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ABSTRACT

A recently proposed THz laser concept in homoepitaxially grown p-Ge with layered doping is
reviewed. Prospects for realizing a similar design in Si or GaAs are considered.
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INTRODUCTION

Recent terahertz semiconductor-laser developments include inter-subband p-Ge lasers [1], lasers
based on optically-pumped donors in Si [2], quantum cascade lasers (QCL) [3-5], and proposed p-type
Si/SiGe quantum cascade lasers [6]. All of them suffer from a rapid increase in far-IR lattice absorption
with temperature [7], to offset which requires higher gain and hence higher active carrier conceniration,
until the population inversion becomes negatively impacted by impurity and carrier-carrier scattering.
QCLs have achieved continuous-wave {CW) output and operation temperatures above liquid nitrogen via a
design with extreme tolerances that requires growth by molecular beam epitaxy (MBE). This limits QCL
active layer thickness to ~10 pm, which is less than the generated wavelength, requiring complex and lossy
cavity solutions. The only working THz QCLs have been based on AlGaAs-GaAs multiquantum wells.

GERMANIUM TERAHERTZ LASERS

Among all semiconductor terahertz lasers listed above, only p-Ge lasers have demonstrated a wide
tuning range. Three distinct mechanisms of laser emission have been realized experimentally i in p- -Ge, The
intervalence band (IVB) mechanism (1 W peak power) can be tuned over the range 50-140 cm™ using
intracavity selectors, as shown in Fig. 1. The light hole cyclotron resonance (LHCR) mechanism (100 mW
peak power) is magnetically tunable over the range 30-100 cm™. And, the heavy hole cyclotron resonance
maser (10 mW peak power), also known as the negative effective mass amplifier and generator (NEMAG),
is magnetically tunable from 40 to 400 GHz. In this paper, we will briefly review the first two of these
mechanisms and a modification of the p-Ge gain medium that promises to enhance the gain. Then we will
consider the potential of these approaches in Si and GaAs,
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Fig. |. (Left} Narfow-line spectra for p-Ge laser with different intracavity wavelength selectors, Achieved line"width is
0.1 e, (Right) Intracavity etalon with diffraction structure used to select laser emission wavelength.
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For the IVB and LHCR mechanisms, the inverted population grows at certain ratios of applied
crossed electric and magnetic fields, when light holes are accumulated on closed trajectories below the
optical phonon energy, while heavy holes undergo rapid optical phonon secattering, Fig. 2 is a schematic
quasiclassical explanation of the IVB laser mechanism that is valid at low applied fields where Landau-
level spacing is much less than carrier kinetic energy.
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Fig. 2. Schematic of quasi-classical explanation for intersubband hot-hole laser.

At magnetic fields above 3 T, quantization of the spectrum becomes important, and mixing
between light and heavy sub-bands by the fields allows population inversion and lasing transitions between
Landau levels within the light subband itself, the LHCR mechanism. LHCR lasers produce a narrow line
whose frequency is proportional to the applied magnetic field. Due to the constraints of free-carrier and
Jattice absorption, the tuning range 30-100 cm is similar to-that for the intervalence band mechanism (50-
140 cm™), as explained below. The light-hole Landau levels are populated by the same scattering
mechanism depicted in Fig. 2.

Light hole life time, responsible for the inversion population and for the gain, is determined by
acoustic phonon scattering, ionized impurity scattering, and carrier-carrier interaction, such that p-Ge laser
operation has been limited to tiquid helium temperaturcs and low carrier concentrations (~ 10" em™). Fig.
3 (left) shows that the limit to the doping concentration, and therefore the gain, is due to a steep decrease in
gain cross section as a consequerice of impurity scattering on ionized acceptor centers.
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Fig. 3 (LefY). Celculated gain cross section ¢ and gain g for the p-Ge laser as a function of carrier concentration N. Due
to ionized impurity scattering by the acceptors, which are the source of holes, the gain is optimized at the rather low
concentration value of ~10'* em™®, which agrees with experiment. (Right) Experimental temperature-dependent lattice
absorpticn (symbols) and free carrier absorption (smooth curve) for ~10™ om® hole concentration. The legend gives
temperature in K. The shaded box gives the range of gain and emission-wavenumbers reported for intervalenceband p-
Ge lasers. It is clear that the limited gain in combination with intrinsic absorption determine the tuning range and
maximum operating temperature.

Fig. 3 results show that small signal gain in p-Ge lasers usually does not exceed 0.1 em’ . As
shown in Fig. 3 (right), this is smaller than the Ge lattice absorption at 50 K [7]. Thus the maximum
operating temperature is limited by intrinsic lattice absorption in the active crystal. Because of Joule
heating during electrical pumping, the duty cycle of the bulk p-Ge laser is similarly limited. The maximum
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gain value, and the spectral dependence of the lattice and free carrier absorption, limit tuning to the range
50-140 cm™, as shown in Fig. 3 (right).

We recently developed a terahertz laser concept based on inter-subband fransitions of holes with
transport in crossed electric E and magnetic B fields in a planar periodically doped p-Ge/Ge structure [8-
11]. The design, shown schematically in Fig. 4, achieves spatial separation of hole accumulation regions
from the doped layers, which reduces ionized-impurity scattering and carrier-carrier scattering for the
majority of light holes, allowing significant increase of total carrier concentration without affecting light
hole life time. The resulting increase in gain over the bulk p-Ge laser promises to raise maximum operation
temperatures to 77 K. At the same time the proposed lager retains the intersubband mechanism with its
wide tuning range 1-4 THz. Moreover, this crystalline-Ge device can be grown by chemical vapor
deposition (CVD), which altows active thicknesses comparable to the THz wavelength, thus allowing low-
loss quasi-optical cavity solutions. As soon as we have developed a THz laser concept based on CVD
epitaxial Ge devices, it becomes very interesting to consider the possibility of realizing a Si THz laser
because of the tremendous potential benefits of integration with Si electronics, Likewise, a similar structure
based on GaAs is interesting because of the highly sophisticated technology available for epitaxial growth
of this material.

]‘E ~1mm

Fig. 4, Homoepitaxial multilayer Ge/p-Ge THz laser concept [8-11]. The layer period is chosen to be 300 —500 nm,
which is larger than the light hole cyclotron orbit, but smaller than that for heavy holes. The doped layers are ~10% as
thick as the period. Light holes are shown by Monte Carlo simulation to accumulate in the undoped layers where their
life time is enhanced by reduced impurity scattering. This scheme allows much higher average carrier concentrations
than for uniformily doped bulk, giving a corresponding increase in gain. The total stack thickness that has been
achieved experimentally by chemical vapor deposition is ~30 microns, and physical analysis suggest that 100 micron
total thickness for the active region is feasible, giving a low- ioss quasmp‘ncal cavity solution. A similar device with
horizontal transport has also been studied.

SILICON TERAHERTZ LASERS

We now consider the possibility of inter-valence-band and LHCR mechanisms of population
inversion and stimulated emission in p-type siticon. When implemented, this would be the first crystalline-
Si electrically-excited THz laser. This device differs from prior THz laser approaches because it is not a
cascade and does not use transitions between impurity levels Silicon has a number of potential advantages
over germanium, The Debye frequency for Si (448 cm™) is much higher than that of Ge (260 ¢cm™), Hence,
the density of states function for phonons in Si is shifted toward higher energy relative to Ge, and the
region of high optical transparency at finite temperatures, where multiphonon absorption competes with
gain, is similarly shifted to higher energies. Thus Si has high transparency up to 10 THz (333 em™), while
Ge (Fig. 3) becomes too strongly absorbing to sustain IVB lasing already at 4.2 THz (140 cm™). The
experimental temperature-dependent absorption spectrum of Si [12] suppeorts this claim. An additional
feature observed is that the temperature dependence of the absorption in Si is weaker, so that Si remains
highly transparent even at 78 K, in stark contrast to Ge (Fig. 3).

Previous attempis to achieve lasing in p-Si have achieved spontaneous emission from population-
inverted hot holes on intersubband transitions [13], but lasing has been elusive due to a number of
complications. The orientation of the applied fields is much more critical for Si than for Ge because the
silicon valence band is sirongly anisotropic. Fig. 5 presents calculated constant energy surfaces in 3-
dimensional momentum space for the light and heavy hole bands. These surfaces were determined at an
energy equal to the optical phonon scattering threshold from the 6x6 k-p Hamiltonian, whose elements are
defined by wavelunctions for the heavy hole, light hole, and split-off band. The strong anisotropy is due to
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mixing with the split-off band, which cannot be ignored (as often done for Ge), because the 64.8 meV
optical phonon limit to carrier kinetic energy exceeds the spin-orbit splitting (43.5 meV). Calculations of
accumulation volume in momentum space [14] and Monte Carlo calculations of distribution functions [15]
have identified a number of promising field orientations. Quantum mechanical calculations [16} and the
only experiment performed to date [13] have considered only one of these. Thus, neither theoretical nor
experimental possibilities have been sufficiently explored in the quest for lasing in bulk p-Si.

A - -5 -5

Fig. 5. Constant energy surfaces at 62 meV for heavy- (left) and light- (right) valence subbands of Si in 3-dimensional
wavevector space (units of 1/m). Surfaces were calculated from the 6x6 k.p Hamiltonian, whose elements are defined
by wavefunctions from the heavy hole, light hole, and split-off band.

| Anisotropy results in a small energy separation between light and heavy sub-bands for <111>

! S _momentum directions (Fig. 5), which leads to strong mixing of these subbands by the applied fields. This

| mixing is much more pronounced and complicated than in Ge. As a consequence, the average light hole
lifetime is significantly lower than the estimates obtained through semiclassical calculations, due to an

| enhanced probability of scattering on optical phonons caused by heavy hole admixture. This means also

; that the degree of light hole accumulation and therefore the gain on light-to-heavy hole transitions in Si
calculated by the classical MC simulation technique are strongly overestimated, which is discouraging for
| the IVB mechanism in bulk p-Si. :

l On the other hand, population inversion between Landau levels should be stronger than in Ge,

! giving hope for lasing based on the LHCR mechanism. Quantum calculations for Si in crossed electric and
! _ magnetic fields reveal order-of-magnitude variations in the lifetimes of Landau levels due to differing

; amounts of subband mixing for different Landau levels [13]. Because of the anharmonicity of the levels
caused by mixing, laser transitions need not be confined to adjacent levels. This feature, together with the
high transparency of the Si lattice above 4 THz, gives the possibility of tunable laser generation in the high
THz region, even at 77 K, which is impossible in Ge.

The pumping mechanism for both TVB and LHCR mechanisms is as described in Fig. 2 with
strong dependence on optical phonon scattering. Optical phonon scattering in the anisotropic case of Si is
also anisotropic, as shown in Fig, 6. Bir and Pikus [17] supplied all theory for deformation potential matrix
elements in 6*6 model. The results of the calculation are presented in Fig. 6. For <100> crystallographic
orientation the scattering rate is about 1.5 times higher than for <110> (<111>) crientation for heavy (light)
holes. This anisotropy in optical phonon scattered should be included in future theoretical investigations of
hot-hole Si lasers, in order to intelligently choose the field orientations for experiments.

Rate (ps™)

Fig. 6. Intra- and inter-subband transition rates with emissjon of optical phonon for heavy-hole (left) and light-hole
(right) as a function of crystallographic orientation for Si. Phonon distribution N, was set to zero (low temperature
limit}.
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Acoustic phonon scattering is a detrimental process that disrupts the required anistropic hole
distributions. Acoustic phonon scattering rates are proportional to findamental deformation potentials,
temperature dependent phonon populations, and the density of final states for scattered holes. Fig. 7
compares the density of hole states as a function of heavy-hole energy for Si and Ge in the filly anisotropic

- band approximation. The density of states is significantly higher in Si. The ratio to the density of states for
Ge increases with energy from 2 to 3. Ignoring differences in deformation potentials and phonon
populations, the Fig. 7 result suggests that acoustic phonon scattering will be stronger in Si. This is
supported by calculations of drift velocity for Si and Ge at 77 K in I kV/em applied fields, which shows a
slower value for Si by the factor 2.2 [18}.
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Fig. 7. Density of heavy hole states for Si and Ge vs. hole energy and their ratio.
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Another challenge for Si is that the acceptor impurity levels are relatively deep in Si compared
with Ge. Carriers bound at low temperature to doping levels can be liberated by a variety of effects in an
applied E-field. These are shallow impurity impact ionization, Frenkel-Poole effect, tunneling, and phonon-
assisted tunneling. The emission rate at 1 kV/em and 20 K by Poole Frenkel effeet is only 1000/s, i.e.
millisecond emission time constants [19]. By phonon assisted tunneling, the emission rate is only 10/s, and
it is much less than 1/s for straight tunneling. Thus, only the mechanism of impact ionization has potential
to generate the required hole population of ~10"* cm™ within the ~100 ns rise time of the ~1 kV/em
excitation pulse applied to the proposed p-5i hot hole laser. )

Boron in the best p-type dopant, because its 45 meV ionization energy is the smallest for acceptor
impurities in Si. The only concentration value that has been explored experimentally[13] was 5 x 10'* cm™,
which is 2 orders of magnitude higher than the optimum value for p-Ge lasers, This choice was adopted
presumably to overcome the expected lower fractional impact ionization for the deeper Si:B acceptor than
oceurs for the comparatively shallow Ge:Ga acceptor at 4 K. The hot-hole laser operation is quite sensitive
to acceptor concentration (Fig. 3), so a wider concentration range needs to be explored.

Impact ionization is usually treated as the process of promoting z valence electron to the
conduction band [20]. If one supposes that the same formulas hold for impact ionization of acceptors, with
gap energy replaced by ionization energy E; and effective mass of bound and free holes the same, then the
threshold energy E, for impact ionization is ~1.5 ¥ E;. For Ge:Ga, E; = 16 meV, i.e. less than half the 37
meV free hole energy limit set by optical phonon scattering. Thus, free holes can easily gain sufficient
energy under electrical heating to irnpact ionize neutral Ga acceptors in Ge, in agreement with experiment.
For Si:B, E, = 67 meV, which exceeds the optical phonon energy in Si of 64.8 meV. This suggests that a
free hole can never gain encugh energy to impact-ionize a Boron acceptor in Si. Although this picture is too
simple, it illustrates the challenge that the deeper ionization threshold for acceptors in Si poses to realizing
a p-Si hot hole laser. Experimentally, impact ionization does occur, at least at 20 K [21], The threshold
velocity for holes to ionize acceptors at 20 K was found to be close to the saturated velocity due to optical
phonon scattering, in agreement with the simple model above. Thus, impact ionization requires rather large
applied fields, at least a few 100 V/iem,

7 The difficulty of impact ionization for Si:B (p=10" ¢m™) even at the elevated temperature 77 K
was experimentally noted very early [22]. In this work, the [-V curve was observed to be linear at 77 K
even up to 10 kV/cm applied field, with no observation of the expected saturation plateau until the
temperature was raised to 183 K. The explanation was as follows. Carrier freeze out in Si:B begins already
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at 170 K. At 77 K, onky 4% of B is ionized. So the continued increase in current with field above the
expected saturation point is due to generation of additional carriers by field-assisted ionization of neutral
acceptors, i.e. decreased capiure rate as carrier velocity increases, Absence of any sharp increase in current
with increasing field argued against any contribution from impact ionization.

Impact ionization in Si:B has been poorly characterized under conditions relevant to generation of
inverted hole populations at tempetatures below 20 K. In particular, the impact ionization threshold should
increase with magnetic field, which can make the conditions more critical. The problem of impact
ionization in Si reqmres further experimental study as a function of concentration, temperature, and
magnetic field.

One potential solution Lo the impact ionization problem is 8iGe [13]. The ionization energy of B
decreases from 46 meV pure Si to 31 meV with just 4% Ge composition in single crystal SiGe [23]. An
additional 2 meV shift is observed when the sample temperature is increased from 4.2 K to 34 K, which
does not occur in pure crystal Si. The ionization energy is independent of applied magnetic field upto 11 T.
Thus, for SiGe:B with 4% Ge, the impact ionization threshold is reduced to E, = 46 meV, which is
sufficiently less than the optical phonon energy to allow impact ionization. This is a strong argument in
favor of SipesGeg.os as the active crystal for a Si-based hot-hole laser. Moreover, SiGe epitaxy by CVD isa
well developed growth technology, which encourages consideration of the multilayer periodic doping
concept.

Epitaxially grown Si/p-Si devices with periodic doping profiles (Fig. 4) should be considered, as
has been done for Ge [8-10]. The main advantage of growing such a device in Si is that the expected
substantial gain increase may. overcome the challenges associated with bulk Si. Additional advantages are
better thermal management and integration with standard Si electronics. Thick epitaxial growth can be

~ “achieved by CVD fot both Si-and SiGe Wavelengths of emission from 30 to 200 pm appear feasible. -
Silicon technology offers the possibility of constructing a terahertz transceiver on a single silicon chip. The
multilayer p-type Si or S8iGe THz laser could be integrated with a SiGe/Si quantum-well infrared

j photodetector (a shallow-well device with THz response) along with electronics that coutd drive and

‘ modulate the laser and preamplify the detector output.

GALLIUM ARSENIDE TERAHEERTZ LASER

GaAs is a potential active medium for hot-hole THz lasers. Monte Carlo simulations have shown
that bulk uniformily-doped GaAs should have acceptable performance [24]. However, due to doubled
impurity scattering rate (a consequence of lower dielectric constant) in GaAs relative to Ge, THz gain in p-
GuAs devices is expected to be lower than in the well-established p-Ge lasers. Performance of p-GaAs hot-
- hole lasers would be improved [8-11] by the periodic doping scheme [8-11], by which impurity scattering

: is eliminated from the active region. This device concept can be applied directly to GaAs.

GaAs is an attractive material for use in hot hole THz lasers due to the potential for periodically-
doped multi-layer stacks with thicknesses greater than 800 um. We expect superior performance for-such a
laser relative to one using Ge. For instance, a free-standing 800 pm thick active crystal would have losses
below 0.1 cm™, which would allow laser action even with very low gain. Single crystai GaAs is known
from our infracavity laser absorption experiments to have low THz loss [25]. Here, mm-thick slabs of GaAs
were placed inside the cavity of a p-Ge laser, which itself has low gain at the level of 0.01-0.1 cm”. This
passive GaAs had no effect on the p-Ge laser performance.

Thick epitaxial GaAs is possible by hydride vapor phase epitaxy (HVPE), which can achieve
much faster growth rates than the more widespread GaAs epitaxial growth methods (molecular beam
| epitaxy or organometallic vapor phase epitaxy). We have demonstrated growth rates well above 100 um/hr
| for homoepitaxial GaAs via HVPE in a custom-buiit reactor at the Air Force Hanscom Research Site [26}.

The system consists of a horizontal quartz tube, heated by a three-zone furnace and sealed to allow
! lowpressure operation in the range of 1 to 5 torr. HCI vapor passing over a liquid Ga source reacts to form
| GaCl, which is transported to the substrate. Arsenic is supplied in the form of arsine (AsH;), which
| decomposes on the surface. Both the Ga source and the substrate are heated to temperatures in the range of
650 to 750°C; the temperature gradient along the tube drives GaCl formation at the source and GaAs
deposition on the substrate. The growth rate can be controlled by varying the vapor supersaturation —i.e.,
_increasing or decreasing the partial pressures of the reactants with respect to their equilibrium values alters
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the tendency toward growth or etching of GaAs. This control allows us to achieve very rapid epitaxial
growth rates, making the growth of periodically-doped muli-iayer stacks of thicknesses of at least 800 pum
feasible.

The proposed p-GaAs/GaAs multitayer device would have the additional advantage over MBE-
grown AlGaAs-GaAs quantum cascade lasers by being tunable over & wide range (1-4 THz). This is due to
the inherently broad gain bandwidth of the intervalence band mechanism. QCLs may be temperature tuned
by at most 1 cm™. In the proposed delta-doped GaAs structures the desired variations in the concentrations
of light and heavy holes over the doping period will be more pronounced than in Ge devices due to polar
optical phonen scattering. The result will be a comparatively high concentration of light holes in the
undoped fayers, Therefore, the expected improvement in going from uniform bulk crystal to multilayer
structure, already noted for Ge [8-11], should be more significant in GaAs.

Compared with Ge, GaAs has additional factors of polar optical phonon and acoustic piezoelectric
phonon scattering processes. The latter is usually unimportant, but the polar optical phonon. scattering has a
significant role. Some first Monte Carlo simulation results for bulk GaAs, obtained by us, illustrate these
features. Distribution functions have been calculated for GaAs and compared with results for Ge in Fig. 8.
As expected, a "hard roof” for heavy holes is observed at the optical phonon energy in GaAs. Light holes

are born with comparatively low energies in GaAs, where they are more susceptible to ionized impurity
scattering. However, integrated over energy, the inversion is very strong compared to Ge, and about 35% of
the holes are light. (This constitutes a strong inversion due to the higher density of states in the heavy hole
band.) The accumulation of light holes at relatively low energies favors optical emission at lower THz
frequencies, which is more advantageous for applications due to higher atmospheric transparency.
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Fig. 8. (Left) Hole distributions for p-Ge in crossed electric and magnetic fields. (Right) Hole distributions for p-GaAs
under the same field, temperature, and doping conditions. The optical phonon energy is 37 and 36 meV in Ge and
GaAs, respectively. Simulation parameters for both materials: T=20K,E=4kV/iem, B=3T,p= 2.5x10" om?.

Calculated gain specira are compared for bulk uniformly doped Ge and GaAs in Fig. 9, Compared
with Ge, GaAs pain peaks at lower wavenumbers, as suggested by the distribution fimctions Fig, 8, The
two curves in Fig. 9 were calculated for the same temperature and applied fiéld magnitudes. The optimal
ratio of fields and their magnitudes must be different for two materials according to [24)]. Therefore, it is

likely possible to find field strengths that allow gain to be somewhat higher in GaAs than what is plotted in
Fig. 9.
b 0.5

~ 04 @
503 3
5 0.2
o 0.1
S 0.0

'0.1-

0.2

—0— GaAs|]
——(Ge

Amplification

50 100 150 200 250
Wavenumber {em™) .

Fig. 9. Calculated gain spectra for bulk p-Ge and p-GaAs. Simulation parameters for both materlals T=20,E=4

kV/em, B=3 T, p =2.5x10" ¢m?
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A factor that affects GaAs is the 2-fold difference in direct intersubband transition matrix clements
_ between light and heavy hole bands. Fig. 10 compares the normalized matrix elements plotted as a function
of crystallographic direction in the same scale for comparison (calculated in 4 x 4 Hamiltonian with
valence band parameters L = -30.4, M= -5.7, N=-33.9 for Geand L = -16.0, M = -3.5, N = -17.3 for
GaAs). Averaged over directions, the matrix elements are 5.85 for GaAs and 11.5 for Ge. This factor is
already included in Fig. 9, where it is seen that despite higher degree of inversion, the gain cocfficients
(ignoring free carrier absorption) have similar magnitude in Ge and GaAs.

LH LH 21.0 (G
Cmuz (;«uu_ (Ge)

*—110.75 (GaAs)

i C'LH _cLH _{9.95 (Ge)
7 Bmin T Dett=" 1505 (GaAs)

Fig. 10. Calculated intetsubband optical matrix elements for Ge (left) and GaAs (right).
SUMMARY

~ This paper briefly summarized the mechanisms of inversion that can produce THz lasing in p-Ge .
based on hot-hole dynamics in applied electric and magnetic fields. The recent innovation of a multilayer
periodically doped p-Ge/Ge structure that can give higher gain, and therefore higher duty and opérating

. temperature, was summarized. The prospects'and challenges for a hot hole THz laser in Si were presented,

W with the suggestion that a multilayer periodically doped p-Si/Si or p-SiGe/SiGe may be the best route to

: success. Finally, hot hole lasing in p-GaAs and GaAs/p-GaAs structures was discussed.
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