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Abstract

Recent experimental and theoretical results of impurity doped
germanium and silicon terahertz lasers are reviewed. Three different
laser mechanisms exist in p-type germanium. Depending on the
operating conditions and the properties of the crystal, laser transitions
can occur between light- and heavy-hole subbands, between particular
light-hole Landau levels or between impurity states. Electric and
magnetic fields are required for laser operation. In n-type silicon lasing
originates solely from impurity transitions of group-V donors, which
are optically excited. The properties of these lasers depend upon the
chemical nature of the impurity centre and the properties of the host
material. The principles of operation are discussed in terms of their basic
physical concepts. The state-of-the-art performance of these lasers is

summarized.

1. Introduction

A wealth of phenomena has characteristic signatures that fall
into the terahertz (THz) part of the electromagnetic spectrum.
Among them are the energy gap of superconductors, energy
levels of impurities in semiconductors, cyclotron resonance
and lattice vibrations in solids and rotational spectra of
molecules [1, 2]. Correspondingly there are many applications
ranging from remote sensing of astronomical objects or
planetary atmospheres to biomedical imaging [3-5]. One of
the key components of any application is the source. Until
now THz gas lasers have been used in many applications
[3, 4]. However, they are not tunable in frequency and can
be quite bulky. Due to the prime importance there are many
approaches to the development of alternative THz sources.
They can be roughly divided into four groups. One approach
is based on the extension of microwave technology, i.e. some
kind of microwave oscillator (e.g., backward wave oscillator,
Gunn diode or YIG oscillator), which is multiplied to the
required frequency. The highest frequency generated with
these sources is 1.9 THz with an output power of 20 uW
[6]. By downconversion of the radiation from two infrared
lasers it is possible to generate about 1 uW up to 1 THz;
above this frequency the emitted power drops down rapidly [7].
Recently a new type of THz laser, the THz quantum cascade
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laser (QCL), has been developed [8]. The lasing mechanism
is based on interminiband transitions in the conduction band
of GaAs/AlGaAs quantum-well heterostructures.  Laser
operation in the frequency range 1.9—4.8 THz at temperatures
of up to ~140 K, and high output power of up to 90 mW
have been achieved. The fourth approach is based on single
crystalline material. Lasing has been demonstrated in p-type
germanium in crossed electric and magnetic fields and in
uniaxially stressed germanium [9]. More recently, population
inversion and lasing have been achieved on intracentre
impurity transitions in silicon doped by group-V donors [10].

This paper deals with bulk germanium and silicon
THz lasers. The properties of such lasers depend upon the
characteristics of the impurities and the properties of the host
material into which they are introduced. These characteristics
are discussed in terms of their basic physics and the laser
performance. The paper is organized as follows. In the first
part, three different types of germanium lasers are discussed:
the intervalence band (IVB) laser, the cyclotron resonance
(CR) laser, and the shallow acceptor laser based on stressed
p-germanium. The second part describes recently developed
silicon lasers. A number of reviews have been published
on germanium lasers [9, 11, 12]. In order to avoid undue
repetition the major emphasis in this paper is given on silicon
lasers.
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Figure 1. Scheme of optical transitions in Ge:Ga lasers: dashed
arrows—relaxation of holes due to interaction with optical phonons;
bold black downward arrow—stimulated emission from light- to
heavy-hole subband; bold grey downward arrow—stimulated
emission on intracentre transition; straight upward
arrow—photoionization of Ga states.

2. Germanium lasers

2.1. Intervalence band laser

When hot holes in germanium are subjected to an electric
field, E, which is perpendicular to a magnetic induction,
B, population inversion and amplification on direct optical
transitions between light-hole and heavy-hole subbands of the
germanium valence band can occur at cryogenic (up to 80 K)
temperatures (figure 1). Often this is referred to as crossed
electric and magnetic fields. A strong interaction of the holes
with optical phonons is important for this type of laser. At
low lattice temperatures (<20 K) the scattering rate of holes
having a kinetic energy below the optical phonon energy
(E,p = 37 meV) is relatively low (10'-10" s~y and
controlled by the interaction with acoustic phonons. On the
other hand, above the optical phonon energy holes emit optical
phonons very rapidly with a rate of 102 s~!. As a result a
highly anisotropic distribution of hot carriers in momentum
space exists when a strong electric field accelerates holes up to
the optical phonon energy. Above the optical phonon energy
carriers lose their energy and accelerate again. This is called
streaming motion. The existence of light-hole and heavy-
hole subbands and the presence of a magnetic field, B, in
addition to the electric field, E, is essential for p-germanium
laser action. In velocity space, the trajectory of holes in crossed
electric and magnetic fields is represented by a cyclotron path
centred at £/B. When the holes have a small drift velocity
E/B < vo.0n, Where v on are the velocities of light and
heavy holes with energy E,,, their kinetic energy is below the
optical phonon energy and they do not emit optical phonons.
On the other hand, in fields for which E/B > v o both
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Figure 2. Lasing zone of a Ge:Be laser in E-B space. The grey scale
corresponds to the emitted power (darkest grey: highest power).

light and heavy holes reach the energy of the optical phonon
and scatter. Note that the probability of scattering any hole
into the light-hole or heavy-hole subband by emission of an
optical phonon depends only on the density of final states. The
effective mass ratio of heavy and light holes is approximately
8, resulting in a higher kinetic energy for heavy holes than
for light holes for the same E and B fields. For an appropriate
E/Bratio (vo] > E/B > vgy) only heavy holes have sufficient
kinetic energy and can emit optical phonons. In this situation,
optical phonon scattering leads to population inversion and
amplification on optical transitions between the light-hole and
heavy-hole subbands.

The first observation of stimulated emission from an
IVB transition was reported 20 years ago in 1984 [13].
Subsequently, other groups confirmed this observation
[14-16]. In order to obtain laser action an electric field of
~1-2kV cm™! and a crossed magnetic field of ~1-2 T have
to be applied (figure 2). The most widely used laser design is
a rectangular parallelepiped with Ohmic electrical contacts on
two of the longest opposite sample facets. The most common
field geometry is the Faraday configuration, i.e., the magnetic
field is applied along the optical axis of the laser. In this case
a superconducting solenoid is usually used for generating it.
In the Voigt configuration the magnetic field is transverse to
the optical axis. In this case permanent magnets as well as
conventional electromagnets can be used. The Voigt set-up
with permanent magnets allows a very compact design of
the laser in combination with a mechanical cryo-cooler [17].
Several authors indicate a better laser performance and higher
gain in the Voigt configuration [18, 19].

IVB lasers have relatively low gain: 0.01-0.03 cm~!. The
main reasons are a low pumping rate (only 4% of scattered
heavy holes populate the light-hole subband), short life time
(3 x 107! s) of the carriers in the upper laser level determined
by acoustic-phonon-assisted scattering [20], absorption by
free carriers and impurity-to-continuum transitions [21, 22],
and multiphonon lattice absorption. Additionally, electron—
electron and impurity scattering limit the doping level to
10 cm™3 [20]. As a consequence the gain is ~0.015 cm™!
for Ge:Ga and ~0.025 cm™! for Ge:Be with an amplification
cross section of (2-4) x 107!¢ cm? [22, 23]. The optimal
doping concentration is 10'%-10'> cm™3 [24, 25]. The laser
performance depends strongly on the homogeneity of the
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Figure 3. Emission band and tunability of a Ge:Be laser as a
function of electric and magnetic fields.

electric field in the laser crystal, which is determined by
the Hall effect [26], local doping imperfections and crystal
anisotropy [26, 27]. The strong electric fields lead to high
current densities in the active part of the laser sample and
subsequent heating, which limits both the gain and the duration
of lasing. The crystallographic orientation with respect to
the electric and magnetic fields also influences the laser
operation [27]. From a more practical point of view the
(1 10) orientation with the magnetic field parallel to the (1 1 0)
direction is favourable allowing operation both on IVB and
cyclotron resonance transitions [28]. Despite the low gain
the IVB germanium laser can reach quite high output power.
Depending on the crystal volume, the resonator design and the
applied fields output powers between a few tens of a mW up
to 10 W have been reported (see [11] and references therein).
This corresponds to a conversion efficiency of 107°-1074,
Without any cavity selection the IVB germanium laser
has a broadband (10-30 cm~!) multi-mode emission, which is
tunable in the range of 1-4 THz (30-140 cm™"') by the applied
fields (figure 3). The actual emission spectrum depends on the
dopant. IVB lasing has been successfully demonstrated from
p-germanium with different group-III acceptors. Originally
it was gallium (Ga). Other acceptors are Tl [29], Al [24]
and In [30]. These shallow acceptors absorb on impurity-
to-continuum transitions in the 11-13 meV emission band
of the IVB laser, which decreases the gain and causes a
gap in the laser spectrum. In order to eliminate this effect,
germanium was doped with double acceptors (Be, Zn) instead
[25]. Contrary to shallow acceptors the ionization energies
of Be and Zn are larger (25 meV and 33 meV, respectively)
and well above the energy of the IVB laser emission. In this
context THz laser emission from crystals with copper doping
(Ge:Cu) was investigated. This kind of laser requires larger
doping levels (1.5 x 10'3 cm™3) because only a small fraction
of the copper acceptors is ionized by the applied electric
field needed for laser operation [31]. Thus the efficiency of
acceptor ionization limits the usage of deeper impurities.
The optimal balance between the reduction of the absorption
related to the impurity centre and sufficient free hole

concentration is found for Ge:Be with a doping concentration
~10"-10" cm—3 [22, 25].

An interesting feature of p-germanium lasers doped by
group-III acceptors to a level of about 10'* cm™ is the
occurrence of stimulated emission on transitions between
excited states and the ground state of the acceptor (figure 1)
[32, 33]. Spectral measurements revealed a characteristic
discrete structure which was attributed to impurity transitions
related to the G (1.6 THz), E (1.9 THz) and C (2.2 THz)
lines of Ga [32, 33]. It was supposed that stimulated IVB
emission leads to the depletion of the ground state resulting in
population inversion and amplification on transitions from the
excited states to the ground state [27, 32, 33].

The axial mode separation depends on the active crystal
length and is typically of a few GHz. The width of the order
of 1 MHz of a single mode is defined by the duration of the
emission pulse (1-4 us) and has been measured by heterodyne
spectroscopy [34]. Different schemes for intracavity mode
selection and frequency tunability have been employed. By
incorporating a mechanically variable lamellar grating or
Fabry—Perot resonator into the laser cavity continuous tuning
over the emission band and a significant increase in the
spectral density have been achieved [35, 36]. Single mode
laser operation has been demonstrated using a Fabry—Perot
selector [37]. Intracavity wavelength selection has also been
achieved by applying a silicon etalon and a dielectric SrTiO3
selective mirror [38].

Recent work on the IVB germanium laser focuses on
two goals: to achieve continuous wave (cw) operation and to
generate ultra-short emission pulses. The main limitation to
achieving cw operation is the energy dissipated in the crystal.
In the early Ga doped lasers overheating occurred after a few
microseconds limiting pulse length as well as the repetition
rate. Boron-implanted Pd/Au contacts with less contact
resistance and an improved contact geometry, which yields
better field distribution, enabled longer pulses of stimulated
emission [39]. Finally, Ge:Be laser crystals with a volume as
small as 0.5 mm? and an optimized heat sinking allow higher
repetition rates [24, 40]. These improvements have led to a
laser duty cycle of 5% and THz emission under continuous
electrical excitation which indicates cw optical gain [40].

Since the IVB p-germanium laser emission covers a
broad spectral band it is possible to achieve short pulse
generation using mode-locking techniques. In particular, one
can use active mode-locking and modulate the gain of the IVB
germanium laser by means of an additional electric field
applied parallel to the magnetic field. This decreases the
lifetime as well as the population of the light-hole subband.
As a result population inversion is destroyed. If the
parallel electric field is modulated at a radio frequency
(rf) corresponding to twice the round-trip time of the laser
radiation, the gain is at its maximum each time the rf field
passes through zero, and it is at its minimum each time the rf
field passes through its extremes. Since the gain is modulated
mode-locking is induced [41, 42]. Gain modulation is possible
in Voigt [41, 42] as well as in Faraday configurations [43] and
active mode-locking has been demonstrated with Ga doped as
well as Cu doped laser crystals. Pulses as short as 60 ps were
generated. The pulse length was limited by the number of
equidistant laser modes. In addition, pulse separation from a
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mode-locked laser [45] and evidence for passive mode-locking
have been obtained [46].

2.2. Cyclotron resonance laser

Under the conditions which provide IVB lasing but in
stronger magnetic fields, population inversion can be achieved
between certain Landau levels of the light holes. Since the
drift energy of the light holes is about equal to their cyclotron
energy, Landau quantization and scattering related to light-
hole Landau levels with low quantum numbers, n, affect the
emission spectra. Population inversion on light-hole to light-
hole Landau level transitions can appear due to strong mixing
of the light- and heavy-hole states. Strong hybridization of
lower lying light-hole Landau states with heavy-hole states at
particular fields leads to selective tunnelling of light holes into
the heavy-hole subband. This tunnelling is more pronounced
for light-hole Landau levels with low quantum numbers than
for light-hole Landau levels with large quantum numbers,
resulting in population inversion between higher and lower
light-hole Landau levels. Landau amplification/absorption
for n > 3 transitions coexists with the broadband light-hole
to heavy-hole IVB spectra, while the lines with n = 1, 2
appear at higher (B > 2 T) magnetic fields. When operated
in this mode the laser is called a cyclotron resonance (CR)
laser. The first CR laser effect was observed in 1983 [47].
The frequency band of stimulated CR emission is narrow
(<0.2 cm™!) and can be tuned by the magnetic field from
28 cm~! to 90 cm™! (0.84-2.7 THz) for the Ge:Ga laser
[48, 49] and from 60 cm™! to 95 cm™' (1.8-2.85 THz) for
the Ge:Zn laser [50]. In general, a couple of CR transitions
can act simultaneously and transitions between different
light-hole Landau levels with the same quantum number m;
(e.g.,2 — land 1 — 0[49]) or between levels from different
my sets are possible [50]. CR lasers require relatively high
fields (B > 2 T), low doping levels (<10'* cm™3) and are
strongly dependent on the orientation of the crystallographic
axes (the favourable optical axis is (110)) [28]. An output
power of ~500 mW has been measured [48].

2.3. Stressed germanium laser

Another way to achieve population inversion in p-germanium
is to lift the degeneracy in the valence band by applying
a compressive force to the germanium crystal. Pulsed
stimulated emission has been obtained from stressed (>4 kbar
along (111) or (100)) Ge:Ga samples (doping concentration
~10'" cm™3) at liquid helium temperatures with an electric
field >2 kV cm™! [51]. The emission consists of a set of
discrete lines with the actual frequency depending on the
amount of stress (from 5 THz at 7 kbar to 10 THz at 12 kbar)
[52, 53]. The experiments indicate that impurity-related
transitions are responsible for the laser effect. Transitions
between a so-called ‘resonant impurity state’ of Ga, i.e.,
a state bound to the split-off heavy-hole subband, and an
excited Ga state localized below the valence band [54] are
involved. It is supposed that ballistically accelerated light
holes are efficiently captured by the resonant states which are
inversely populated with respect to the localized Ga states
[55]. Recently, it has been reported that this mechanism
leads to cw operation at 2.5 THz [54]. However, a detailed
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theoretical model and more thorough experiments are needed
for a complete understanding of the mechanism.

3. Silicon lasers

3.1. Group-V donors in silicon

Group-V donors are substitutionally incorporated into the
silicon host lattice. The energy spectrum of localized impurity
states originates from the six equivalent valleys along the
(100) orientations in the energy structure E,(k) of the
conduction band (for a review see [56]). On the basis
of the single valley effective mass theory (EMT) with a
spherically symmetric Coulomb potential an energy spectrum
similar to that of atomic hydrogen but with frequencies
falling into the THz range is expected. In the single
valley EMT the eigenstates are at least sixfold degenerate
due to the six conduction band minima. The deviation
from the spherically symmetric potential in the immediate
vicinity of the donor site due to the chemical nature of
the donor lifts the degeneracy of the 1s(A;+E+T,) state
and resolves it into 1s(A;), 1s(E), and 1s(T,) states. This
decomposition is called valley—orbit or chemical splitting.
The 1s(A)) state with the largest amplitude at the donor site is
strongest affected by chemical shift and splitting. For the p-like
states the wavefunction yields a small probability near the
donor site and consequently the splittings are too small to be
experimentally observable.

For low lattice temperatures the lifetime of an electron
in a particular donor state is determined by the interaction
with phonons. The characteristics of the impurity states and
phonon spectra determine the laser emission. Principally,
two mechanisms for population inversion in silicon doped by
group-V impurities can be distinguished. One mechanism is
based on the accumulation of charge carriers in long-lived
bound excited states of neutral donors while the other is based
on a resonant electron—phonon interaction.

3.2. Lasing based on long-lived impurity states

For all group-V donors in silicon except Bi the 2p, state
is long lived. At low lattice temperatures (7' < 30 K) the
interaction with intervalley optical and acoustic and intravalley
optical phonons is negligible for these centres. Therefore,
the population of the excited states is controlled by long-
wavelength acoustic-phonon-assisted relaxation (figure 4).
Population of the intracentre states can be achieved by
either optical excitation into the conduction band (intraband
excitation or photoionization) [57, 58] or by resonant optical
excitation into one of the excited states (intracentre excitation)
[59]. In the first case, optically excited carriers loose their
energy through the interaction with acoustic or optical phonons
in the conduction band (figure 4). Which type of relaxation
prevails depends on the energy of the pump photons. If their
energy is large enough relaxation in the conduction band
is mainly achieved by optical phonons, otherwise acoustic
phonons dominate. Further on, the excited carriers are captured
by ionized impurity centres and relax through the excited
impurity states with a characteristic step E = (8E;m*s*)!/?
[60], where s is the velocity of sound, m* is the effective
electron mass, and E; is the ionization energy of the impurity
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Figure 4. Energy level schemes and lasing principle of Si:P (left)
and Si:Sb (right) lasers.

state i. The quasi-classical density of states of Coulomb centres
drops with increasing ionization energy as E; /2 The lower
excited states are separated by energy gaps AE > §E.
The rate of acoustic-phonon-assisted transitions between such
states decreases not slower than (AE/S§E)™> [61]. Except for
Bi the 2py state is long lived, since intravalley phonons cannot
contribute to the de-excitation to the 1s(E) and 1s(T,) states
because of energy and momentum conservation. Calculations
that take into account inter- and intravalley acoustic-phonon-
assisted relaxation yield values of the order of 10~ s and
1071-10~!" s for the lifetime of the carriers in the 2p, and
1s(E), 1s(T,) states, respectively [62, 63]. This leads to an
accumulation of the photoexcited carriers in the 2py state
and the formation of a population inversion between this state
and the lower 1s(E) and 1s(T,) states [64]. Consequently, a
four-level laser scheme is realized and lasing can occur on the
2po — 1s(E), 1s(T») transitions. Silicon doped by P and by
Sb are two examples of this type of laser. One important
difference between them is caused by the higher atomic
number of Sb compared to P. This results in a noticeable spin—
orbit splitting of the 1s(T,) state into the doublet 1s(T,:I"7)
and quadruplet 1s(T,:I'g) separated by 0.3 meV (figure 4).

Si:P and Si:Sb crystals as well as Si:Bi and Si:As,
which will be discussed below, were float-zone or Czochralski
grown and doped in the range Np = (0.9-7) x 10" cm~3
(Si:P, Si:Sb, Si:As) or >10'® cm™3 (Si:Bi). The ingots were
cut into parallelepipeds with typical dimensions of 7 x 7 x
5 mm?. The end facets were polished with an accuracy of
~1 arcmin in order to provide a high-Q resonator on internal
reflection modes. The crystals were cooled below 30 K either
by immersing them into liquid helium or by means of a
mechanical cryo-cooler and optically excited by a TEA CO,
laser. The output emission was spectrally analysed with a
Fourier transform spectrometer (FTS).

A Si:P laser has a single emission line at 5.41 THz
(180.66 cm™!, 22.39 meV) (figure 5) [10, 65]. Its frequency is
in excellent agreement with the transition from the 2p state to
the 1s(T,) state as measured by Fourier transform spectroscopy
[66]. A laser transition to the 1s(E) state was not observed.
Two competing factors determine the relative gain of the
2po — 1s(T,) and 2py — 1s(E) transitions. On the one hand,
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Figure 5. Emission spectra of silicon lasers doped by group-V
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spectra were measured with an FTS and a resolution of 0.2 cm™'.
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Figure 6. Laser emission as a function of silicon lattice temperature.
The lasers are optically excited by radiation from a CO; laser.

the acoustic-phonon-assisted relaxation of carriers from the
1s(E) state is faster than that from the 1s(T,) state because
group theory considerations allow only intervalley phonons
for the 1s(T,) — 1s(A;) transition, whereas both intravalley
and intervalley phonons contribute to relaxation from the 1s(E)
state [67]. On the other hand, the optical cross section for the
transition from the 2p state to the triplet 1s(T,) state is about
1.5 times larger than that to the doublet 1s(E) state [66]. For a
Si:P laser the latter factor dominates and determines the laser
action [68, 69]. Similarly, the emission from a Si:Sb laser
consists of a single line at 5.15 THz (171.8 cm~!, 21.31 meV)
(figure 5) [70]. This corresponds to the 2py — 1s(T,:I'g)
transition and is in very good agreement with Lyman spectra
that yield 21.32 meV [66]. The spin—orbit splitting modifies
the optical cross sections as compared to Si:P. Therefore the
2po — 1s(Tp:I'g) transition dominates. The Si:P laser can
operate up to 17 K while in Si:Sb laser action ceases at 12 K
(figure 6).

3.3. Lasing based on resonant electron—phonon interaction

This laser mechanism is due to the resonant interaction of
certain impurity states with optical phonons. One example is
Si:Bi. For this medium the 2s and 2p, states are resonantly
coupled to the 1s(A) ground state by optical phonons [71]. At
temperatures where the thermal energy is much smaller than
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in the 2s state are shown.

the energy of the optical phonons spontaneous emission of
transverse (TO g-type, 62 meV, TO f-type, 59.1 meV) optical
phonons [72] depopulates the 2s and 2p states via a direct
transition to the 1s(A;) ground state (figure 7). This results
in a lifetime of about 1 ps for these states. In short, the
mechanism is as follows. Optically excited free carriers lose
their energy through interaction with acoustic and optical
phonons in the conduction band until they are captured by
ionized impurity centres. This process is followed by an
acoustic-phonon-assisted cascade capture essentially in the
same way as for Si:P or Si:Sb. Once a free carrier arrives at the
2s or 2py state the situation is different. Due to the resonant
interaction the majority of the optically excited electrons relax
directly from these states to the 1s(A;) ground state leaving
the 1s(E) and 1s(T,) states essentially unpopulated. Carriers
are trapped in these states only by optical-phonon-assisted
recombination from the conduction band or direct acoustic-
phonon-assisted transitions from the 3s state. The probability
of populating the 2p. state via cascade relaxation is calculated
to be about 0.5, while for the 1s(E) and 1s(T,) states it is about
100 times less. Although the lifetime of the 2p. state and the
lower 1s(E) and 1s(T,) states is almost the same (~100 ps),
the latter are essentially unpopulated. In principle, population
inversion can be achieved between states higher than the 2s
state and the 2py, 1s(E) and 1s(T,) states. For transitions,
which end in the 1s(E) or 1s(T,) state, an amplification of
0.1-1 ecm™! on 2p: — {1s(Ty), Is(E)} transitions was
calculated for a Bi concentration of 2 x 10'> cm™3, a pump
photon flux density >10%2 cm~2 s~! and a temperature of 4 K.
For transitions ending in the 2s or 2p states, an amplification
of the order of 0.01-0.1 cm~! was calculated for Si:Bi with
a Bi concentration of 10' cm™3, a pump photon flux density
>10?2 cm ~2 s~! and temperatures below 80 K [58, 69].

Due to the high atomic number of Bi the spin—orbit
splitting of the 1s(T,) state into the doublet 1s(T,:I';) and
quadruplet 1s(T,:I"g) states is about 1 meV, much larger than
for other group-V donors [66]. This modifies the optical cross
sections making the 2py. — 1s(T,:E) the dominant emission
line. Thus, there are three emission lines with the 2p. state
as the upper level and the 1s(E, T) states as the lower level
(figure 5) [69, 73]. In addition three long-wavelength laser
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1s(A,)

lines have been observed and identified to be from transitions
between higher excited states and the 2s state [69]. All
emission frequencies are in excellent agreement with the data
obtained from Lyman spectra. The 30 K operation temperature
of the Si:Bi laser is the highest of all silicon lasers.

The other example is silicon doped with arsenic (Si:As).
It is of particular interest because on the one hand the 2p state
is long lived, similar to Si:P, and on the other hand the LA
f-phonon, which transfers an electronina (1 1 0)-type direction
to one of the four equivalent valleys, has an energy close to
the gap between the As impurity ground state and 2s and
2p+ states. The latter is similar to the situation in Si:Bi.
The population inversion in Si:As is maintained as follows
(figure 8). At low lattice temperatures electrons are excited
from the 1s(A,) state to the continuum and relax to the bottom
of the conduction band by a similar cascade process as for the
other dopants. This cascade process ends when the carriers
reach the 2s state. The arsenic 2s state is split into three levels:
I'y, I's and I's. The 2s(E: I'3) state is coupled to the 1s(A;)
ground state by intervalley LA f-phonons with an energy
of 46.3 meV. This is one of the strongest electron—phonon
interactions in silicon since it is allowed by group-theoretical
analysis [72]. The characteristic rate of such a process is
10''-10"2 s~! and carriers captured in the 2s state do not
reach the 2py and 1s(E), 1s(T,) states. The lifetime of the
latter states is estimated to be ~1071°-10~!! s [62]. Coupling
of the 3s and 3py states to the As ground state via the f-LO
phonon (48.8 meV) is a much weaker process [72] and does not
completely interrupt the cascade-type population of the 2p.
state. However, this shortcut lowers the gain of the laser. As a
result, population of the 2p.. state is highest and lasing arises
on the 2py — 1s(E), 1s(T,) transitions at 5.87 THz (24.94 +
0.02 meV) and 6.64 THz (26.33 £ 0.02 meV), respectively
[74]. These values differ slightly from those deduced from
absorption measurements for Si:As at ~60 K (24.86 +
0.01 meV and 26.29 + 0.01 meV) [66]. The difference of
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Figure 9. Laser threshold as a function of doping concentration for
intraband excitation with a CO, laser. The values at 500 kW cm ™2
are lower limits. For these samples only spontaneous emission was
observed.

0.04-0.08 meV is very likely caused by thermal broadening of
the impurity states in the absorption measurements. In contrast
to Si:Bi no emission has been observed on the long wavelength
{npo, np+} — 2s, n = 3,4,... transitions, because the
resonant phonon interaction in Si:As is less efficient. The
maximum operation temperature is 20 K (figure 6).

3.4. Laser threshold and D~ centres

The lowest laser threshold for Si:P and Si:Sb lasers is about
40 kW cm™2 (~2 x 10%* photons cm~2 s~!) and the output
power reaches several mW. With 100 kW cm~2 (~5 x 10*
photons cm™2 s~!) the threshold of Si:Bi lasers is significantly
higher. This reflects the less efficient population inversion
mechanism. The output power of these lasers is less than 1 mW.
Achieving cw operation does not appear very promising. The
limiting factors are the short lifetimes of the involved states,
efficiency of the cascade capture, and heating of the crystal by
the pump radiation. The optimum net doping concentration
is about 5 x 10" cm™3 for lasers based on the long-lived 2p,
state (figure 9). Below this concentration the gain decreases
due to the decreasing number of donors, while above it
impurity broadening of the energy levels starts to become
important; this lowers the peak value of cross section for
the particular intacentre transition and results in lower gain
and a higher laser threshold. Compensation of the dominant
dopant by acceptor centres has a positive effect on the laser
threshold, i.e., the laser threshold for intraband excitation is
about a factor of 2 lower for lasers compensated by ~30% than
for uncompensated ones (figure 10) [75]. The compensation
closes one channel of losses that arise from the absorption of
THz radiation by D~ centres. In an uncompensated
n-silicon crystal photoexcited electrons can be captured by
neutral donors and form negatively charged D™ centres [77].
These centres have a large absorption at THz frequencies. If
the compensation is chosen properly the free electrons are
captured predominantly by the positively charged donors and
the formation of D™ centres is negligible. Si:As is somewhat
peculiar. The laser threshold is the highest of all lasers
(200-250 kW cm™2, ~10% photons cm~2 s~1). The optimum
doping concentration of As donors is (2.5-3.5) x 10 cm™3,
close to the value for Si:P and Si:Sb lasers. Lower and
higher doped samples exhibit merely spontaneous emission.
The optimum doping concentration differs by about one
order of magnitude from the optimum doping for Si:Bi
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Figure 10. Laser threshold of Si:P lasers with different degrees of
boron compensation when optically excited by radiation from a CO,
laser. The samples with a compensation of 6% and 30% have about
30% lower threshold than the uncompensated samples. This can be
attributed to the suppression of absorption by D~ centre.

(>1 x 10' cm™3) [77]. These peculiarities are due to the
resonant phonon interaction which is weaker than for Si:Bi but
sufficiently strong to inhibit a Si:P or Si:Sb-like laser process
with 2p as the upper laser state.

3.5. Frequency tunability

The frequency can be tuned by applying either a magnetic field
or external stress. The degeneracy of certain shallow donor
states is lifted when a magnetic field is applied [78]. This
results in a splitting and a shift of the states (Zeeman effect). At
low magnetic fields (typically below 3—4 T) shift and splitting
grow linearly with the magnetic field. For Si:P no change of the
emission frequency or power up to 2 T has been observed. For
Si:Bi both laser transitions split symmetrically around the zero
field frequency (for B||(112)). The splitting is 0.08 meV T~!
(20 GHz T~! = 0.3% T~'). The laser emission disappears at
a field between 0.5 T and 1.0 T, where the overlap of the gain
profiles of both transitions is not sufficient to maintain laser
action. From this the width of the gain profile can be estimated
to be about 1.5 cm™!,

When external stress is applied to a crystal the energy
band extrema shift. In general, the symmetry of a crystal is
lowered. This results in the lifting of degeneracies associated
with the band extremes and the energy levels of an impurity
[79]. The dependence of donor levels on external stress can
be calculated using perturbation theory. For a compressive
force parallel to (100) the 1s(E) — np transitions split into
three components: one shifts to lower frequency, one to higher
frequency, and one stays constant. The 1s(T,) — np transitions
do not split because the lower and the upper state change
their position with the same rate. For other directions of
stress the splitting of the levels is qualitatively the same. No
frequency shift exists for the 2py — 1s(T,) laser transition of
Si:P for a compressive force applied along (1 00). In contrast,
the 2p. — 1s(T,:I"g) transition of the Si:Bi laser shifts by
6 cm™! /kbar (180 GHz kbar~! = 3% kbar~!) towards higher
frequencies for stress applied along (112) or (110).
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Figure 11. Emission of the Si:P laser as a function of pump photon
energy and pump power from the free electron laser. The
attenuation of pump radiation is given in dB relative to maximum
power. Laser emission appears when the pump photon energy
coincides with the photoexcitation of the impurity centre.

3.6. Intracentre excitation

An alternative means of optical excitation is intracentre
pumping. In this case, the electrons are pumped directly
into one of the bound excited impurity states. Intracentre
excitation differs from intraband excitation in several aspects.
First of all, the optical absorption cross sections of intracentre
transitions are about two orders of magnitude larger than those
of impurity-to-band transitions far in the conduction band
(~10" cm? instead of ~107'¢ cm?) [66]. Secondly, the
de-excitation of electrons from the band leads to heating of
the silicon lattice which in turn changes the spectral density
of acoustic phonons and affects the population inversion as
well as the absorption of THz radiation. Last but not least,
the gradual relaxation of the electrons in the band and the
higher excited impurity states leads to the creation of shallow
D~ centres as discussed above. Thus, intracentre excitation of
group-V donors in silicon is the more efficient optical pumping
scheme. Stimulated emission by intracentre excitation has
been observed from all silicon lasers described above. As an
example we will discuss Si:P and Si:Bi lasers under intracentre
optical excitation [59, 80].

The measurements were made using the frequency tunable
(1540 pm) free electron laser for infrared experiments
(FELIX) at the FOM Institute in Rijnhuizen, the Netherlands.
The pump radiation consisted of 6-8 us long trains of
micropulses (6-8 ps FWHM, 1 ns separation, peak power
~0.5 MW) at a repetition rate of 5 Hz. The average power of
this macropulse was ~2.5 kW. The scans were performed with
a discrete wavelength step of 0.02 um. The bandwidth of the
FEL laser pulse was ~0.5—1% of the central wavelength.

Laser emission from Si:P was obtained when the pump
energy corresponded to intracentre transitions between the
1s(A}) ground state and any of the excited states. An example
of excitation into odd-parity states is shown in figure 11.
Excitation into states higher than 2pg results in emission on the
2po — 1s(T») transition similar to intraband excitation with a
CO; laser. For direct excitation into the 2p, state stimulated
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Figure 12. Emission spectra of Si:P and Si:Bi lasers when optically
excited with a free electron laser. The spectra were measured with
an FTS and a resolution of 0.2 cm~!. Note the change of the
emission frequency when the pump state changes from 2py to 2p..

emission occurs on the 2p; — 1s(E) transition at 171 cm™!

(figure 12). Apparently, the lower population of the 1s(E)
state resulting from its shorter lifetime determines the laser
transition. This compensates for the larger cross section of
the 2py — 1s(T,) transition. In the case of Si:Bi stimulated
emission has been observed from the same transitions as for
intraband excitation, namely the 2py — 1s(E), 1s(T»:I'g)
transitions for all except one pump frequency (figure 12).
Compared to intraband excitation another emission line
appeared for direct pumping into the 2py state (figure 12). The
emission frequency corresponds to the transition from the 2p,
to the 1s(E) state. Lasing occurs despite the strong resonant-
type interaction of the ground state that leads to the fast de-
excitation of the 2py state [57]. The very high micropulse
peak power available from FELIX leads to an extremely fast
pumping rate up to ~10'3s~!. Even considering the very short
pumping time, equal to a single micropulse duration of 610 ps
FWHM, this is sufficient to achieve population inversion and
laser gain.

For intracentre excitation of Si:P the lowest threshold
pump power density averaged over the macropulse was
~50 W cm™2 (~9 x 10?! photons cm~2 s~!). This was
achieved for direct excitation into the upper laser level. The
Si:Bi laser has the lowest threshold when pumped into the
2p. state (170 W cm™2, ~1.6 x 10?2 photons cm™2 s71),
Direct excitation into the 2p, state has a pump threshold of
1.7 kW ecm™2 (~2 x 10? photons cm™2 s~!), which is
about one order of magnitude higher than for pumping into
the 2py state due to the resonant phonon interaction. In
general, intracentre excitation is more efficient than intraband
excitation.

It is worth noting that in total 17 emission lines have been
obtained from intracentre excitation of Si:P (2 lines), Si:Sb
(5), Si:Bi (3) and Si:As (7). The appearance of a particular
laser transition depends on the state which is pumped and
on the pump power. This indicates that the electron—phonon
interaction and the spectral density of the phonons in silicon
are crucial for the laser process.
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3.7. Electrical excitation

It has been suggested that the same principles as for the IVB
p-germanium laser can be applied to p-doped silicon in crossed
magnetic and electric fields at low lattice temperatures [81].
A hot-hole population inversion in the valence band between
light- and heavy-hole Landau levels or within the light-hole
Landau levels might be obtainable. The first calculations
[82, 83] predicted an emission frequency up to 10 THz and
gain at temperatures as high as 77 K. Monte Carlo simulations
of hot holes in silicon which take into account the warped
valence bands [84] indicate that laser emission is achievable
over a wide frequency range from 0.5 to 5 THz and gain
with an optimum at E/B ~ 0.4-0.8 kV cm™! T~! for B ~
3 T. Spontaneous emission in the terahertz range has been
observed from a 30 x 5 x 4.1 mm? silicon crystal doped with
a boron concentration of 1.5 x 10" cm™. The maximum
output was achieved forB~3 Tat E/B ~ 0.65kV cm™! T~!
and pulsed electric field [85]. The authors suggest that the
observed emission is caused by population inversion between
hot holes. However, no laser emission has been observed to
date.

Recently, electroluminescence at THz frequencies has
been observed from electrically pumped boron doped p-type
silicon [86] and phosphor doped n-type silicon [§7]. The
samples were fabricated from 380 wum thick silicon wafers
doped to a level of ~10"3 cm™3. Schottky contacts were
used for effective injection of carriers. Electrical pulses
with a duration of 250 ns and with a repetition rate of
413 Hz were used for excitation, and the collected power
was calculated to be ~20 uW/facet for a 190 x 120 pm?
device with a peak current of 400 mA at 12 K. The emission
was observed at electric fields above 1.8 kV cm™!, which
is a factor 2.5 larger than the observed current conduction
threshold. The intensity of the THz emission increases
linearly with current and quenched when the temperature of
the sample was above 30 K for Si:P and above 20 K for Si:B.
Some radiation was still detectable at temperatures as high as
150 K. The emission spectra show that the observed radiation
corresponds to intracentre transitions of impurities in silicon,
similar to that for optical excitation [10, 65]. The generation
of the electroluminescence is attributed to impact ionization
of the neutral impurities in the bulk silicon by the injected
electrons.

Whether electrical excitation can eventually result in laser
emission is not yet clear. For p-germanium, it has been shown
theoretically [33] that impact ionization is not sufficient for
this laser mechanism. The depletion of impurity levels in an
electric field above the impurity ionization threshold affects
mostly excited states with small binding energies. Population
of excited states, which are supposed to serve as the upper
laser level, might be possible for particular dopants via a fast
direct capture of free carriers into the excited states due to
scattering on optical phonons of the host lattice. However,
this may not overcome the depletion by impact ionization.
Thus, electrical excitation of bulk silicon does not seem to
be a straightforward approach to realizing a THz intracentre
laser. This disadvantage might be overcome in silicon-
based heterostructures, where the electron transport and the
relaxation via impurity levels can be spatially separated.
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Figure 13. Frequency coverage of silicon and germanium lasers
(IVB: light- to heavy-hole intervalence band laser, CR: cyclotron
resonance laser). Note that some of the emission lines of the silicon
laser fall into the Reststrahlenband (RB) of GaAs.

4. Outlook

Lasers based on bulk germanium and silicon cover a
wide range of the THz portion of the electromagnetic
spectrum (figure 13). For more than 20 years extensive
research has been carried out on p-germanium lasers, which
has resulted in a very thorough understanding of the
underlying physical mechanisms. However, owing to their
complexity, applications of p-germanium lasers are mainly
restricted to research laboratories. With the latest technological
improvements, a more convenient operation in a closed cycle
cooler with permanent magnets is possible and may open
the door for more applications. The n-type silicon laser
was invented only a few years ago. Within a very short
time lasers with different donors and different excitation
schemes have been developed. While the principle lasing
mechanisms and the involved states have been worked out,
a detailed understanding of the electron—phonon interaction
that governs the laser mechanism is still missing. It is
worth noting that this is the first laser ever realized with
silicon. An interesting feature of the silicon laser is that it
operates right in the Reststrahlenband of GaAs (figure 13).
In this region GaAs/AlGaAs QCLs might not work at all.
Therefore it is well worth pursuing the development of this
type of laser. In order to extend the frequency coverage of
QCLs different research groups work with various designs of
SiGe structures, mainly employing intersubband transitions
in the quantum-well valence band (see, e.g., [88, 89]).
Electroluminescence from the SiGe/Si structures has been
obtained at far- and mid-infrared wavelengths. Difficulties
encountered are the natural internal lattice mismatch induced
strain of the SiGe/Si layers and the short lifetimes of carriers
in the upper laser level [90]. One approach might be to
incorporate impurities into a SiGe superlattice. Intracentre
boron-related electroluminescence has been observed from
vertically excited cascade-type p-SiGe:B/Si heterostructures
[91]. Another group reported stimulated THz emission from
impurity-related transitions from in-plane electrically pumped
p-SiGe:B/Si heterostructures [92], but this needs further
verification. In summary, germanium and silicon THz lasers
remain an exciting field of research mostly from the viewpoint
of fundamental physics but also for dedicated applications.
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