam. The absorption coefficient of the probe would 

be detennined entirely from this tenn if one neglects the coupling of the 

two electranagnetic fields. Here, the intensity dependence is canpletely 

contained in the distribution functions ~ (~) and ~ (~) • This contri

bution is analogous to the hole-butning response of a Doppler broadened 

gaseous medium by a saturating beam. 

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

(f (k) - f (k)) for states in the resonant region for the p.llTq:> and probe 
h - R. -
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optical transitions. In the absence of the probe wave, the population 

difference is given by (~(~) - ~C!)). The distribution functions 

~ (~) and f~ (~) 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, 

[ -i (k+-k _) z-llt] 
>< e + c.c. ] 

(9 ) 

which yields a tenn in (fh(~) - £1 (!)) which oscillates at the beat 

frequency. The spatial dependence of the second tenn 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 (ag{ _ 1 (~) 

-a
0 
(l) (k)) to detennine the beat frequency oscillation of the popula-

A, 11-1 -

tion difference as a function of the frequencies of the pump and probe 

and the intensity of the PtD'llf>· 

1bere exists a d.c. component in (ohh(~) - 011 ~)) which is second

order in the probe field. The second-order d.c. component is given by 

the following system of equations: 

(2) ieA+ (2) (2). 
[l/Th C~)J°hoooC~) + ~C~c~·~bc)CYoooC~)-yoooC~)) 

* -ie ) ( (1) (k) (1) (k)) 
s liii2fi (~~·~be y-1-11 - -y-1-11 -

uoa) 
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, (lOb) 

and 

_ -ie • ) ( (1) (· _ (1) ) - ~c~c ~~be ~11-1 ~) aill-1(~) . (lOc) 

The d.c. population difference (for A~O) correct to second-order in 

the field strength of the probe is given by 

(12) 

'Ibis tenn 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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ca.fi~&o (~) - ai~6o (~)), lt.hlch produces a small change in the rate of 

energy absorption of the pt.mJp. 

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. 

III. RESULTS A'\D DISQJSSIO?'\ OF 1HE CALCULATION 

We calculate the lineshape for the absorption coefficient of the 

probe beam in the presence of a high-intensity pump laser by numerically 

integrating Eq. (A.7). We consider the case in 'hhich the pump laser is 

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 pt.mJp laser at 10.6 µm (flw = 117 meV), 

since experimental infonnation exists for this case; however, the 

theory presented can be applied for other pump and probe wavelengths. 

Using Eq. (A7) we calculate a(I)/a
0 

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 a
0 

at that energy. The calrulation was perfonned 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)/a are calru-o 
lated for several pump intensities. We find that the absorption coef-

ficient of the probe is further decreased as the pump intensity is 



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 

high-intensity laser at A'= 10.6 lJlil and a sample with~= 7.lx1015cn-3• 

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 ,Ml\'/an2 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

sity 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 magnitude of the absorption reduction at t:,, = 0 

be the same as the measur~ 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 gennanium (lZ-!4)Without accurate knowledge of the experi

mental beams, a detailed ccrnparison 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(l)/o:
0 

for JXl1llP intensities of 0.48 and 

2. 0 WV I an2• We find good agreement with the measured results. 
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Figure 1. Probe absorption versus photon energy of the probe in p-Ge 

for a J>l.DllP laser at 10.6 µm (117 meV) and room temperature 

conditions. The top line shows the calculated values of a(I) 

a(I)/a
0

· for a p.imp intensity of 0.48 Mri/an2 and the bottom 

line shows the calculated values for a pump intensity of 

2.0 t-tl/an2• 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 m:>st of the broadness in a(l)/a 
0 

where the width is detennined by the homogeneous linewidth of the tran-

sition. The shape of a(I)/a.
0 

from this tenn results fran convoluting 

the Lorentzian lineshape of the probe with the hole distribution in 

the heavy- and light-hole bands as mdified by the high-intensity 

pump. The other contribution is due to the nonlinear coupling of 

the ptmrp and probe fields as previously discussed. file to the coopling 

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 m:>dulator oscillates at the beat frequency of the two 

wves with a spatial variation detennined 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 fonned 

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

resulting from the two fields at w+ and w_ is given by 

I ~ I + I + 2~ cos(~t-(k -k )z+(¢ -¢ )) + - +- + - + -
(13) 

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

associated with the pwnp (probe) field. That is, there exists a tenn 
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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 

from nonlinear effects US- l 6 ) , we see that the index of refraction can 

be modulated with the same spatial and temporal 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 1/Th 

1/Ti' there exists a periodic variation in the index of refraction 

which can transfer same of the saturating wave into the probe or vice 

versa. For beat frequencies small compared to the reciprocal lifetimes 

of the initial and final hole states, energy is transferred from the 

pump to the probe and the absorption coefficient of the probe is reduced. 

And as !:. is increased so that it is nu.ich greater than 1/\ and l/TR., 

there is a small energy transfer 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 /t(k) Re(E(k))] 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=O. The calculated values are for intensities of 0.48 and 2.0 MV/c:m.2• 

The dependence of Re(2(k))/1(k) in Fig. (2) is contained in the k-depen-- - -
dence of the one-hole energies, m:xnent\ml matrix elements and hole scat-
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Figure 2. Variation of the factor (1-I+/t~) Re=) in ~-space for 

~ in the [111] and [100] directions and the pump and probe 

beams fixed at 10. 6 µm. The values of the factor 

are shm..n as a function of the energy separation 'fin(~) for 

states in the heavy- and light-hole bands. The dashed (solid) 

curve shows the calculated values for a pump intensity of 0.48 

M\li/an2 (2.0 M'\/an
2). 
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Figure 3. Variation of the factor (1 - I~/i(~) Re=) vs fin(~) for ~ in 

the [111] direction and a pump laser at 10.6 µm. The top 

figure is for ~= -4.56xlo1201t1 {fi.i = 120 meV) and the 

bottom figure is for !:J. = -9.1Ixlo12sec-l Cfui = 123 meV). 

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

of 0.48 (2.0) M'l'/an2• The calculated values are for T=300K. 
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tering rates. We imnediately note that the tenn describing the coupling 

of the pump and probe beams in a(I)/a
0 

depends on the particular direc

tion in ~-space due to the presence of anisotropy in the valence band. 

In Fig. (3) we show the results for [l - I+/£(k) Re(=:(k))] versus - -
the det1.ming A for ~ in the [111] direction. The top figure is for 

12 -1 A = 4. 56xl0 sec which corresponds to ii.J _ = 120 meV and the bottom 

figure is for A= -9.11.xl012sec-l which corresponds to 'flw_ = 123 rneV. 

Using Figs. (2) and (3), we see that for small detuning (A<< l/T2), 

the factor is less than tmi ty for all values of 1'ir2 ~) , and the probe 

absorption is reduced as compared to the hole-burning results. As 

the detuning is increased, the factor (1 - I+/.t~) Re =:] also increases 

and exceeds unity for sCJne values of M(~) as shown in Fig. (3). For 

example, from the bottom figure of Fig. (3) we see that for states 

·with ~1 (k) less than about fu , the probe absorption is increased as - -
compared to the hole-burning calculation, and for 'fin(~) greater than 

about fu _, the probe absorption is decreased as compared to the hole

burning calculation. 

The component in the difference of the one-hole OCO.Jpation 

probabilities for states in the heavy- and light-hole bands which 

oscillates at the beat frequency is described by the coefficients 

A_(~i-iC~) - aiii-l(~)). Using Eqs. (7),(8} and (10), we numerically 

calculate A.C~AB-1 - aiii_1) as a function of the detuning. Room temperature 
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[ 

(1) (1) j values of the real part of A_{°hll-l-aill-l) ,-:;-;;-
(0) (0) xV I+/I_ 

'11000-a:.woo 

are sh~'Il in Fig. (4) for a high-intensity laser with).= 10.6 µrn. The 

values are shown for pump intensities of I = 0.48 and 2.0 W:/an2 and beat 

frequencies of zero and -4.56 x lo12sec-l ~- = 120 meV). We note 

that the magnitude of the pulsation increases with increasing intensity. 

In addition, we see that the magnitude of the pulsation is a maxi.nun 

for zero beat frequency and decreases as the ptmip and probe are de

tuned. For zero beat frequency, values of the real part of 

c~i-1 -afiL1) are peaked at tinc~J = 111 mev and have a Lorentzian 

shape for states with 1i<t (k) in the resonant region. As the ptmip and 

probe are detuned, the structure of Re(~ii-l - aiii-l) vs 'fl.Q(~) 
becomes more canplicated as shown in the bottom figure of Fig. (4) 

with two peaks located at approximately 1in(~) = fu+ and fin(~) = ru_. 

We have so far considered the effect of the high-intensity pt.mip 

laser on the absorption coefficient of the probe. In addition, there 

exists a d.c. component in (fh(~) - £1 (~)) which is second-order in 

the field amplitude of the probe laser as shown in F.qs. (11) and (12). 

The first teTITI on the right-hand side of F.q. (11) gives the effect 

of the probe field on the absorption coefficient of the p..mip laser. 

lt is smaller than the zeroth order tenn by approximately I_/I+. 

For (I_ << I+) the teTITI has a negligible effect on the measured absorption 

coefficient of the ptmlp; however, the tenn does account for a small change 
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Figure 4. Room temperature values of Re Co) l-1o)ill-l x/I+/I_ t
-A ~ -c/l) ) J 
°hooo-atooo 

versus 'fl.11(k) for k in the [111] direction and a p.nnp laser at - -
10.6 µm. The top figure shows the factor for ~ = 0 and 

the bottom figure for~= -4.56xlo12sec-1• The dashed 

(solid) rurve in each figure is for a pwnp intensity of 

0.48 (2.0) Mlf/an2• 
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in the energy absorbed by the medium from the pump field. The second 

tenn on the right-hand side of Eq. (11) is proportional to the energy 

absorbed by the probe beam. F.q. (11) is an energy balance equation which 

states that an increase in the transmission of the probe beam occurs at 

the expense of the ptm1p beam or vice versa. 

IV. ~Mt\RY AND CONCTlJSIONS 

-We have presented a theory describing the absorption lineshape of 

a low-intensity probe laser lfilich is tuned in the vicinity of a high

intensi ty pump laser at a fixed frequency. Values of the probe absorption 

coefficient are calculated at room temperature for a punp laser with a 

wavelength of 10.6 µm. 'We find that the absorption coefficient of the 

probe is modified by the high intensity pump lrrhl.ch saturates the resonant 

transitions. 1be 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 lfilich 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 canj,ared with 

the experimental measurements aJX1 good agreement is found. The theory 

presented can be applied to other wavelengths of the pump and probe 

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

conductors with a valence band structure similar to that of Ge. 
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APPB-.'DIX A: E(XJATION FOR PROBE ABSORPTION OOEFFICIB\'f 

The current density owing to the intervalence-band transitions 

induced by the probe is given by (where J = 1: J(k)) 
- k - -

= ~e e-i(w_t-k_z) p (k) [A ~(1) (k)] + cc. 
m -hi - - ·'-1-1 1 - (Al) 

The power gained by the probe fran states with wavevector !£ is given 

by the time average 

dJ ~e 
- 1- <A n· .;;(k)> = - Bn I Im(y(l) (k)) 
w_c -- ut - m:.u_ r:-- 2 - -1-1 l -

1'£ w_ ' 

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

we find r~i~11 (~) to be determined by the following set of algebraic 

equations 'Which ar~ first-order in the probe field strength. 

(i\3 ) 

(A4 ) 
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CA6 J 

Using Eqs.(A3-A6), we solve for Im(y~i~11 (~)) in tenns 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 performing the integration 

over all ~-space) 

' 

1 1 
11 7TT2(k) 

- 2 er ln·P I ) 
(O(k)-w ) 2+ (! (k)) 2 be - -be 

- - Tz -

(A7) 

where I+ is the light intensity of the pump laser. Here, ~(~) and 

~(~) are the one-hole distribution functions in the heavy- and light

hole bands in the presence of the high-intensity pwnp laser. In addition, 

we have defined the auxiliary functions 

(AB) 
• 
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and 

Re(~(k)) c A(B+C) + E(D+F) 
- (B+C)Z + (D+F) 2 

(As) 

~'here we have defined 

, (All) 

, (Al2) 

2bT2 [-1 + (n-w+ -A)(n-w++b)(T2) 2] 
D(k) = ------------~-. 

- [1 + (n-w.-A)(n-w++A)(T2) 2] 2+[2AT2)2 , (Al3) 

E(k) = -ATz - 2(n-w.+A) T2 

l+(n-w.) 2(T2)2 l+(n-w.+A) 2cr2)2 , 
(Al4) 

and 

F(k) • -
ZA(Th +TR, ) [ 2 2 1 ~ _ _.;;.;;., ___ 2--2..-. (l/Th +l/T.t ) + 2(A - T T ) . (AlS) 
(1/Th +l/T1 ) +(2A) h .t 

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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1 , n.:rn.ooocn Gt\ 

The absorption of light in the 10 lJJll region by p .. type gennanium 

is detennined by direct intervalence-band transitions in ~~ich a free 

hole in the heaYy-hole band absoros a photon and is excited to the 

light~hole band (l), 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 daninant change in the distribution function is 

an increase in the average energy of occupied states in this band. For 

tenperatures and doping levels for which phonon scattering dominates 

the mClllentu:m relaxation, the conductivity decreases upon illumination 

because the rate of phonon scattering increases lr.ith increasing hole 

energy. For lower temperatures or higher doping levels where ionized 

impurity scattering daninates the manentun relaxation, the conductivity 

increases with illumination because ionized impurity scattering de

creases lr.ith increasing hole energy. These photoconductive effects 

have been observed experimentally (i-71 and have been shO\\~ to 

·influence the perfonnance of p-Ge photon drag detectors (B-lO). In 

this chapter we present a cal01lation of the photoconductive response 

of p-Ge upon ill1..1nination by 10,6 µm 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 (6,71, 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 k•p perturbation theory. We - ... 
calculate the hole distribution as a :ftmction of the laser intensity 

in both the linear and nonlinear regimes, Using the calculated hole 

distribution, we detennine the photoconductive response. We find 

reasonable agreement with experimental results, 1here are no adjustable 

parameters in the theory. 

1he paper is organized in the follo~~ng 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 sumnarize our conclusions. 

II. 1HEORETICAL CALCULATION 

1he 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 equilibrillll the oc01pied 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 punped by a co2 laser. Since 

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 b?J)ds need to be considered, 

The d,c. current density owing to free··holes is given by 

(1) 

where ~ is the density of holes, b labels the band index, ~ is the 

wavevector, fb~) is the one~hole distribution function and ~bk is 

the group velocity of the carrier with wavevector k in band b • ... 
In order to calculate the current density and thus determine 

the conductivity, it is necessary to find the distribution fl.mction 

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 determined by solving the follo~~ng equations (ll) 

(see Eqs. 17a and 17b of Chapter 2). 

e~Hfh~)-£1 ~)) + ~ ~-vk £h~)., -~,r~-+C~' fh~) - R~,~ fc~')J 

(2aJ. 

and 

(2b) 

where B~) is given by Eq. (17c) of Oiapter 2. The tenn proportional 

to e in Eqs. (2a) and (2b) describes the change in the distribution due . 
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to optical excitation? the teITil proportional to E describes the 

acceleration of the holes by the electric field and the tenns propor· 

tional to R describe the scattering of the holes. The one-hole 

energies and manentun matrix elements are detennined by 

degenerate ~·p perturbation theory (l2), The cyclotron resonance 

parameters of Ref. (13) are used in the calculation. The hole scat-

tering rates are treated in the manner of Chapter z. 
In small d.c, electric fields, the distribution of carriers 

can be described by the sum of a small drift tenn and the distribution 

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

we write 

' (3) 

where f~(~) is the distribution function subject to the high-intensity 

laser but with no external electric field, and gb~) is the modifica

tion of fb(~) due to the presence of the electric field. Here, it is 

assumed that gb ~) << ~ ('!:). The function f~ ~) is ccmputed as in 

Chapter 2. Using Eq. (3), we write Eqs, (2) to first order in the 

electric field 

(4a) 
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and 

(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~) due to collisions 

can be approximated by 

and a similar ~xpression for the effect of collisions on gi~). 

(5) 

Here, Th~) [1i~)] is the manentllT! relaxation time due to scattering 

of holes with wavevector ~in the heavy- [light-] hole band by phonons 

and ionized impurities 0.4). 

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

expressions for gb ~) in tenns of the ftmctions ~ ~), Taking the 

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

(6a) 

• 
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and 

(6b) 

Since vb(k) = ·vb(-k) and ~(k) = ~(_-kl, we can write 
~ - ~ ~ ~ ~ 

(7) 

Integrating Eq. (_7) by parts the conductivity is given by 

The factor 

+ l) 
(.9) 
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~ppearing in the hea\-r~hole bpnd contribution to the conductivity and 

the analogous factor z1 present sane ntl!lerica.1 difficulties owing 

to the peaked nature of the tenns involved, This factor differs 

significantly fran llllity only if S1h ~ l (lS)• We note that Bis 

sharply peaked in the resonant 'J'egion of the optical transition and 

negligibly small outside of this region, lbus we need only evaluate 

at° /akz in the vicinity of the resonant region. At low light inten

sities where saturation of the optical transitions does not occur 

(I ::_ 1 MK/cn
2
). fhh is small canpared to llllity even in the resonant 

region, and ~ is essentially one, At high intensities 1'.il.ere satura

tion does occur, ~ differs fr an tmi ty in the resonant region. However, 

for the range of intensities considered in this paper (I~ 10 MK/cn2), 

this difference still does not make a large contribution to the integral 

in Eq. (8) because of limited range over which it ocrurs, 

To estimate the value of ~, we only need to knO\o.' the distri

bution :ft.mction in the resonant region. We have fotmd in Chapter 2 

that these :ft.mctions can be reasonably approximated by a simple 

analytical f onn for states in the resonant region, 

~ ..e B(k) ~(~h(k) - ~(k)) 
J:, (k) :: J:. (k) - - - -
h - h - l + B (k) ~p + T ) 

- h t 

, (lOa) 

and 

(lOb) 
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~'here ~C!) is the equilibrium distributionr 

1 = ! R 
t 1 ~) bk' tk-+bk' 

and T~p is defined for the heavy~hole band analogous to Eq. (11) 

except that only optical phonon scattering is included, 

(11) 

In the resonant region, the distribution fl.mctions in Eqs, (JOa} 

and (lOb) have a peaked structure 0\\-ing to the Lorentzian factor 

contained in B. Taking the other factors in Eqs,(10) to be slowly 

varying in the resonant region, we approx:imate 

(12) 

With this approximation we 

' 
(13) 

and thus a simple analytical expression for 211, To calculate the 

conductivity we must also evaluate the derivative of 211 ~ith 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 S 

to occur primarily through the Lorentzian factor which depends on n(~); 

that is, we approximate 
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(14) 

With this approximation~ we have 

(n-w) 
(15) 

We treat the factor z1 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 n~) crosses w, As a result this tenn tends to cancel in the 

~-space integration. The inclusion of the tenns containing a2t/akz and 

azR,/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. 

III. RESULTS OF bo(I) 

We canpute the conductivity due to free holes by ntlilerically 

integrating Eq. (8). For very lightly doped (near intrinsic) samples, 

we also include a tenn 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 (l6) 
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In Fig, (_l) we shO\\· the c~lculated results £or (_...tio(oll vs !\ 
in the 10\\' intensity regime where !so is proportional to I~ The cal

culation was done for rOCJn temperature Ge illuninated by ). = 10,6 µm 

light. The conductivity has decreased upon illllilination, The 

primary effect of illuminati01 on the hole distribution is to in

crease the population of high energy holes in the heavy-hole band, 

At roCJTI 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 ~~th illumination, For hole densities between about 1014 -

4xlo15on-3, (-bo/ol) is essentially independent of~, In this 

region hole-impurity scattering makes a negligible contribution to 

the scattering rates. For hole densities greater than about 

4xlo15cn-3, (-bo/ol) decreases with increasing~· 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 distributia:i 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 equilibriun distribution. For hole densities less than 
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Figure 1~ Values of (~~l vs the hole concentration in p~Ge for co2 

laser excitation at 10,6 µm, room temperature and low light intensi

ties. The calculated values of C~) are shown by the solid curve. 

lhe experimental data are taken from: x Ref. (4), ~Ref, (5), 

•Ref. (6), •Ref. (7), and 0 Ref. (9). Error bars are reported only 

in Refs. (5) and (7). 
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about 10
14

cn-
3

, (-Ao/ol) 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. (Jn Ge at 300K, the intrinsic density is about 2x1013cn·3). 

Also shown in Fig, 0) are the available experimental results. 

'Ibere is considerable variation in the results reported by the various 

authors. Olr calculated values are in fairly good agreement with the 

data of Gibson~ !1 (4) and those of Maggs (9). 

In Fig. (2), we present our results for the temperature depen

dence of (Ao/ol) for a hole concentration of 2xl016cn·3, We choose 

this value for the hole density since experimental measurements exist 

and the change in the conductivity was obsenred to change sign over 

the temperature range that was reported (S). We note that the change 

in the conductivity is negative for temperatures greater than about 

lOOK and becanes positive for lower temperatures. In the higher 

temperature regime, hole-phonon scattering plays a greater role in 

detennining 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 

mC1T1enturn 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 (S). In addition, 

we note that the magnitude of lt.i.o/ol I decreases as the temperature 
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Figure 2. Calculated values of the nonnalized change in the conductivity 

of p~Ge vs temperature for light at 10.6 lJTl, a hole concentration of 

2.ox1016 on~3 and low intensity excitation. 1be experimental data are 

taken fran: •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 tanperatures, 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 sanewhat larger values for IAo/oII than were 

observed in Ref. (5). Fran 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 perfonnance of photon-drag detectors 

at high laser intensities (S-lO), we also examine the photoconductive 

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

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

of (-Ao/oI) as a function. of~ for different light intensities, The 

curve for 0.05 MW/cn2 is in the linear regime. At the higher inten

sities, (-Ao/o) 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 

(Acr/ol) at these high intensities; however, both saturable absorption(l7,lS) 

and non-linear photon-drag voltages C9,lO) have been seen experimentally. 

It is possible that this saturation effect could account for sane of 

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

A = 10.6 llID and T = 300 K~ lhe solid 01rves are our calculated values 

for intensities of 0.05 (linear regime), 1, 5, and 10 '.M\\'/an2. 
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IV. SJ!;N.\RY MTJ CC?-JCWSIONS 

We have presented a theory of the photoconductive response of 

p·Ge for light ~1th a wavelength of 10,6 µm, Values of (~o/ol) are 

calculated as a function of doping level in the low intensity regime 

at room temperature. We have also reported the temperature dependence 

of (~o/crl) 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, 



-207-

REFERENCES 

1. t.'. Kaiser, R. J. C.Ollins, and H, Y, Fan, Phys, Rev,,'91, 1342 (1953), --
2. A. M. Danishevskii, A, A, KastaPskii, B, S, Ryvkin, S, M, R)-'Vkin, 

and I, D. Yaroshets!cii, JETP Lett, ·!Q.. 302 0969L 

3. P. M. Valov, I. D. Yaroshetskii, and I, N, Yassievich
1 

JETP Lett, 

20, 204 (1974}. 

4. A, F. Gibson and P, N, D. Maggs, J, Phys. D; Appl, Phys,· 7, 292 0974), .,.... 

S. V. G. Agafonov, P~ M, Valov, B, S, Ryv1dn, and I, D. Yarosketskii, 

Sov. Phys. Semicond. 2_, 571 0.9751, 

6. H. Hattori, O. Fujitani, and M. Uneno, J, Phys, Soc, Japan~' 485 

(1974). 

7. T. Grave and F. Keilmann, Z, Physik B32, 347 (1979), 

8. A. F. Gibson, M. F, Kinmitt, P. N, D, Maggs, and B, Norris, J. Appl, 

Phys. 46, 1413 (1975}. 

9. P. J. Bishop, A, F, Gi't?son, and M, F. Kimnitt, IEEE J, of Q.ian1lln 

Electron, QE·9, 1007 (1973), Values of-~ quoted in this paper were 

measured by P. Maggs. 

10. T. Kamibayashi, S, Yonemochi, amd T, Miyakawa, Appl, Phys, Lett, 

22, 119 (1973}' 

11. We have assuned that there exists no impact ionization processes in 

which a hole is sufficiently energetic (!, the band gap) to relax 

by an electron~hole pair production, 'lhis energy relaxation 

mechanism may be important at very high intensities; however, the 



-208-

experiments 0£ Ref, (_17} indicate that this process is negligible 

over the range 0£ intensities presented in this paper. 

12, E. o. Kane, J. Phys. Chen, SolidS !• 82 0956). 

13. J. C, Hensel and K, Suzuki, Phys. Rev. ·B2_, 4219 (197 4}, 

14. Hole·hole scattering is included in the calculation of the dis· 

tribution r', but it is not included in the manentun relaxation 

rates. For hole·hole scattering, the total manentun is not 

changed; thus, it has little influence on the mobility, 

15. For p·Ge and hole states in the resonant region, Th is nruch greater 

than '[1 • 

16. P. J, Bishop and A. f, Gibson, ~1. Optics g, 2549 (1973) • 

17. c. R. Phipps, Jr., and S. J, Thanas, Opt, Lett,!• 93 ().977). 

18. A. F, Gibson, C, A. Rosito, c. A. Raffo, and M, F. Ki.nmitt, Appl. 

Phys. Lett, 21, 356 (1972}, 


