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1. Introduction 

The germanium hole population inversion laser is a novel pulsed source of very 

far-infrared, coherent light. It is continuously tunable from 75 to 300 km, and can emit 

powers of up to a few watts. It is unique in that it is the only semiconductor laser which 

is tunable over such a large frequency range. It is also the only semiconductor laser 

which emits in the very far-inbed. Although these are great achievements, successful 

applications for such a device still require deep investigation. 

1.1 Motivation for research in p-Ge lasers 

There are many applications where a far-infrared (FIR) laser is desirable, or even 

a necessity. Atmospheric and astronomical studies are frequently performed on far- 

infrared radiation sources. The resonant frequency of OH- ions studied in atmospheric 

ozone depletion is 2.5 THz, in the far-infrared energy region covered by the Ge laser. 

Molecules and ions present in star-forming regions also emit frequencies in the THz 

region, and far-infrared spectroscopy is often used to determine the composition of matter 

present in star burst galaxies. 

It is difficult to find high-performance, low-noise electronics which operate at 

THz frequencies, which makes it troublesome to attain high resolution of far-infrared 

spectra. Heterodyne spectroscopy solves this problem by mixing incoming far-infrared 

light with a "local oscillator" in a non-linear device such as a hot-electron bolometer or 

Schottky diode. The non-linear device produces a signal frequency equal to the 

difference and the sum of the optical waves of the incoming light and the local oscillator. 

The difference signal can be placed conveniently in the GHz range, which is easily 

amplified and detected by modem electronics. 

This far-infrared laser used as the local oscillator in heterodyne mixing 

spectroscopy needs to be continuously tunable and continuous-wave. Since the 

atmosphere absorbs many critical portions of the far-infrared spectrum, it is desirable to 
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operate a far-infrared spectrometer in space instead of within the earth's atmosphere. 

Current investigations above the troposphere include the European Space Agency's 

Infrared Space Observatory (ISO) and NASA's airborne observatory SOFIA 

(Stratospheric Observatory For Infrared Astronomy). Use on these platforms requires a 

laser to be small, light, continuous-wave, and rugged. The germanium laser fulfills all 

but one of these criteria: currently it is only operable in a pulsed mode. 

1.2 Other far-infrared lasers 

There are several other competitive sources of laser light which can be used for 

far-infrared spectroscopy. The free electron laser (EL) is tunable over the entire far- 

infrared region from 30 to loo0 pm. However, it does not operate in continuous-wave 

mode and is too large to operate on a satellite or airborne observatory. In addition, E L ' S  

normally have relatively wide linewidths, which is detrimental to high-resolution 

spectroscopy. 

Gas, alcohol, and water vapor lasers have provided a means for heterodyne far- 

infrared spectroscopy for many years, but they have several shortcomings. First, they are 

non-tunable and emit at specific molecular rotational and vibrational frequencies. 

However, there are many lines throughout the range of interest and these can be widened 

with pressure, so reasonable spectral coverage can be attained. A more significant 

problem is that they must be optically pumped by large, powerful C02 lasers. This 

makes them useful for laboratory studies but not practical for operation in space. 

The semiconductor multiquantum well laser developed by Bell Labs has recently 

gained a lot of attention.[ 13 It has demonstrated CW optical power of 200 mW at 

operating temperatures of 80 K. However, the longest wavelength achieved is around 13 

pm, placing it well outside the range of many far-infrared spectroscopic applications. 
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1.3 Historical development of thep-Ge laser 

Studies of energy levels in bulk semiconductors under magnetic inductions have 

been conducted since the 1950's, and the possibility of population inversion between hole 

Landau levels was first postulated in 1955.[2,3] In 1972 Maeda and Kurosawa proposed 

a mechanism for achieving "a peculiar hot carrier distribution" by applying crossed 

magnetic and electric fields to a semiconductor.[4] Seven years later, Andronov, Kozlov, 

Mazov, and Shastin proposed that p-type germanium would be an appropriate materid 

for achieving population inversion in this manner.[5] Spontaneous emission from inter- 

valence band transitions in p-type germanium was first seen by Komiyama in 1982 [6], 

and stimulated emission soon followed with Andronov's discovery in 1984.[7] Since then 

several types of emission have been found, and the effects of electric field, magnetic 

induction, and uniaxial stress magnitude have been investigated in detail. In the process 

of this investigation several questions arose which are now answered, but can appear 

perplexing if one looks only at the older literature. In the following sections, I will try to 

sort out these questions and provide an up-to-date understanding of the germanium FIR 

laser. 

1.3.1 Modes of laser emission 

The fmt germanium lasers which were discovered were found to operate based on 

transitions between the light and heavy-hole sub-bands.[7] Around the same time 

spontaneous [S] and stimulated f9] emission was also found to occur between light hole 

Landau levels at higher magnetic inductions. These two modes of emission were 

differentiated as "inter-valence band" and "cyclotron resonance" emission. The inter- 

valence band emission occurs at magnetic inductions around Z Tesla and covers a broad- 

band spectrum. The cyclotron resonance emission occurs at magnetic inductions above 

about 2 Tesla and has a much narrower line width. 

It is now understood that differentiating between these two modes is a 
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generalization. In a germanium crystal outside of a magnetic field, transitions between 

unmixed light and heavy hole bands are quantum-mechanically forbidden because holes 

in the light and heavy hole band have different angular moments. When a magnetic 

induction is applied, the germanium light and heavy hole valence bands split into Landau 

levels, with the amount of splitting proportional to the inverse effective mass. The heavy 

and light hole Landau levels cross and mix, and the resulting states have both light and 

heavy hole character. Because the light and heavy hole bands mix, the angular 

momentum of boles in these bands is not fDted and these transitions are allowed. 

Population inversion occurs between the light and the heavy holes. This means 

that the emission occurs when a hole drops from a state which has more Iight hole 

character to a state which has more heavy hole character. The more mixed the final state 

is, the less defined is its energy. This increases the width of the emission band. The 

difference between inter-valence-band and cyclotron resonance emission refers merely 

the amount of mixing of the final state in the transition. At higher magnetic inductions, 

the splitting between Landau levels increases and the mixing between the light and heavy 

hole energy states decreases. This decreases the line width of the laser emission as the 

magnetic induction increases, and explains why the "cyclotron resonance" emission is 

seen only above 2 Tesla. 

1.3.2 The emission gap 

Fairly soon after the discovery of the gallium-doped germanium laser, Komiyama 

discovered that the emission was restricted to two wavelength regions.[lO] At low 

magnetic inductions the laser emitted light in the range of 50 to 60 cm-1, and at magnetic 

inductions above 0.55 T the laser emission was between 80 and 105 cm-l. Upon 

application of uniaxial stress he found that the wavelength ranges broadened and 

emission occurred from 40 - 67 and 80 - 110 cm-l. 

To explain this emission gap, Komiyama calculated the probability of inter-band 
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I..... 

Figure 1-1: Calculated transition rate of light holes scattering into the heavy hole band 
from ionized impurities as a function of light hole energy and stress. (Courtesy Ref. [lo]) 

impurity scattering as a function of light hole energy and uniaxial stress [Fig. 1-1 3. This 
probability has a peak at low light hole energies and decreases with applied stress. At 

low hole energies, the carriers stay mainly near the Brioullin zone center. Here they need 

very little momentum change to scatter with an ionized impurity and go into the heavy 

hole band, and the probability of such a transition is rather high. At higher energies, if a 

hole encounters an ionized impurity, it will need both a significant momentum change 

and energy change to drop into !he heavy hole band, so !he probability of this transition 

drops. 

Komiyama and Kuroda use an in-depth discussion of streaming motion 

[Appendix 1 J to develop their theory of the emission gap. To summarize briefly, they 

suggest that at the optimum E and B conditions for lasing, light holes in a certain energy 

range will cross over the Brioulh zone center and have a high probability of scattering 

into the heavy hole band. Using this theory, Komiyarna and Kuroda estimate that the 

energy gap should occur between 67 and 90 cm-1, slightly off from the observed gap. 

With the application of uniaxial stress, the probability of a transition drops because the 

heavy and light hole bands split and a larger momentum change is now needed for a 

transition to occur. This was used to explain why the emission broadened with the 
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application of uniaxial stress. 

There were several problems with Komiyama and Kuroda's theory. Their 

predicted emission gap of 67-90 cm-1 does not match up with that observed in emission 

spectra. In addition, their theory predicts that the emission gap should change with the 

ratio of E and B, but experiments show it to be invariant over all electric and magnetic 

induction conditions. A better explanation for the observed emission gap was offered by 

Kremser et al. [ 113 In their experiment they showed that the emission gap seen in the 

Ge:Ga laser matched exactly with the energies of the G, D, C, and B absorption lines of 

ground to excited-state transitions of gallium in germanium. To funher prove their point, 

they compared the emission spectra of the Ge:Ga laser with a Tl-doped laser, and showed 

that the emission gap shifted in frequency.[ 121 In the Ge:TI laser, the emission gap 

matched well with the G, I>, and C lines of ground to excited-state transitions of Tl in 

germanium. They concluded that the emission gap was due to absorption of far-infrared 

photons inside the germanium crystal by neutral acceptors used to dope the material p -  

type. 

Because the range of wavelengths in the emission gap are critical for many 

spectroscopic applications, there was interest in developing a laser that could emit 

throughout the entire far-infrared range. For this reason Briindermann et al. fabricated 

germanium lasers doped with the double acceptors beryllium and zinc. [13] Be and Zn 

have hole binding energies of 25 and 33 meV, respectively, much larger than 11 meV 

ionization energy of Ga in Ge. This leads to hole ground to excited-state transitions 

which have energies much higher than the emitted FIR photons. These lasers showed 

emission over the entire wavelength range of 75 to 300 pm.[ 141 Germanium lasers were 

also developed using the triple acceptor copper, which has an even larger ionization 

energy of 43 meV. These lasers also show laser emission throughout the range of the 120 

- 170 pm gap. [15] 
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1.3.3 The push for continuous-wave 

As stated before, for use in heterodyne spectroscopy the germanium laser needs to 

operate in a continuous-wave mode. The germanium laser must be pulsed because the 

large hole current necessary for operation heats the laser crystal. This heating increases 

the acoustic phonon density, which destroys the population inversion and the laser pulse. 

The first germanium lasers were made from large gennanium crystals of dimensions 

about 50x5~4 mm3. [7] The large volume of these lasers limited cooling during the pulse 

and kept the pulse length shorter than 6 ps and the duty cycle' around 10-5.[29] In an 

effort to increase this duty cycle, a collaboration between DLR and UC Berkeley was 

initiated in 1996. Briindermann et al. used small lasers, with volumes of as little as 25 

mm3, to increase the relative cooling rate of the laser. [I71 These small Ga and Al-doped 

laser crystals cooled much faster, leading to longer pulse lengths. Duty cycles as high as 

1.5~104 were achieved, one order of magnitude better than the large laser crystals. By 

improving the heat sink that the lasers are mounted upon, the duty cycle of these lasers 

was increased by another order of magnitude to 2x10-3. [ 181 

Further improvement has been made by using small lasers doped with the deep 

acceptors Be and Cu. The best duty cycle achieved with a Cu-doped laser has been 0.8 

percent from a crystal doped 2x1015 cm-3 with dimensions 2.4x2.6x3.6 mm3.[19] The 

present record duty cycle was reached with a Be-doped laser with dimensions 2x4~8  

mm3 and a doping level of 2x1013 cm-3.1201 It is 2.5 percent at an emitted power on 

the order of a few milliwatts. 

1.4 Mechanism of operation of the p-Ge laser 

In germanium, as in all diamond-type structure semiconductors, there are three 

valence sub-bands, two of which are precisely degenerate at the minimum in energy at 

lDuty cycle is the fraction of time that the laser is emitting light when it is operated in a pulsed mode, given 

duty cycle = repetition rate (Hz) x pulse length (s) 
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the center of the Brillouin zone (see Fig. 1-2). The two degenerate bands are labeled the 

"heavy" and "light" hole bands according to their curvature. The third "split-off" valence 

band has a maximum much at lower electron energies (-290 meV below the top of the 

valence band) and does not play a significant role in free hole dynamics. At equilibrium, 

the relative density of states of the two valence sub-bands result in 96% of the holes lying 

in the heavy hole band and 4% of the holes occupying the light hole band. When an 

electric field is applied, the holes will accelerate in the direction of the electric field with 

very little energy loss until they reach the optical phonon energy. At this point they will 

emit an optical phonon and retum to zero energy. This cycle of acceleration and energy 

loss by emission of a phonon is termed "streaming motion".[2l][Appendix 11 

If a magnetic induction is now applied perpendicular to the electric field, the holes 

will feel a Lorentz force and undergo cyclical motion. Their velocity can be determined 

from the forces of the electric and magnetic inductions, as is shown in Appendix I. This 

gives an average hole velocity of 42(E/B) and a maximum hole velocity of 2(E/B). This 

means the maximum hole kinetic energy at a fixed value of electric and magnetic 

induction is 
2 

E,, = 2 m * ( $ ) .  

Let us now consider the effect of the light and heavy hole bands. At low values of EIB, 

the holes will have very small kinetic energy and will not be able to reach the optical 

phonon energy. If we then raise the ratio of E to B, we will find a condition where the 

heavy holes can reach the optical phonon energy but the light holes cannot. This means 

the heavy holes will undergo streaming motion and emit phonons. When a phonon is 

emitted, the heavy hole has a 96% chance to stay in the heavy hole band and a 4% chance 

to go into the light hole band because of the dative density of states. If the hole does 

enter the light hole band, it will not have enough energy to emit an optical phonon. It 

will then stay in cyclical motion within the light hole band and have a relatively long 

lifetime. The light hole can now reenter the heavy hole band radiatively through 
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Ge 
T = 4 K  

r (o,o,o) k d  L ( 1 , 1 9 0  
Figure 1-2: Schematic of the band structure of germanium 

emission of a photon, giving rise to spontaneous emission. When many heavy holes enter 

the light hole band and accumulate there, a population inversion between the heavy and 

light hole bands occurs and stimulated emission occurs. 

The magnetic induction has an additional effect: it splits the valence sub-bands 

into closely spaced Landau levels. In the free electron theory, the magnitude of the 

splitting is given by: 

where v is a quantum number running through all non-negative integers, ti is Planck’s 

constant over 2x, e is the charge on the electron, B is the magnitude of applied magnetic 

induction, c is the speed of light, and m* is the effective mass of the energy band. Since 

the splitting is inversely proportional to the effective mass, the heavy hole Landau levels 

are spaced more closely than the light hole levels. As discussed in section 1.3.1, the light 

emission arises from radiative transitions between mixed light and heavy hole Landau 
9 



levels. Laser transitions occur from a less-mixed light hole state into a more-mixed 

lightheavy hole state. Because the magnitude of the splittings vary linearly with 

magnetic induction, the energy of the laser transition will increase with increased 

magnetic induction. Because of this the laser can be tuned over a large range of 

wavelengths. 

The light holes can reenter the heavy hole band via two non-radiative methods: 
. ionized impurity scattering and acoustic phonon scattering. Ionized impurity scattering is 

minimized by keeping the doping concentration low. To keep the light holes from losing 

energy by scattering with acoustic phonons, temperatures near that of liquid helium must 

be used. The probability of a hole scattering with a single phonon it encounters is 

linearly proportional to temperature given by the relation: 

where P is the probability of a scattering with an acoustic phonon, kh is the electron 

wavevector, K i s  the compressibility, V is the volume of the crystal, and 5 is the 

deformation potential.[32] In addition, the population of phonons rises with temperature 

according to the Bose-Einstein phonon distribution function: 

(1.4) 
1 

no = 

where no is the number of phonons at energy tiw.[23] At low temperatures, the effects of 

inelastic scattering with acoustic phonons is low because both of these factors are low. 

When the temperature rises, the total Probability increases to a significant amount. The 

light holes lose energy to acoustic phonons and reenter the heavy hole band, ruining the 

population inversion. 

Unfortunately, at liquid helium temperatures practically all free holes freeze out 

onto neutral acceptors. To ionize these acceptors, a high electric field is needed. 

However, this high electric field also causes a high hole current. The high current causes 
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so much resistive heating in the crystal that after a few microseconds of light emission the 

crystal is too hot and lasing ceases. This is the only reason that the lasers must be pulsed 

to operate. In order to make progress towards continuous-wave operation, it is necessary 

to make the lasers more efficient, reduce the necessary current, and improve their cooling. 
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2. Effects of stress on p-type Ge: Theory 

In order to study the mechanisms of laser action in the germanium laser, it is 

interesting to perturb the energy bands to see the effect on the lasing. A common way of 

changing energy bands is to apply a magnetic induction, however, the germanium laser 

already operates under a magnetic induction. A second way to change the band structure 

is to apply uniaxial stress. This chapter discusses the effects of uniaxial stress applied to 

on p-type germanium. 

2.1 Band structure effects 

The valence band of a diamond-type semiconductor contains two doubly- 

degenerate valence sub-bands, as described in section 1.4. The application of uniaxial 

stress causes a tetragonal distortion in the cubic lattice, breaking the cubic symmetry. 

This separates the m j d D  states from the mj&1/2 states and splits the light and heavy 

hole bands. In the k-direction of the applied uniaxial stress, the heavy hole band 

increases in energy relative to the light hole band and anticrossing occurs where they 

would overlap (see fig. 2-1, from [24]). This reduces the effective mass of the lower- 

energy band, which we will continue to consider to be the heavy hole band. 

Perpendicular to the direction of the stress no anticrossing occurs but the splitting is still 

apparent. 

The decrease in the density of states effective mass was reported as a function of 

[Ool] stress in reference [25], and is shown in figure 2-2. These values were used as the 

heavy hole effective mass for the calculations in chapters four through six. 

Approximating the heavy hole mass using this value is reasonable because the density of 

states mass is 96% heavy and 4% light. It was also assumed that the light hole mass does 

not change significantly upon application of small [Ool] uniaxial stress. This is 

supported by results from cyclotron resonance experiments on uniaxially stressed p-type 

germanium [ 261. 
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This change in band structure can have several effects on the lasing action. First, 

it reduces the heavy hole effective mass, which will change the electric and magnetic 

induction conditions necessary for lasing to occur. Secondly, it splits the heavy and light 

hole bands, which will change the spacing between the energy levels and shift the 

wavelength of emission. This will also change the mixing of the light and heavy hole 

Landau levels such that the energy levels most favorable for population inversion may 

change. Splitting the heavy and light hole bands should also increase the light hole 

lifetime. The first and most obvious reason for longer lifetimes is that the splitting of the 

heavy and light hole bands will decrease the amount of tunneling from light hofes into the 

heavy bole bands. However, tunneling is not the dominant cause of nonradiative 

transitions between the light and heavy hole sub-bands.[ 103 Ionized impurity scattering 

is the most probable nonradiative transition for light holes to enter the heavy hole bands, 

and is the limiting factor in the light hole lifetime. Under zero pressure, if a light hole 

interacts with an ionized impurity when it is near the Brioulfin Zone center, it does not 

need a very large change in energy or momentum to enter the heavy hofe band. When the 

sub-bands are split, the necessary momentum change for a scattering event to occur is 

incpeased. This decreases the probability for interband impurity scattering and increases 

the population inversion. 

2.2 Impurity effects 

The energies at which shallow, hydrogenic acceptor levels lie above the valence 

band is given by: 

Where m* is the density of states effective mass of the valence band, me is the fiee 

electron mass, and 

valence sub-bands split under uniaxial stress, the four-fold degenerate acceptor state will 

also split into two doubly degenerate energy levels. 'The remaining degeneracy in these 

is the relative dielectric constant of the material. Since the two 
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Figure 2-1: E vs. k of heavy and light hole bands under zero stress (dashed lines) 
and 0.33 kbar [loo] stress (solid lines). Where the solid lines are shown to cross 
in this schematic, an anticrossing occurs. (Courtesy Ref. 1241) 
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Figure 2-2: Density of states effective mass in germanium as a function of [ 1001 
uniaxial stress, as determined by photo-Hall effect measurements on Ge:Ga 
crystals with concentration 7x10" cm-3 (triangles) and 3x1012 cm-3 (circles). 
(Courtesy Ref. [25]) 
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levels is due spin and can only be lifted with the application of magnetic field. Because 

the effective m a s  changes with uniaxial stress, the ionization energy does not simply 

follow the splitting of the valence band. However, the magnitude of splitting in shallow 

acceptors has been theoretically determined, and observations from far-infrared 

absorption measurements agree well with the calculations. [27,28] The splitting of the 

ionization energy is given by:[28] 

Where A'gz is the splitting between the ionization energy levels when force is applied in 

the [xyz] direction, b' and d' are the deformation-potential constants for force applied 

along the [ 1001 and [ 11 11 directions, respectively, SI], ~ 1 2 ,  and sqq are elastic compliance 

constants for germanium, and Tis the magnitude of the uniaxial stress applied. The 

values of b' and d' are given in reference [27]. 

For double and triple acceptors such as Be and Cu equations 2.2 and 2.3 do not 

give the exact splitting energies. The trend of the ionization energy decreasing with 

applied stress still holds, but the value of the ionization energy must be experimentally 

determined through far-infrared absorption experiments. 

In addition to the ground state energies, acceptors in germanium also have bound 

excited states similar to orbital energies of an atom or molecule. These lie at well-defined 

energies below the ionization energy and are labeled G, D, C, B, and A in order of 

increasing energy. The bound excited state energy levels split under uniaxial stress, just 

as the valence band and acceptor energy levels split. For shallow acceptors at in 

germanium at small stress the splitting follows the equations: 

which are the same as equations 2.2 and 2.3 except the deformation-potential constants b' 

and d' for the ionization energy have been changed to new constants b,' and d,'. These 
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correspond to different deformation-potential constants for the bound excited stares, 

where X denotes the bound excited state level (G, D, C, etc. ). Values of these constants 

are given in reference [27]. 

As for the ionization energy, bound excited state energies of double and triple 

acceptors must be experimentally determined. The values of the excited-state energies 

for a number of multivalent acceptors under uniaxial stress can be found in references 

[29,30]. Figure 2-3 is an example of such data from Ref. [29]. It is important to note 

that the bound excited state absorption peaks split into four lines under the application of 

uniaxial stress. This is because both the ground and bound excited states split, though by 

different amounts. With all combinations there are four possible ground-to-bound 

excited state transitions (figure 2-4). For shallow acceptors, these four transitions will 

have the energies 

G[loo, - = G , + ~ ’ ( s , ,  - S ~ ~ ) T ~ ~ ’ , ( S ~ ~ - S ~ , ) T  

for uniaxial stress in the [loo] direction. 
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3. Effects of stress on p-type Ge: Experiments 

3.1 Material growth and doping 

For this study, bulk crystals of gallium, beryllium, and copperdoped germanium 

were used. Bulk crystals of gallium and beryllium-doped germanium were grown by the 

Czochralski method and lasers were fabricated from the as-grown material. Copper- 

doped germanium was obtained by diffusing copper into ultra-pure germanium grown by 

the Czochralski method. After the ultra-pure germanium growth, the material was 

characterized to determine the residual shallow acceptor concentration. The germanium 

crystal was then crystallographically oriented and a wafer of about 5 mm thickness was 

cut out with a diamond saw. The wafer was lapped with 600 and 1200 grit Sic  

powdedwater slurries and then polish-etched in a 4:l HNO3: HF mixture. 

Copper has a large diffusivity in germanium @=2xlO-7 ern%-1 at 700 "C [31]), 

which allows uniform doping with relatively short annealing times. Since the atom is so 

small, it diffuses by the "dissociative mechanism": 

Cui + vacancy f* CUS (3.1) 

The solubility of interstitial copper is much lower than that of substitutional copper, but it 

is far more mobile. For diffusion to occur, an interstitial copper atom diffuses through 

the crystal until it reacts with a vacancy and enters a substitutional site. 

For the copper doping process, lo00 A of copper was RF sputtered onto the 

wafer, and the crystal was sealed in a glass ampoule under vacuum. The thickness of 

copper film was determined to be in excess of that needed to achieve the desired doping 

concentration: a back of the envelope calculation shows that this thickness provides 1017 

em-3 copper atoms inside the germanium crystal. The germanium was then annealed at 

700 OC for 24 hours for complete diffusion to occur. The ampoule was then rapidly 

quenched in ethylene glycol. This "freezes" the copper atoms on their equilibrium sites at 

the annealing temperature, so the concentration of electrically active copper will be close 
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to the concentration of substitutional copper at 700 "C. 

3.2 Material characterization 

After growth the germanium crystals were characterized for dopant type and 

concentration by variable-temperature Hall effect. Because of impurity segregation a CZ- 

grown crystal will have dopant concentration change along its length, so care was taken 

to measure the concentration of the very wafer from which the lasers were obtained. The 

germanium used for copper doping was measured before annealing to determine the 

residual shallow acceptor concentration and type in addition to the compensation level. 

After annealing a room-temperature measurement was performed to determine the 

concentration of electrically active copper. 

In a Hall effect measurement an electric field is applied perpendicular to a 

magnetic induction, which by the brentz force creates an internal electric field within 

the crystal. This so-called "Hall field" is given by: 
&=- J8 

Nee 
(3.2) 

where B is the applied magnetic induction, JE is the current density in the direction of the 

appIied electric field, e is the charge on the electron, and Nc is the number of free carriers. 

By measuring the voltage created perpendicular to the applied magnetic and electric 

fields, one can determine the free carrier concentration. The direction of the Hall fieId 

also determines whether the material is n- or p-type. 

By measuring the Hall field as a function of temperature, we can determine the 

freeze-out curve for the majority canier in the semiconductor [figure 3-11. This figure 

shows two freeze-out regions corresponding to freeze-out of two different acceptors with 

differing ionization energies. The higher and lower plateaus in the curve give the 

concentration of copper and shallow acceptors, respectively. If the compensation with 

donors were very low there would be two distinct slopes to the shallow acceptor freeze- 

out portion of the log concentration-inverse absolute temperature plot. The higher- 
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Figure 3-1: Freeze-out cufve of ultra-pure germanium annealed with a copper film at 
700 O C ,  as determined by variable-temperature Hall effect. 

temperature slope would have the value E&kB and the lower-temperature slope would 

have the value E&B, where Ea is the ionization energy of the majority impurity. The 

freeze-out of the shallow acceptor portion in figure 3- 1 shows only the full shallow 

acceptor ionization slope E&B which indicates that the compensating donor 

concentration is of the order of 1011 cm-3. By measuring this slope we can determine the 

average acceptor ionization energy. 

3.3 Laser fabrication 

A germanium laser consists simply of ap-type germanium crystal with electrical 

contacts on two opposing faces. To fabricate these, Czochralski-grown crystals were cut 

with an ID saw into wafers of a desired thickness, usually 5 mm. This thickness is 

determined by the desired distance between the electrical contacts. The surfaces of the 
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wafers were then lapped with 600 and 1200 grit Sic-water sluny and polish-etched in a 

solution of 4:l HNO3: HF mixture. To create electrical contacts, boron was implanted 

into two opposing faces of the wafer. The boron doses used were 1 ~ 1 0 1 ~  and 2x1014 

em-2 at 33 and 50 keV, respectively. After implantation the wafers were etched for 15 

seconds in HF to remove any surface oxide and placed immediately under vacuum in an 

RF sputtering machine. Both sides of the wafer were sputtered with 400 A of Pd and 

4OOO A of Au. Post-implant annealing was then performed at 300 OC for 1 hour under N2 

ambient to remove implant damage and fully activate the boron. 

After electrical contacts were fabricated, the wafers were crystallographically 

oriented by looking at the facets on their edges, and cut into the desired laser sizes. This 

method produces crystals which are oriented to within less than a degree of the desired 

direction, and produces surfaces parallel within 30 arcseconds. The cut surfaces were 

then lap@ with 600 and 1200 grit Sic slurry to remove saw damage, and polish-etched 

in a solution of 7:2: 1 HNO3: HF: fuming HNO3 mixture. The mirror-like quality of 

these surfaces is critical to laser performance, since no external resonators are used. 

Table 3-1 lists the germanium crystals which were fabricated for use in these 

experiments, their doping levels, sizes, and orientations. The crystal number references 

the germanium CZ crystal from which the laser was cut. In the case of the copper-doped 

lasers, the diffusion temperature is also given. In the case of the Ga and Be-doped lasers, 

the length from the seed at which the Ge wafer was cut is listed. 

3.4 Optical and electrical measurements 

Laser crystals were mounted between two copper plates which served both as 

elecbical leads and cooling plates. In the pressure rig, the top plate was replaced by a 

brass piston which applied uniaxial stress as well as providing electrical contact. The 

laser crystals were then placed at the end of a long light pipe made of non-magnetic 

stainless steel and inside of a liquid helium cryostat. Inside the cryostat and surrounding 

the laser crystal was a Cryomagnetics superconducting magnet capable of producing up 
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Table 3-1: List of crystals fabricated 

to 9 Tesla of magnetic induction. A Ge:Ga photoconductor was placed inside the light 

pipe to detect the far-infrared light. 

The electrical leads connected to the laser crystal were connected to a custom- 

made pulse generator consisting of a large capacitor and high voltage, high current solid 

stak switches. This pulse generator is capable of producing pulses of several kilovolts 

with currents as high as 100 A, pulse lengths as short as 100 ns, and frequencies as high 

as 100 kHz. The high voltage for this pulse generator was supplied by a Northeast 

Scientific RE3002EW high voltage power supply capable of producing up to 2.5 kV. 

The eiectric field in the laser crystal was estimated to be the voltage across the capacitor 

divided by the distance between eleclrical contacts on the laser crystal. The actual 

voltage across the crystal was smaller than this value because of resistive losses in the 

two meter long current leads, however this difference is considered to be insignificant. 

The cment for the superconducting magnet was supplied by a HP 6260 DC 

power supply, and regulated by a Cryomagnetics Model 30 Persistent Switch and Model 

60 Programmer/Monitor. The magnitude of magnetic induction in Tesla was determined 

by multiplying the current reading on the Model 60 J?rogrammer/Monitor by a factor of 

0.1 168. 

The voltage across the Ge:Ga photoconductor was monitored on a Tektronix 
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Model MOA 4 Channel, 2 GHz Digitizing Oscilloscope. The oscilloscope was triggered 

by the voltage pulse from the pulse generator, and the voltage across the capacitor and the 

current through the laser crystal were monitored in the oscilloscope as well. The values 

of electric field, current through the laser crystal, and relative intensity of the laser pulse 

were measured at the onset, peak, and end of lasing as electric field was increased at a set 

magnetic induction. The magnetic induction was scanned from 0.5 to 2.5 Tesla to 

determine the limits of electric and magnetic inductions necessary for laser operation. 

3.5 Uniaxial stress application 

In order to apply uniaxial stress to the laser crystal, a new holder for lasers had to 

be fabricated. This holder had the constraints of needing to apply up to 500 bar of 

pressure on a 10 mm2 sample perpendicular to the magnetic induction direction and 

within a cryostat at 4 Kelvin. In addition, it was desirable to be able to alter the stress 

from outside of the cryostat without removing the laser from the liquid helium, since a 

few liters are lost each time the laser is removed and placed back inside the cryostat. 

Since the magnet has a 1" bore, the entire mechanism must fit inside a cylinder less than 

1" in diameter. These constraints severely limited the design of the pressure apparatus. 

The resulting pressure rig is described in detail in Appendix 2. 

3.5.1 Prescalem film calibration 

The uniformity and magnitude of the pressure applied was determined by placing 

a small piece of Fuji HS-grade Prescalem film between the brass piston and the laser 

crystal. This method has been used in previous studies of uniaxially stressed germanium 

lasers.[lO] This film is coated with liquid crystals which change color to pink with 

pressure applied. The density of the pink color can be matched to a calibration chart 

provided with the film and the pressure can be estimated from this value. During 

calibration pressure was applied and released at room temperature. The film was 
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Figure 3-2: Far-infrared absorption of Ge doped with 1015 cm-3 Cu. Dotted line- 
residual pressure, solid h e  - 1 kbar pressure applied parallel to [OOl] 

removed without moving the laser crystal and the piston put back in place. The pressure 

was then reapplied for laser operation exactly as during the pressure measurement. From 

visual observation of the Prescalem film it was possible to determine that the pressure 

was very close to that expected from the known force applied to the crystal. In addition, 

the pressure uniformity could be estimated from the variation in intensity of the f h  

color. If the pressure was applied only to a small portion of the laser crystal, the piston 

was sanded or the bottom copper contact flattened until the pressure uniformity looked 

reasonable. However, this is not a sensitive technique and it is likely that the pressure 

still had significant variation. 

3.5.2 Far-infrared absorption measurements 

The magnitude and uniformity of the pressure were also confinned by a far- 

infrared absorption measurement. Far-infrared light from a Michelson interferometer was 
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sent into crystal DO4 and the conductivity was determined as a function of wavenumber. 

Measurements were taken with residual pressure and 1 kbar of pressure in the [Ool J 

direction. The crystal used for the absorption measurement had a 4 mm2 cross-section, 

much smaller than the 10 m2 cross-section used for laser crystals. This allowed higher 

pressure to be reached and significant shifting of the energy peaks could be seen. The 

results are shown in Figure 3-2. We expect to see a peak due to copper hpuxities at 43 

meV or around 350 cm-I. This peak is small compared to the absorption from residual 

shallow impurities in the zero-stress measurement, and it completely disappears at higher 

pressures. The stressed crystal (solid line) shows a shift of the shallow-acceptor 

absorption edge from 89 cm-1 or 11 meV to 75 cm-1 or 9.3 meV. From measurements of 

the ionization energy of gallium with uniaxial stress, we can determine that this shift 

corresponds to a pressure of about 1.1 kbaq which is very close to the estimated applied 

pressure of 1 kbar.[25] 

Although we have achieved the pressure we desire, we see that the peaks broaden 

significantly or disappear completely upon application of stress. This means that the 

pressure uniformity is not very high. Since this technique is much more sensitive than 

the PrescaleN film measurement, it is not unreasonable to find a significant pressure 

distribution that was not observed by the fiIm. It is estimated from the two pressure 

calibration techniques that the variation in pressure throughout the laser crystal could 

about 30%. However, since the absorption peaks shift very close to what is expected, it is 

assumed that the average pressure applied to the crystal is the same as the magnitude of 

the pressure set by the stress rig to within 10%. 
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4. Ge:Ga Lasers 

4.1 Previous stress measurements on Ge:Ga lasers 

Because uniaxial stress changes the band smcture as described in chapter 2, the 

effect of pressure on the lasing region was investigated very soon after germanium lasers 

were invented. The first study of the effects of uniaxial stress on p-Ge hot-hole lasers 

was conducted by Komiyama and Kuroda in 1988. [lo] They applied compressive 

stresses of 300 and 450 bar along the [ 1121 direction of a Ge:Ga crystd, parallel to the 

electric field. Under uniaxial stress they saw a reduction in the resistivity of the crystal 

and the breakdown voltage needed to impact ionize the acceptors. This is as expected, 

since a compressive force is known to decrease the ionization energy of acceptors 

(section 2.2). The intensity of the laser increased, and the critical electric field and 

magnetic induction at which lasing started was observed to decrease. This was attributed 

to a decrease in ionized impurity scattering between the two bands, as described in 

section 1.3.2. 

Gavrilenko and co-workers later published a series of experiments designed to 

investigate the intervalence band emission with applied pressure. [32,33] Pressure was 

applied parallel to B in a [ 1101 direction. They also saw a decrease in the critical electric 

and magnetic inductions necessary for lasing to occur. It was observed that the laser 

intensity did not increase linearly with pressure, as would be expected if decreased 

ionized impurity scattering were the only effect causing the increased population 

inversion. From this observation they concluded that a reduction in intersubband 

tunneling also plays a role in stressed lasers. 

4.2 Lasing region - Ge:Ga 

Even though previous results on stressed Ge:Ga lasers have been published, 

devices were fabricated from this material and studied to provide a thorough and direct 
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comparison to the Ge:Be and Ge:Cu results. Ga-doped lasers DO6 and DO7 were 

measured to test the effect of crystallographic orientation. Most lasers tested, like DO6, 

were oriented with electric field and pressure in the [Ool J direction, where the valence 

band splitting is the largest. Because previous studies used other orientations, one laser 

0 7 )  was made with orientation <111> x <110> x <1 lb to compare to Komiyama's 

results. Magnetic induction was set at a constant value, and the electric field was scanned 

from zero to 2 kV cm-1. Data of the electric field values were taken at the onset and end 

of lasing. The magnetic induction was varied from 0.4 to 2.5 Tesla, and the critical 

values of electric and magnetic inductions necessary for lasing were plotted. 

The zero-stress results for lasers DO6 and DO7 are shown in Figure 4-1. The conditions 

for-which lasing is seen are given by the oval-shaped areas inside the dotted lines. The 

minimum theoretical limit (solid line) is calculated from equation 1.1 

E,, = 2m * (:I 
and corresponds to the E/B ratio where the heavy holes reach the optical phonon energy 

of 37.2 meV. The maximum theoretical limit (dashed line) is calculated using the energy 

at which the maximum light hole energy reaches 37.2 meV. There is a dividing line 

between the areas in which the two lasers operate at E/B = 1.2 kV cm-1 T-1. DO7, the 

crystal oriented with electric field parallel to the [ 11 11 direction, operates only at E/B < 

1.2 and DO6, with electric field parallel to the [Ool J direction, operates only at E/B 

greater than this critical number. 

Figure 4-2 shows the calculated heavy and light hole energies as a function of 

EB. This graphically illustrates the maximum and minimum limits for lasing. When the 

maximum heavy hole energy exceeds the optical phonon energy, at E/B of 0.95 kV cm-1 

T I ,  lasing can occur. The maximum limit for lasing is seen when the light holes reach 

the optical phonon energy at E/B = 2.75 and return to the heavy hole band, ruining the 

population inversion. 
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Figure 4-1: Electric field and magnetic induction conditions for lasing to be 
observed in Ge:Ga crystals. Crystal orientation: DO6 - E//<OOl>, B//iight//cl lo>, 
DO7 - E//<111>, B//light//<l lo>. 
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Figure 4-2: Calculated energies of heavy and light holes at zero stress as a function of ED. 
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Lasing is not seen in either crystal at E/B = 1.2 kV cm-1 T-1. In Figure 4-2 we 

can see that this is the condition at which the light holes have the same energy as the 

lowest ground-to-bound excited state transition of neutral gallium in germanium. From 

this obsexvation we can propose that at this E/B ratio, light holes transfer their energy to a 

neutral gallium, which will then excite a hole into a bound excited state. The light hole 

will return to zero energy, with a 96% probabiiity of entering the heavy hole band. This 

decreases the population inversion. Hence we see no lasing in either crystal at E/B = 1.2 

kV cm-l T1. It is important to note that other studies have observed lasing from crystals 

at E,5 = 1.2 kV cm’l T1 and much larger E-B regions of emission overall. However, 

they have used much larger crystals andor external resonators which improve the gain 

tremendously. 

ks 

Because of the varying band structure in different crystallographic directions, the 

Landau level splitting will vary with different E and B orientations. Landau levels in 

differently oriented crystals will occur at different energies, and therefore the probability 

of stimulated emission as a function of B will be stronger in certain orientations. [16] 

Although Ref. [ 161 does not calculate the probabilities for both orientations chosen in this 

study, it does show that certain orientations exhibit stronger lasing at high E/B and others 

will lase more strongly at low ED. Since the gain in these laser crystals is low to begin 

with, we can expect lasing only where the population inversion is very strong. Thus it is 

reasonable that DO7 does not exhibit lasing at E/B > 1.2 kV cm-l T1 and DO6 operates 

only in this region. 

4.3 Effect of uniaxial stress 

Figure 4-3 shows the effect of applying 300 bar of uniaxial stress in the [Ool J 

direction on laser DO6. Lasing occurs over a smaller range of E and B and at the lowest E 

and B values Iasing ceases altogether. The lasing also ceases at the high-field conditions. 

This is directly contrary to the increase in low-field operation seen by Komiyama et al 
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Figure 4-3 Electric and magnetic induction conditions for lasing to be observed in 
Ge:Ga crystal DO6 at residual pressure (e 20 bar) and under uniaxial stress of 300 
bar in the [OOl] direction parallel to the electric field.[ 101 and Gavrilenko et ai. 
[32,331 

The decrease can be understood because the uniaxial stress decreases the effective 

mass of the heavy holes from a value of 0.35 m~ at zero stress to 0.28 Q at 300 bar, as 

discussed in section 2.1 and shown in table 4-1. This means it will take a larger electric 

field at a given magnetic induction to accelerate the heavy holes up to the optical phonon 

energy. The 0.3 kbar stress increases the minimum E/B condition for lasing from 0.966 

kVcm-IT1 to 1.080 kVcrn'lT1. This decreases the population inversion overall and 

thereby shrinks the lasing zone. At the lowest and highest fields where the inversion was 

not strong in the stress-free condition, the lasing is completely absent in the stressed 

condition. 

Stress Optical Phonon heavy hole light hole minimum E/B maximum E/B 
Energy (mev) m* [25] m* (kV crn-lT1) (kV cm-lTl) 

Obar 37.2 0.35 m~ 0.042m0 0.966 2.7 89 
' 300bar 37.2 0.28 m~ 0.042m 1 1.080 2.789 

Table 4-1: Effect of stress on variables in and solutions to equation 1-1. 
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The effect of stress on crystal DO7 was also investigated to determine whether the 

difference between these stress results and the literature could be due to a difference in 

orientation. As the stress was increased to 400 bar, the laser intensity dropped quickly 

and no lasing was seen above a stress of only 100 bar. To explain this, we will try to 

recalculate the E33 firnits for lasing under uniaxial stress. The pressure decreases the 

energy of the lowest Ge:Ga G-line 1271, which will decrease the upper E D  limit at which 

the light holes transfer their energy to neutral acceptors. The splittings of the G-line 

energies for shallow acceptors have been theoretically determined, and the energy of the 

lowest ground-to-excited state G transition can be calculated from the equation: [28] 

GIllll- =Go -0.288~s,T-0.288~,s,T (4.1) 

Where Go is the energy of the G-line at zero stress, d' is the deformation-potential 

constant for the ground state, dG' is the deformation-potential constant for the G excited 

state, s44 is an elastic compliance constant, and Tis the applied uniaxial stress. Using the 

values of these constants from references [26,27] we obtain an energy for the lowest G- 

state of 6.5 meV at 300 bar [ 11 11 uniaxial stress. This small change in the G energy 

should only decrease the E/B ratio to about 1.17 kV em-1 "-1 at 300 bar, so it does not 

explain the total lack of lasing at pressures as low as 100 bar. The minimum ED for 

lasing increases about 10% under [OOI] uniaxial stress (table 4-1.) We do not know the 

effect of [ 11 11 stress on the heavy hole effective mass, but it should not be as large as the 

[Ool] stress-induced change since the spitting in the [I 111 direction is not as large. This 

means the change in the lower limit for lasing should be less than 10% for crystal D07. 

Although the average stresses applied are very small, it is likely that the 

uniformity is poor and there may be certain regions in the crystal where the stresses are 

large. This means that as soon as a small sttess is applied, there will be certain areas with 

high enough stress so the upper and lower limits for lasing coincide. Ninety-six percent 

of the holes in this area of the crystal will occupy the heavy hole band. Since the 

population inversion is weak in crystal DO7 to begin with, this local area of equilibrium 

32 



population will cause lasing to vanish completely. 

It is necessary to reconcile the detrimental effect of pressure shown here with the 

Komiyama and Gavrilenko papers. In the papers of Gavrilenko et a1 the laser zone is not 

very large to begin with and does not come close to the theoretical limits.[32,33] This is 

probably due to a high dopant cornpensation level leading to significant ionized impurity 

scattering, which shortens the light hole lifetime and decreases the population inversion. 

Uniaxial stress would decrease the ionized impurity scattering as described in the paper 

and thereby increase the laser zone. 

Unfortunately, Gavrilenko's papers do not explicitly state what the actual 

compensation level in their crystals is. In one version of the paper the germanium is 

described as "low compensated Ge:Ga (p = 5x1013 cm-3)" but the actud compensation 

level is not stated. In another preprint version of the same paper, the crystals are stated to 

be "low doped Ge:Ga (Na - Nd = 5x1013 ~ r n - ~ ,  N n d  I0.5)". Clearly there is some 

confusion here, because the acceptor-to-donor ratio stated in the preprint makes the 

germanium n-type! If we guess that the ratio should be flipped, this does not give us a 

very good compensation level. 

Komiyama and Kuroda do not state their compensation level at d1.[10] Their 

lasing zone is much larger than that seen by Gavrilenko et al., but this may be due to 

large gain from good mirrors instead of a lack of ionized impurities. The increase in 

lasing with smss is then, as they describe, a decrease in ionized impurity scattering. 

The germanium crystals grown for these experiments had low compensation. In 

the crystal used for laser DO6, variable-temperature Hall effect was used to determine that 

the concentration of compensating donors was about 3x1Ol2 cm-3. This 6ves a 

compensation ratio N m a  of 0.0375, most likely a much lower compensation level than 

those encountered in the crystals used in the other studies. Because in this study there are 

very few ionized impurities to begin with, the decrease in ionized impurity scattering 

with applied uniaxial stress does not play a major role in determining the laser 
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characteristics. With low-compensated germanium the effect of uniaxial stress is merely 

to change the band structure and the effective masses, which changes the conditions for 

lasing to occur. Without many ionized impurities, the light hole lifetime does not rapidly 

increase upon the application of stress. 
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5. Ge:Be Lasers 

5.1 Recent developments in Ge:Be lasers 

Because the neutral gallium in Ge:Ga lasers absorbs light, our group at LBNL has 

developed and studied germanium doped with the deeper acceptors beryllium, zinc, and 

copper. As described in section 1.3.2, lasers doped with these acceptors show full 

tunability over the entire range of 75 to 300 pm. The beryllium-doped germanium lasers 

also operate at different E/B ratios than those seen in the shallow-doped lasers. The 

heavy hole energy at the lowest E/B ratio where lasing is observed can be computed from 

equation 1.1. In shallow acceptor-doped lasers this energy coincides with the optical 

phonon energy. [6] In beryllium-doped germanium lasers, lasing is observed at values of 

E/B where the heavy holes do not have enough energy to scatter with optical phonons. 

[ 133 However, the heavy hole energies at which the onset of lasing is observed coincide 

with the lowest, optically active ground-to-bound excited state transition of neutral 

beryllium acceptors in germanium (the G line). The exact mechanism by which inversion 

is achieved is not completely understood. However, it is proposed that heavy holes 

inelastically scatter with neutral beryllium impurities, giving up their energy and 

momentum. The heavy hole returns to zero energy, with a 4% chance of entering the 

light hole band. The neutral beryllium impurity excites hole into a bound excited state, 

which then either absorbs a phonon and is promoted into the valence band or returns to 

the ground state by emission of acoustic phonons. 

5.2 Lasing region - Ge:Be 

A beryllium-doped laser DO9 with similar size and doping level to the gallium- 

doped laser DO6 was tested to compare the lasing region differences of the two 

differently-doped materials. The result is shown in figure 5-1. At the same magnetic 

induction the Ge:Be crystal lases at lower electric fields than the Ge:Ga crystal. This is 
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Figure 5-1: Comparison of electric fieid and magnetic induction conditions necessary 
for lasing in similar concentration, size, and oriented crystals of Ge:Be (DO9) and 
Ge:Ga (DO6). 
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calculated theoretical limits from two inversion mechanisms. 
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Figure 5-3: Computed heavy hole energies at onset of lasing for Ge:Ga (D06) and 
Ge:Be (D09). 

because population inversion in Ge:Be occurs through a different mechanism than in 

Ge:Ga, as described in section 5.1. 

The minimum and maximum theoretical limits are plotted with the lasing region 

in figure 5-2. The limits are calculated from equation 1.1 (table 5-1) as in chapter 4. For 

inversion via optical phonon emission, E,, in equation 1.1 was set equal to 37 meV, and 

for inversion via neutral impurities it was set equal to 20 meV. Clearly the limits found 

by setting the left-hand side of the equation equal to 20 meV match the observed lasing 

region well. From this we can see that the proposed mechanism of population inversion 

by energy transfer to neutral impurities matches the experimental evidence. 

Another view of this data is presented in figure 5-3, which shows the heavy hole 

energies at the onset of lasing calculated from the data in figure 5-1. Again we see that 

these energies are very different, and correspond to two different mechanisms of 

population inversion. 
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5.3 Effect of uniaxial stress 

The effect of 300 bar uniaxial stress on the beryllium-doped laser DO9 is shown in 

figure 5-4. The uniaxial stress decreases the region in E and B in which the laser 

operates, as in the Ge:Ga laser (figure 4-3). We can attribute these results to a change in 

the fields needed to reach the threshold energy for inversion, as we saw for the Ge:Ga 

laser. The heavy hole effective mass decreases with applied pressure, so the electric field 

necessary for the heavy holes to achieve inversion increases. In addition, at low [ 1001 

stress the G-line bound excited state energy of the Be acceptor increases. [30] Both of 

these effects raise the lower theoretical limit for lasing. Since the light hole mass does 

not change much upon application of uniaxial stress, the small increase in the upper limit 

stems only from the increase in energy of the Be bound excited state. 

Knowing how the effective mass and bound excited state energies change with 

pressure, we can calculate new theoretical limits for lasing. Values for the change in m* 

from reference [25] and the change in G-line energy of Ge:Be from reference [30] were 

Stress Be “GI’ energy heavy hole light hole minimum E D  maximum E/B 
(mev [301 m* [25] m* (kV cm-lT-l) (kV cm-lT-l) 

0 bar 20.0 0.35 mo 0.042 mo 0.709 2.046 
300 bar 20.6 1 0.28 mo 0.042 mo 0.804 2.077 - 

used to calculate the limits given in table 5-1. These are shown graphically along with 

the data in figure 5-5. The increase in the lower limit for lasing matches well with the 

change in the data, and is due mostly to the decrease in heavy hole effective mass. In 

addition, the slight increase in lasing at high electric fields matches well with the theory 

and can be attributed to the slight increase in the G-line bound excited state energy upon 

uniaxial stress. It is evident that our proposed theory of population inversion in Ge:Be 

lasers matches well with the data we observe. 
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calculated from equation 1- 1. 
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6. Ge:Cu Lasers 

6.1 Motivation for using Ge:Cu 

Because of the success of Ge:Be lasers, hopes have been raised that multivalent- 

doped Ge FIR lasers will reach continuous-wave operation. Ideally, it will someday be 

possible to fabricate these lasers widely for FIR spectroscopy. However, beryllium- 

doped germanium is not a very common material because it historically has been used 

only for FIR detectors. Another material which is more easily available would be better. 

Copper-doped germanium can be attained more easily than Ge:Be. It is fabricated 

using diffusion of copper into ultra-pure germanium, as discussed in section 3.1. 

Annealing temperatures range from 600-800 OC, which can be conveniently attained in a 

typical furnace tube. The solubility of copper in germanium at these temperatures ranges 

from 1014 to 1016 cm-3, covering the concentrations needed for laser operation. 

6.2 Lasing region - Ge:Cu 

The magnitude of electric field and magnetic induction for Ge:Cu crystal DO2 

along with Ge:Ga crystal DO6 are shown in figure 6-1. The theoretical limits shown are 

calculated assuming population inversion from optical phonon scattering (Emax = 37.2 

meV). The Ge:Cu laser operates at lower electric fields than the Ge:Ga laser, but still 

within the theoretical limits. Since both lasers have the same crystal orientation, the hole 

effective masses during operation will be the same. However, in the Cu-doped laser the 

energy of the bound excited state corresponding to the G-line is 38.7 meV, which is 

greater than the light hole energies during laser operation. Thus the Cu-doped laser will 

not exhibit any "forbidden" or low-gain region around E/B = 1.2 kV cm-1 T-1. 

Lasing is not observed at high E/s in the copper-doped laser because the current 

increases and heats the laser too much. Since the neutral copper ionization level lies over 

four times deeper within the germanium bandgap than gallium, not all of the copper 
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Figure 6-1: Conditions of electric field and magnetic induction for lasing in Ge:Cu 
laser DO2 and Ge:Ga laser D06. Theoretical minimum and maximum are 
calculated based on inversion via optical phonon emission. 

acceptors become ionized when the electric field is applied. In fact, the Ge:Cu laser must 

be more highly doped than the Ge:Ga laser to achieve the same hole current 1151. In the 

gallium-doped lasers, nearly all of the acceptors are ionized to generate the hole current, 

and the current does not change much as the electric field increases. However, only a 

fraction of acceptors are ionized when electric fields in the range of 1-5 kV/cm are 

applied to copper-doped germanium lasers. This fraction increases as the electric field 

increases, generating a larger current which in tum heats the laser faster. 

6.3 Effect of uniaxid stress 

6.3.1 Results 

Because the energy of the Ge:Cu G-line lies so close to the optical phonon energy, 

it is not possible to determine whether the population inversion occurs like the 
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Figure 6-2: Conditions for lasing in Ge:Cu laser DO2 at zero, 300, and 600 bar stress 
applied in the [OOl] direction. 

Bcr) 

mechanism for the Ge:Ga laser (phonon emission) or the Ge:Be laser (energy transfer to 

neutral acceptors). However, the energy of the excited state decreases upon the 

application of uniaxial stress [29], so pressure experiments can provide insight into the 

mechanism of population inversion in these lasers. 

The E and B conditions for which lasing is seen in Ge:Cu crystal DO2 are 

displayed in figure 6-2. Uniaxial stress of 300 bar in the [OOl] direction increases the 

region of lasing, unlike the results for the beryllium and gallium-doped lasers. Increasing 

the stress further to 600 bar decreases the region of lasing as was observed in the other 

two lasers. 

6.3.2 Theoretical calculations 

As in chapters 4 and 5 ,  we can calculate new theoretical limits as a function of 

stress with data on the effective masses [25] and excited state energies [29]. Since we do 

not know whether the inversion is caused by optical phonon emission or energy transfer 
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to neutral acceptors, we must calculate the limits for both cases. The results are given in 

figures 6-3 and 6-4. 

Figure 6-3 shows the calculated minimum EJB ratio for inversion via the two 

mechanisms. The limits are very close, and get even closer upon increasing pressure. 

Since the pressure in the crystaI is not completely uniform due to the Hall field, these 

lines can be assumed to broaden (have error bars) at stress not equal to zero. With 

broadening, the lines will essentially coincide at all stresses larger than zero. If the 

energy needed for a heavy hole to transfer into the light hole band is the same, the hole 

can enter the light hole band via both mechanisms and the probability of the event 

occurring will increase. 

Figure 6-4 shows the maximum E/B ratio for inversion via optical phonon 

emission and energy transfer to a n e u d  acceptor. The limit for inversion via optical 
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Figure 6-3: Calculated minimum E/B ratio necessary for population inversion as a 
function of [lo01 stress for two mechanisms: optical phonon emission and transfer 
of energy to a neutral copper acceptor. 
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Figure 6-4: Calculated maximum E/B ratio necessary for population inversion to 
as a function of [loo] stress for two mechanisms: optical phonon emission and 
transfer of energy to a neutral copper acceptor. 

phonons (open circles) is invariant under uniaxial stress since both the light hole mass 

and the optical phonon energy are assumed to be insensitive to pressure. The decrease in 

the limit based on neutral acceptors (filled diamonds) is based on the decrease in bound 
. .  .. - .. . I .  . ,.. excited state energy wtn pressure. 

the spread in the two maximum limits is rehtively large at low pressures, we can 

conclude that at lower pressures the inversion will be destroyed by light holes emitting 

optical phonons. At higher pressures the inversion is destroyed through transfer of light 

hole energy to neutral Cu acceptors, since this requires a lower energy. 

he mn~ts cross at a pressure ot amut 3w bar. since 

6.3.4 Explanation of results with theoxtical calculations 

The increase in the region of lasing with 300 bar uniaxial stress can be attributed 

to two factors: a) the limits do not decrease very much in the Ge:Cu laser under small 
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stress and b) the population inversion increases greatly when two mechanisms are 

available for transfer of holes into the light hole band. At higher pressures the minimum 

limit for lasing significantly increases. This decreases the lasing at low ED3 as shown in 

figure 6-5. This figure shows the conditions for lasing of DO2 at 300 and 600 bar along 

with the theoretical minimum limits at 0,300, and 600 bar from figure 6-3. The data do 

follow the trend of the theory, however the theory predicts a higher threshold EA3 than 

the data show. This can be explained with the poor pressure distribution shown in figure 

3-2: if holes in some part of the laser crystal experience a lower pressure, they will invert 

at a lower E/B ratio. 

The theoretical maximum limit for inversion does not decrease very much in 

figure 6-4, however, we observe a significant decrease in the maximum E/B ratio from 

the 300 to the 600 bar data. This is because the maximum E/B ratio in laser DO2 is 

determined by crystal heating and not by the inversion limit as described in section 6.2. 

The heavy hole energy at a certain E/B ratio will increase under stress because the mass 

will decrease. This means the crystal will heat faster with increased stress at the same 

ED, and the maximum E/B under stress will decrease. 
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Figure 6-5: Conditions for lasing of DO2 at 300 and 600 bar [OOl] stress, along 
with calculated minimum E/B ratio necessary for lasing at 0,300, and 600 bar. 
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7. Conclusions 

7.1 Summary 

The effects of stress on germanium lasers doped with single, double, and triple 

acceptors have been investigated. The results can be explained quantitatively with 

theoretical calculations and can be attributed to specific changes in the energy levels of 

acceptors in germanium under stress. 

In contrast to previous measurements, gallium-doped Ge crystals show a decrease 

in lasing upon uniaxial stress. The decrease seen here is attributed to the decrease in 

heavy hole effective mass upon application of uniaxial stress, which results in a decreased 

population inversion. The discrepancy between this work and previous studies can be 

explained with the low compensation level of the material used here. Because the 

amount of ionized impurity scattering in low-compensated germanium lasers is small to 

begin with, the reduction in scattering with uniaxial stress does not play a significant role 

in changing the laser operation. 

Berylliumdoped germanium lasers operate based on a different mechanism of 

population inversion. In this material it is proposed that holes can transfer between bands 

by giving their energy to a neutral beryllium atom, raising the hole from the ground to a 

bound excited state. The free hole will then return to zero energy with some probability 

of entering the other band. The minimum and maximum E D  ratios for lasing change 

with uniaxial stress because of the change in effective mass and bound excited state 

energy. These limits have been calculated for the case of 300 bar [lo01 stress, and match 

very well with the observed data. This adds further credence to the proposed mechanism 

for population inversion in this material. 

In contrast to Be and Ga-doped lasers, copper-doped lasers under uniaxial stress 

show an increase in the range of E and B where lasing is seen. To understand this change 

the theoretical limits for population inversion based on both the optical phonon 

mechanism and the neutral acceptor mechanism have been calculated. The data are 
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described by population inversion via optical phonons at zero pressure. However, both 

mechanisms most likely occur when the slightly higher, non-uniform pressures of 300 bar 

are applied, leading to an increase in population inversion and lasing. Upon further 

increasing the pressure to 600 bar, the limits for population inversion decrease and a 

decrease in the lasing is seen. 

Since the dramatic increase in lasing at low fields expected with the application of 

uniaxial stress was not observed in these low-compensation, "high-quality " germanium 

crystals, it is unlikely that stressing hole inversion lasers will significantly help in the 

effort to achieve continuous-wave devices. However, this work has provided insight into 

the mechanisms of population inversion in multivalent acceptor-doped lasers, which are 

not yet fully understood. 

7.2 Future Work 

Further investigation into the deleterious effects of compensation would be 

interesting. This would provide valuable information as to the relative importance of 

ionized impurity scattering and acoustic phonon emission as non-radiative mechanisms 

for light holes to re-enter the heavy hole band. However, it is likely that this will lead to 

the conclusion that the lowest compensation level possible is the best and will not help in 

our efforts to achieve continuous-wave operation. 

To progress towards continuous-wave operation, further miniaturization and 

better optical confinement is needed. This will increase the gain and decrease the current 

at the same time. Better optical confinement can be achieved by using gold mirrors 

sputtered on silicon. This should allow further miniaturization, since the minimum size 

necessary for lasing is now limited by the optical gain realized in a small laser crystal. 

Further work could also be focused on increasing the cooling from these lasers. 

One design for achieving better cooling is to form a laser with a small "active" doped area 

adjacent to a large undoped area providing the cooling. These lasers could be fabricated 
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by diffusion of a thin Cu film from the surface, or with growth of Be-doped germanium 

by liquid phase epitaxy onto an ultra-pure germanium substrate. Hopefully with these 

improvements in cooling, miniaturization, and optical gain, we will be able to achieve a 

solid-state, continuous-wave, tunable, far-infrared laser. 

49 



Appendix I Streaming motion 

1.1 Hole motion in a large electric field 

Under large electric fields andor at low temperatures, caniers in a semiconductor 

will become "hot", having a drift velocity exceeding their thermal velocity. Under these 

conditions Ohm's law does not apply, and the current saturates with increasing electric 

field. At low electron or hole concentrations, the probability of interaction between 

caniers is very low. This means the mean free time z for a canier between inelastic 

scattering events depends only on the probability of emitting a phonon or interacting with 

an ionized impurity. In an electric field, a carrier will accelerate from zero drift velocity 

for time T (on average) until it scatters and loses energy. It will then accelerate again just 

as before. 

In p-Ge the probability of emitting an optical phonon becomes large when the 

-i N ~ ~ =  1 . 5 ~  1 0 % ~ ~  
f t  4.2K 

heavy hole 

\ 

Figure 1-1: Probability of scattering for heavy holes in germanium at 4.2 K as a function 
of heavy hole energy. Scattering is shown from ionized impurities (dash-dot line), 
acoustic phonons (dashed line), and optical phonons (solid line). (Courtesy Ref. [34]) 

50 



TOP 2Top 3TOp 

Figure 1-2: Schematic drawing of "streaming motion". 

holes have energy above 37 meV (Figure 1.1 [34]). Because of this it is likely that 

carriers will increase their 

velocity linearly until it reaches a critical value at: 

1/2 m* vop2 = Eop = 37.2 meV. 

zOp = (2 m* Eop)l/*(e E)-1 

(1.1) 

This occurs at time t = z,,, where 

(1.2) 

At this time, the hole will immediately emit an optical phonon and return to zero 

energy. If the probability of the hole emitting an optical phonon is much greater than the 

probability of scattering with an ionized impurity or emitting an acoustic phonon, the 

carriers will always reach the optical phonon energy and emit an optical phonon without 

exceeding it.(Figure 1-2) This process is termed "streaming motion".[21] This condition 

is met when the mean free time dominated by acoustic phonon emission and ionized 

impurity scattering is longer than the mean free time from optical phonon emission, or 

Top < (711-1 + zAp-y  0.3) 

where 711 is the average mean free time for scattering off of an ionized impurity and 7 ~ p  

is the average mean free time for emitting an acoustical phonon. 

Combining equations 0.2) and (1.3) produces a lower limit for the electric field 

necessary for streaming motion. If the probability of ionized impurity scattering 

decreases, 711 increases, the maximum T~~ for streaming motion will increase, and the 
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electric field necessary for streaming motion decreases. This is the explanation 

Komiyama and Kuroda use in their paper [ 101 to describe the decrease of lasing at Iower 

electric fields upon application of uniaxial stress. 

1.2 Hole motion in crossed electric and magnetic fields 

Under the influence of both electric and magnetic fields, a hole will feel a Lorentz 

. forceequalto 

F =e@ + v x B) (1.4) 

which will cause the hole to follow a cycloidal trajectory as long as no scattering occurs. 

If the E and B fields are perpendicular, and we point them along the x and z axes, 

respectively, the components of force the hole feels will be: 
F x = e E + e v  B 
F,, = -e vx d 
Fz = 0. 

Since F = m v', we can set up the differential equations: 

m* vx' = e E + e pry B 
m* vyl= -e vx B 

(I.5) 

In order to solve this system of differential equations, it will be easier to have only one 

equation. If we define a new variable 

we can add these two equations to get 

and use the trial solution 

v = v, + i v,, 

m* v' = e  (E - i €3 v) 

v = vo exp{ iot} - (i E/B) 0.9) 
we find that this solution works when 

o = e B/m*. (I. 10) 

Now, our trick of adding vx + i vy is useful because we can extract out vx and vy by 

taking the real and imaginaq parts of our solution v: 

v, = Re{V)= v, cos(ot) 
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vy = Im{ V) = -vo sin(ot) - E D  U.11) 

and now we know the position in "velocity-space" that the hole will be at any time. Let 

us assume that at time t=O the hole had no initial velocity, so v, = ED. The velocity of a 

hole at any subsequent time will be a point on the circle shown in Figure 1-3. The 

magnitude of the hole velocity Ivl will be given by: 

IVP = vx* + vy2 = 2v02 (1 + sin(0t)). (I. 12) 

Equation 1.12 is plotted in Figure 1-4. From this figure we see that IvP oscillates and has 

a maximum at 4vO2. Since the maximum hole energy is 1/2 m* /VI* we obtain a maximum 

heavy hole energy of 

Emax = 2 m* (E/B)2 

and we see that we have derived equation 1.1. 

We achieve streaming motion when the maximum hole energy exceeds the optical 

phonon energy. This can be seen in Figure 1-5. At a low E/B ratio, the maximum 

velocity is not large enough to cross the line denoting vop in velocity space. This means 

that streaming motion is not observed. As E/B is increased, the circle that it follows in v- 

space will grow and will cross the vop line denoting the velocity needed to emit optical 

phonons. At all E/B such that the hole velocity circle crosses the vOp line streaming 

motion will occur. Population inversion in germanium lasers is achieved under E/B 

conditions where heavy holes are in streaming motion and light holes are not. 
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Figure 1-3: Trajectory in velocity-space of a hole in crossed electric and magnetic 
fields. 
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Figure 1-4 Velocity squared of the hole shown in Figure 1-3 as a function of time. 
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Figure 1-5: Trajectories of a hole in velocity-space for two different values 
of Em. (a): 2(v,)l< v, ; no streaming motion is observed and holes do not 
inelastically scatter. 6): 2(v& > vop; streaming motion is observed and 
holes emit optical phonons. 
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Appendix II: Pressure rig 

As described in section 3.5, a sample holder had to be designed which would let 

us apply 500 bar stress and 2 kV bias to the laser crystals while at 4.2 Kelvin inside a 1" 

bore superconducting magnet. For several reasons it was desirable to have the pressure 

variable from the outside of the cryostat. To effectively check the change in laser 

intensity as a function of pressure, it is necessary to increase the pressure continuously 

during a measurement. Heating the laser crystal up to room temperature to change 

pressure causes condensation to form on the crystal which can leave residue on the crystaI 

surfaces which can increase optical losses and cause electrical shorts. In addition, several 

liters of helium are evaporated every time the holder at room temperature is placed into 

the liquid helium, so money is saved by removing the laser a minimum number of times. 

The stringent requirements of electrical isolation, pressure, and tight tolerances 

restricted the design of the pressure rig severely. The final design consisted of: 

(1) a sample holder to keep the laser inside the magnet 

(2) an alignment block to hold the laser at right angles to the magnetic field 

(3) a brass piston to supply both pressure and electrical contact 

(4) a pivot bar to applied force to the brass piston 

(5) a calibrated stainless steel spring to apply force to the pivot bar. 

The design of the sample holder is shown in figure Ii-1 . This piece is made 

entirely out of brass. It attaches to two concentric 1" and 0.5" diameter non-magnetic 

stainless steel pipes which serve to a) position the laser crystal inside the superconducting 

magnet, b) connect wires from the outside of the cryostat to the sample holder, and c) 

reflect the light from the laser crystal up towards the photoconductor, which is held 

within the innermost tube. A pivot bar, made from phosphor bronze, attaches to the 1/16" 

hole which is located 1.125" from the left side of the holder in figure 11-1. At the other 

end of the pivot bar, a 6-32 brass screw with a hole drilled in the center is attached. One 

end of a long stainless steel wire is soldered into this screw, and the wire is fed around a 
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pulley located at the Iower right comer of the holder as shown in figure II-1. The wire is 

then fed up the stainless steel tube to the outside of the cryostat. This wire is pulled from 

outside the cryostat to apply pressure to the laser. 

The laser crystal is placed inside an alignment block and is centered 0-4" from the 

fulcrum of the pivot bar. Since the pivot bar is 4" long between the attached points, this 

gives a multiplication ratio of 10 to whatever force is applied externally on the stainless 

steel wire. The alignment block is shown in figure II-3. It was fabricated either from BN 

or from Lucite. The Lucite was easier to machine and more resistant to cracking than the 

BN. However, it also had a significant difference in thermal expansion than the brass 

piston it contained and therefore did not allow pressure to be varied at 4 Kelvin. The 

crystal is aligned by the 3 mm wide groove in the base of the block. This is centered with 

the 0.19" diameter hole which keeps the brass piston aligned. The tolerances on the 

piston and hole are tight to keep the applied pressure uniform. Kapton and mica are 

placed between the piston and the pivot bar for electrical isoIation. 

The wire attached to the pivot bar is fed up the stainless steel light pipes and 

outside of the cryostat. Here it is passed through a spring (figure II-4), which is held in a 

cavity which can be expanded or shrunk by twisting a threaded disc around the spring 

cavity as shown in the diagram. This spring container was borrowed from a stress rig 

built by A. Kazanskii et a2 [35] for uniaxial stress FIR spectroscopy. The wire is fixed at 

the end of a piston which presses on the spring. By changing the size of the spring 

cavity, the spring is compressed and puts a force on the piston and the wire. The piston 

has a ruler on it to measure the compression of the spring. Since the spring constant is 

known through calibration with weights, the force on the wire can be obtained. 
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Figure 11-1: Diagram of brass sample holder. 
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