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This paper reviews, compares, and contrasts recent gain calculations for a laser concept in delta-
doped p-Ge and p-GaAs. Gain is calculated using distribution functions, determined from Monte
Carlo simulations, for hot holes in crossed electric and magnetic fields. The results suggest that Ge
is the superior material when considering only the factor of optical gain, but the possibility of lasing
in GaAs can take advantage of a wider range of growth opportunities.
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The under-utilized THz region of the electromagnetic
spectrum has been of recent interest for a variety of appli-
cations. For purposes of discussion, we focus on defense
applications, where the THz spectrum can be divided infor-
mally into three regimes. The “low-THz” below about
1 THz would be useful for seeing in dusty “brown-out”
conditions, e.g., in helicopter landings. In this region, there
is less scattering by dust particles than in the IR, better
spatial resolution than possible using mm-waves, and sig-
nificantly less atmospheric water vapor attenuation than in
the “mid-" and “upper-THz,” corresponding to the ranges
1-4 and 4-10 THz, respectively. These latter regions have
their own proposed applications, namely advanced threat
warning systems, remote earth sensing, and flame/plasma
characterization. The division of the spectrum above 1 THz
by the present authors into the ranges specified is based on
purely technological considerations: Semiconductor lasers
made from bulk p-Ge' and GaAs—AlGaAs quantum wells?
are known in the 1-4 THz region, while no semiconductor
lasers are known in the 4-10 THz range.

The authors have worked for many years to advance
the technology of inter-valence-band hot hole lasers based
on bulk rods of p-Ge having ~cubic centimeter active
volume.> ! One of us (AVM) has been involved in this
research since its beginnings more than two decades ago.?’
Features of this laser are broad tunability (1.5-4.2 THz)
with high spectral density in a single device (Fig. 1) and
high >1 W peak power. Disadvantages are a low duty
(1 us x 10 Hz) and low temperature (7 < 15 K) operation.
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Until recently, the p-Ge laser was the only far-infrared
semiconductor laser known. The first commercial sale of
a complete p-Ge laser system occurred in 2006.%!

Recently quantum cascade lasers (QCL) have emerged
in the mid-THz wavelength region.> These feature con-
tinuous wave operation at temperatures above 80 K, and
consequently, compared with p-Ge lasers, QCLs have been
rather quickly adopted for consideration in various THz
applications. QCLs are not without their own drawbacks,
however. The wavelength of a single device is essentially
fixed with only a small range of temperature tuning possi-
ble. Their output power is low, of order ~mW. To obtain
the highest useful power one naturally wishes to operate
at the lowest possible temperatures. High precision molec-
ular beam epitaxy is required for their production, which
has resulted in high price per individual laser chip.?*

A recent goal of our research has been to consider new
hot-hole laser concepts that might combine the features
and eliminate the disadvantages of both existing laser sys-
tems. To appreciate these concepts, it is first necessary
to review the basic inter-valence-band mechanism, which
is presented in Figure 2 for any cubic semiconductor. In
Figure 2, one sees that an inversion population of light-
holes builds up for certain ratios of electric and magnetic
fields. The pumping of the upper laser level relies on opti-
cal phonon scattering, and in Figure 2 both polar and
non-polar flavors are indicated, together with the energy
threshold for them to occur. Polar optical phonon scatter-
ing occurs only in polar semiconductors, such as GaAs,
and its defining feature is a high probability that results
in a “hard ceiling” at the energy threshold. Such behavior
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Fig. 1. Superposition of ten separate single-line emission spectra
obtained from a p-Ge laser using intracavity wavelength selectors (after
Ref. [22]). These data were collected using a Bomem DAS8 Fourier
spectrometer with highest resolution 0.02 cm™!, using an event-locking
accessory® for pulsed sources.

is in contrast to non-polar optical phonon scattering,
which allows penetration of holes to energy regions sig-
nificantly above the optical phonon scattering threshold.

Scientist at UCF since 1997.
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Fig. 2. Mechanism of intersubband population inversion and far-
infrared gain for cubic semiconductors in crossed electric and magnetic
fields. The left part of the diagram shows light and heavy hole trajecto-
ries in coordinate space. The right part of the diagram shows light- and
heavy-hole subband energies versus momentum wavevector together with
trajectories and vertical inter-valence-band radiative transitions. The opti-
cal phonon scattering threshold is indicated by the horizontal line hw,
in both parts. Non-polar optical phonon emission by heavy holes is indi-
cated by wavy arrows, and polar optical phonon scattering is indicated
by zig—zag arrows.

It is obvious from Figure 2 that any factor that decreases
the light hole life time will also decrease the gain on tera-
hertz optical transitions. Such factors include scattering
of hot holes by ionized impurities, by other holes, and
by acoustic phonons, since these all disrupt the required
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Fig. 3. Far-infrared absorption in Ge. Temperature dependent lattice
absorption from Ref. [25] is plotted as connected symbols, with tem-
perature in K indicated in the legend. Free carrier absorption for hole
concentration 2 x 10" cm™* calculated for typical bulk p-Ge distribution
functions is plotted as a solid curve. The horizontal borders of the shaded
box are the range of reported gain values for p-Ge, with the vertical
borders correspond to the maximum tuning range.

anisotropic hole momentum distribution. In practice, the
inter-valence-band lasing mechanism has been observed
experimentally only in p-Ge.

It is also obvious that any absorption in the crystal at
THz frequencies will lower the net gain. Such absorption
is present due to free carriers and thermally excited acous-
tic phonons. Figure 3 presents the temperature-dependent
absorption spectrum for Ge, and when compared to the
range of reported gain values for p-Ge lasers (shaded box
in Fig. 3), these data explain both the observed tuning lim-
itations of the p-Ge laser and its maximum temperature of
operation. The only way to increase wavelength range and
operating temperature is to substantially increase the gain.

Opportunities for increasing the gain are limited in
p-Ge. We have focused on remediating of one of the
effects that decrease the light-hole lifetime, namely ionized
impurity scattering. Figure 4 explains clearly the impor-
tance of impurity scattering on the gain.?® While the gain
g is proportional to the number of holes N, the gain

20 . . . . 0.20
5 151 g=No Gain {0.15
© g
i S
S 1.04 4010 ¢
2 3
w»
& 05 41005
e
[&]

0.0 . . . . 0.00

0 10 20 30 40 50

Acceptor concentration (1 Owcm'a)

Fig. 4. Gain cross section as a function of acceptor cross-section as
determined from Monte-Carlo simulated hot-hole distribution functions.?
Gain is the product of cross section and hole concentration. The maxi-
mum gain occurs near 10'* cm™,
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Fig. 5. Delta-doped Ge laser structure.

is also proportional to the gain cross section o, which
decreases strongly with increasing acceptor concentration
due to scattering of light holes on the ionized impurity cen-
ters. Consequently, the optimum net gain is calculated to
occur at rather low acceptor concentrations of ~10™ cm=3,
which agrees very well with experimental observations.

Our approach to increasing light-hole lifetime is to
reduce the effects of ionized impurity scattering by spa-
tially separating the acceptor impurities from the light-hole
accumulation regions in the crystal. The concept that we
explored theoretically is periodic delta doping, which is
presented schematically in Figure 5. Regions of undoped
semiconductor (Ge is shown in Fig. 5) that are thicker
than the likely light-hole cyclotron orbit diameter (of order
100 nm) are grown between thinner layers of doped mate-
rial, which provides the necessary holes. To minimize
electrodynamic losses, in order to take best advantage
of the achieved gain increases, it is necessary that the
optical thickness be greater than the emission wavelength
(~100 uwm in free space). We anticipate that the physi-
cal thickness achievable in such a structure to be as much
as 100 um!” for Ge grown by chemical vapor deposi-
tion, which is 4 times the operating wavelength within the
active crystal. For GaAs grown by vapor phase epitaxy,
the thickness might even approach 1 mm.?’

In order to consider the effects of the Figure 5 design
and the dependence of its performance on geometry,
temperature, and doping, we calculate gain from hot-
hole distribution functions simulated by the Monte-Carlo
method.'” In this method, we compute hole trajectories in
crossed E and B fields while keeping track of hole energy,
position, and the space-charge distribution. Scattering on
acoustic phonons, optical phonons, ionized impurities, and
other holes is accounted for using known formulas. For
hole-hole interaction, we use formulas developed by us.!®
The simulation outputs are light and heavy hole distribu-
tion functions f, (k, r). Spatial and spectral optical gain
profiles are then calculated from

o(r.v) = p(r) [ 2Ok 1) = filk, )]
x 8(E,(k) — E, (k) — hv) d°k (1)

where p is the hole concentration, z;, is the oscillator
strength, and k the momentum wavevector.

The simulation is performed on a personal computer.
Figure 6 is an image from part of the screen window used

3
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Fig. 6. Computer screen capture of Monte Carlo simulation.

to monitor the simulation progress. The black dots repre-
sent ionized impurities, and these are grouped into layers
with a diffused spatial distribution according to the delta-
doping profile that we explored. Blue curves are heavy
hole trajectories, while the tighter red looping trajecto-
ries are those of light holes. The program keeps track of
the spatial position of the simulated hole (which recur-
sively enters the frame via periodic boundary conditions),
its energy, and the scattering events that occur according to
their probability. Also recorded is the percent of the time
that the hole spends in the light hole band.

One can see from Figure 6 that light holes within the
undoped region live for many cyclotron cycles without
scattering. In contrast, heavy holes interact strongly with
impurities during every cycle. Several impurity scattering
events with large change in momentum can be seen in
Figure 6. Also evident in Figure 6 are a few inter-valence-
band transitions.

While the delta-doping is obviously successful in segre-
gating the fixed ionized impurity centers, it is more diffi-
cult to corral the mobile heavy holes, which also contribute
Coulomb scattering. Figure 6 shows considerable numbers
of heavy holes crossing the undoped region. Hence it is
necessary to consider carefully the effect of these holes
on gain. We developed a physically meaningful model of
hole-hole scattering,18 which is more accurate than the
approximations that had been used previously. Together
with the Monte Carlo method, it was possible to com-
pare accurately the effect of the different scattering cen-
ters (fixed ionized acceptors and mobile holes) on light
hole lifetime. Figure 7 compares the inversion-decreasing
light-to-heavy hole transitions caused by scattering on
impurities or on other holes. At all energies and scattering
center concentrations considered, the ionized impurities
cause more scattering than the comparatively insubstantial
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Fig. 7. Carrier—carrier and ionized impurity scattering rates for the
light-to-heavy hole non-radiative intersubband transition averaged over
typical p-Ge laser light- and heavy-hole distribution functions (E =
1.5 kV/em, B=1.1 T, T = 10 K) versus scattering center concentration.
Values in the legend indicate initial light hole kinetic energy in meV.
From Ref. [28].

holes. Thus, simply segregating the impurity centers can
provide significant benefit. Where the heavy holes congre-
gate is a lesser consideration.

Even though the effect of hole-hole scattering is less of
a concern than impurity scattering, it remains as a negative
factor. However, we find that despite casual appearances
in Figure 5, the heavy holes tend to accumulate near the
acceptor centers leaving the light holes relatively undis-
turbed in the undoped layers. Figure 8 presents the Monte-
Carlo simulated distribution functions for light and heavy
holes in delta-doped Ge.'” It is clear that heavy holes tend
to accumulate near the doped layers, while light holes con-
gregate with long lifetimes in the undoped regions.

Figure 9 presents spatially averaged gain spectra cal-
culated using Eq. (1) from distributions such as those in
Figure 8 for a specific delta-doped germanium device.!”
By comparing with Figure 3, one sees that nearly a fac-
tor 10 increase over bulk p-Ge can be achieved in the
maximum gain. As the applied fields increase, the gain
increases, so that at the higher fields the gain exceeds the
experimental lattice absorption at a temperature of 50 K.
Even higher applied fields are expected to produce net gain
at temperatures up to 77 K. However, the quasiclassical
assumptions used in the Monte-Carlo simulation become
somewhat questionable at these fields, so we withhold the
results of those high field calculations.

We recently completed calculations on GaAs delta-
doped structures.”” Ge and GaAs have nearly the same
optical phonon energy, but a critical difference between
them is the polar optical phonon scattering in GaAs, which
provides a “hard ceiling” for hot holes in this material.
When holes emit optical phonons at energies close to the
optical phonon threshold, they return very near to k = 0.
Hence, in GaAs, holes tend to scatter back to lower ener-
gies than in Ge. Both hard ceiling and concentration at
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Fig. 8. Spatial separation of carriers and intersubband mechanism of
THz amplification for delta-doped multilayer Ge structures in E x B
fields. Dark areas represent high concentrations of light holes (upper
band) and heavy holes (lower band). The shading scale is in units of
10" cm=3 meV~!. Spatial dependence of the zero-energy edge of the hole
distribution reflects the self-consistent potential profile. Acceptor concen-
tration profile N, and total hole concentration p across the structure are
plotted in units of 10'> cm~3. Simulation parameters were E = 1.5 kV/cm,
B=1.15T, T=10 K, and N,, = 8 x 10" cm™. Schematic light and
heavy hole cyclotron trajectories are drawn to scale in coordinate space.
From Ref. [17].

low energies are revealed in the comparison of distribution
functions for GaAs and Ge in Figure 10.

From the distribution functions alone, one might expect
that the gain spectrum for GaAs would be shifted to lower
THz frequencies than that of Ge. This might favor GaAs
over Ge for the low-THz applications mentioned in the
introduction. However, a negative factor of scattering to
low energies is that holes in GaAs will be on average
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Fig. 9. Spatially-averaged calculated THz gain spectra (open symbols)
with N, = 8 x 10" cm™ for low (E = 1.5 kV/cm, B = 1.15 T) and
high (E =2.5 kV/cm, B =2 T) applied fields at two different lattice
temperatures. Experimental lattice absorption spectra® in Ge at T = 10 K
and 50 K are plotted as solid symbols. From Ref. [17].
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Fig. 10. Distribution functions of light and heavy holes in Ge and GaAs
as a function of hole energy. The optical phonon scattering threshold is
37 and 35 meV, respectively. From Ref. [27].

slower, and hence more subject to ionized impurity scat-
tering. Compounding this effect is the smaller permittivity
of GaAs, which results in weaker dielectric screening of
the impurities. Additionally, any additional low frequency
gain must struggle against rapidly increasing free-carrier
absorption (Fig. 3), which turns out to be stronger in GaAs
than in Ge (see below).

To consider the sum total of all effects, we first compare
in Figure 11 the calculated gain spectra in bulk unstruc-
tured p-GaAs®’ and p-Ge.” The raw gain is indeed found
to be larger for GaAs at low frequencies. At 50 cm™!, it
is more than double that of Ge. However, the calculated
free carrier absorption is also larger for GaAs, and when
it is subtracted, the resulting net gain for GaAs is lower
than that of Ge at all frequencies. Moreover, the peak of
gain curves for the two materials occurs at very similar
wavenumbers, and there appears to be no low-frequency
advantage for GaAs at all. The relatively small gain in
bulk p-GaAs partially explains why inter-valence-band las-
ing has never been observed in this material, although the
prediction of net positive gain (here, and in Ref. [30])
suggests that more (or even some) experimental effort is
worthwhile simply to satisfy intellectual curiosity.

Because the technology for growing GaAs thin films is
more developed than for Ge, it is very interesting to con-
sider the improvements one might obtain by periodic delta
doping of GaAs. Applying our calculations to this mate-
rial results in the gain spectrum of Figure 12. Comparison
with Figure 11 shows that gain improvement is significant,
but at less than a factor of 2 this improvement is disap-
pointing compared to the factor of ~10 found for Ge. This
is partially explained by the comparatively severe effects
of impurity scattering in GaAs, which limit the optimum
carrier concentration in the structure to a value little more
than that optimum for bulk.?”’ (In Ge, the optimum con-
centration for the structure was 5 times higher than for
bulk). Thus, the only advantage of GaAs over Ge might
be technological, whereby certain growth techniques such

5
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Fig. 11. Comparison of calculated spectra for raw gain, free carrier
absorption, and net gain in bulk p-Ge (upper, from Ref. [29]) and p-GaAs
(lower, from Ref. [27]). Losses due to absorption by acoustic phonons
are not included.

as vapor phase epitaxy might produce remarkably thick,
low-loss active media.

Compared with Ge, which can lase with applied mag-
netic fields as low as 0.35 T, GaAs requires rather strong
fields to produce any gain at all. However, delta-doping
provides some relief,?’ reducing for example the lasing
threshold for a device with gain of 0.15 cm™' from 5 T
to3 T
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Fig. 12. Calculated gain spectrum for delta-doped GaAs.

6

In summary, gain calculations for periodically delta-
doped homoepitaxial p-GaAs/GaAs THz laser structures
have been compared to those of similar p-Ge/Ge laser
structures. The GaAs structure gives lower gain and
requires higher applied fields. On the other hand, GaAs has
potentially better epitaxial growth opportunities. Experi-
mental demonstration of the THz laser structure is needed
for both materials. Besides providing closure to a question
of intellectual interest, such experiments may provide a
possible alternate to the QCL THz laser, but with the addi-
tional feature of a broad tuning range (24 THz) in a single
device.
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