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1.0 Introduction

GaAs is a potential active medium for inter-valence-band (IVB) hot-hole THz lasers [1-
3]. Monte Carlo simulations have shown that bulk uniformily-doped GaAs should have
acceptable performance [4]. However, due to doubled (see below) impurity scattering
rate (a consequence of lower dielectric constant) in GaAs relative to Ge, THz gain in p-
GaAs devices is expected to be lower than in the well-established p-Ge lasers.
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. Monte Carlo simulation results for

GaAs illustrate these features.

For the IVB mechanism, 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 scattering. Fig. 1 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. The emission of polar (circle) and non-polar (starburst)
optical phonons is indicated. Polar optical-phonon scattering in IllI-V compounds [5]
provides a “hard roof” for hot holes. Most of the scattering events occur right beyond
the optical phonon threshold, which is 0.035 meV [6] for GaAs. In contrast, in non-polar
semiconductors (Ge, Si) the optical-phonon emission rate grows slowly with energy
from the threshold value. Light-hole life time, which is responsible for the inversion
population and for the gain, is determined by acoustic phonon scattering, ionized
impurity scattering, and carrier-carrier interaction. This limits operation of IVB hot-hole
laser, which has been experimentally realized only for p-Ge, to low temperatures (T <
20 K) and low carrier concentration (p ~ 10 cm®) [1-3]. The IVB amplification
mechanism illustrated in Fig. 1 provides wide tunability of p-type hot-hole devices in the

terahertz frequency range (1.5 — 4.2 THz for p-Ge).
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Figure 1 Schematic of quasi-classical explanation for intersubband hot-hole laser.

We recently developed a terahertz laser concept based on inter-subband transitions of
holes with transport in crossed electric E and magnetic B fields in a planar periodically
doped p-Ge/Ge structure [7-10]. The design, shown schematically in Fig. 2, 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 laser 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 allows 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
similar structure based on GaAs, because of the highly sophisticated technology

available for epitaxial growth of this material.
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Figure 2 Homoepitaxial multilayer p-type semiconductor structure THz laser
concept for germanium. The layer period is chosen to be 200 -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 stack thickness achievable for germanium
by chemical vapor deposition is estimated to be 100 um. In the case of a GaAs
structure, the total stack thickness that can been achieved by vapor phase
epitaxy would be up to 800 microns, giving a low-loss quasioptical cavity solution.

2.0 Methods

Hole dynamics, hole distribution functions, and the gain on direct optical light-to-heavy
hole transitions in p-GaAs are calculated by the Monte-Carlo simulation method using
classical motion equations and hole scattering probabilities [11,12]. Two valence
subbands (light and heavy holes) with isotropic and parabolic dispersion laws are
considered. The isotropic approach is justified by the relatively small warping of the
GaAs valence band. We can neglect quantum confinement effects because the
considered structure has no heteroboundaries, only delta-doped layers. We also neglect
Landau quantization, which is a good approximation for magnetic fields of 3 -4 T and
below. Time or ensemble averaged momentum and position yield the hole distribution
functions fin(k,r) (subband (l,h), wavevector k, and coordinate r). The distribution
functions were considered uniform in the horizontal planes according to the geometry of
the problem. The standard Rees rejection technique chooses among scattering
processes [11]. The rate of each scattering process is given by a temperature-
dependent analytic expression. Polar and non-polar optical phonon scattering is treated
in a deformation potential approximation [5]. Acoustic phonon scattering is simplified

according to [13]. Inelasticity for acoustic phonon scattering is included [14].
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Piezoelectric scattering is treated according to [15]. Brooks-Herring model [15] with
inverse Debye screening length and Yukawa potential was used for ionized impurity
scattering. Hole-hole scattering was calculated according to [16]. Iteration determines
the self-consistent solution of the Poisson equation and thereof the spatial carrier
distribution and potential profile. The small signal gain is calculated as the difference
between the gain on direct intersubband (light to heavy hole) transitions and free carrier
absorption assisted by phonons and ionized impurities [17,18]. Up to liquid nitrogen
temperatures and impurity concentrations of ~ 10 - 10 cm™, the main contribution to
free carrier absorption in GaAs comes from polar optical phonon emission by heavy

holes. Lattice absorption [19] was not included in the calculations.

Strong intersubband (heavy-to-light) polar-optical phonon scattering in p-GaAs
populates the light-hole subband. In contrast to non-polar optical phonon scattering,
most of these scattering events occur right beyond the sharp energy threshold for polar-
phonon scattering (see Fig. 1). As a result, after emission of an optical phonon light
holes are created with very small kinetic energy. These slow holes experience very
strong ionized impurity and hole-hole scattering, which is enhanced in GaAs compared
to Ge because of the smaller relative permittivity (& = 12.9 for GaAs vs 16.0 for Ge).
These holes are quickly accelerated by the applied electric field, but they return to the
low-energy range on each loop of cyclotron trajectory in crossed fields. The ionized
impurity scattering is the dominant light-subband-depopulating mechanism. Similarly,
ionized impurity scattering of heavy holes is also stronger in GaAs compared to Ge.
Acoustic deformation potential scattering rates in GaAs are similar to rates in Ge.
Piezoelectric scattering is weak and can be neglected. In order to maintain inverted
distribution of holes and to reduce the effect of ionized impurity scattering for light holes
in GaAs, the magnitude of the applied fields must be higher than typical for the p-Ge
laser(E=1-2kV/icm,B=1-2T).



3.0 Calculations for Uniformly Doped Materials

For direct comparison of the scattering effects in germanium and GaAs, the distribution
functions averaged over directions are plotted in Fig. 3 for both materials in strong
crossed electric (E = 4 kV/cm) and magnetic (B = 3 T) fields at T = 20 K for carrier

concentration p = 2.5 x 10* cm™,

—O— Light holes (Ge)
—— Heavy holes (Ge)
—e— Light holes (GaAs)
—&— Heavy holes (GaAs)

10 20 30 40 50 60
Hole energy (meV)

Distribution function (no units)

Figure 3 Calculated distribution functions of light and heavy holes in Ge and
GaAs. E=4kV/cm,B=3T, T=20K, and p = 2.5x10"* cm™,

The hole distribution for GaAs is shifted into the low-energy region by the sharp
threshold in polar optical phonon scattering described above. Direct LH transition
amplification and free-carrier absorption calculated for bulk p-Ge and p-GaAs are
presented in Figs. 4 and 5. The simulation parameters for Ge (GaAs) are E = 1.5 kV/cm,
B=12T, T=10K, p=10"cm®(E=4kV/cm,B=35T, T = 10K, p =2 x 10" cm™®).



0.30 . . T T
—O— Direct LH amplification
0.254 —e— Free carrier absorption|
Total gain
~ 0201 Ge T=10K -
§ 0.5 ]
c
‘s 0.10- _
O
0.054 |
0.00 -
150 200

50 100
Wavenumber (cm™)

Figure 4 Calculated inter-valence-band gain and free carrier absorption in bulk p-
Ge with carrier concentration 10** cm™. E = 1.5 kV/cm, B = 1.2 T, T = 10K. Total
gain (smooth curve) is the difference between two curves with symbols.
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Figure 5 Calculated inter-valence-band gain and free carrier absorption in bulk
p-GaAs with carrier concentration 2x10** cm™. E = 4 kV/cm, B = 3.5 T, and
T = 10K. The total gain (smooth curve) is the difference between two curves with

symbols.

The total gain is smaller for GaAs than for Ge, despite the much higher applied fields
and twice higher hole concentration. Fields need to be increased over those for Ge, in
principle, to achieve any positive gain in GaAs. One reasons for this is the almost twice
smaller oscillator strength for GaAs [20]. A second reason is stronger free carrier
absorption, which arises because phonon scattering rates are higher and because the
inversion between light and heavy hole subbands is shifted to a low energy range (see



Fig. 3). Compared with Ge, direct inter-valence-band amplification in GaAs reaches a

maximum at lower wavenumbers, as suggested by the distribution functions Fig. 3.

The maximum value of the gain is plotted as a set of contours in Fig. 6 as a function of
the applied fields. The interval between contour plots is 0.025 cm™. Here and below, the
contours are spline-interpolated. The waves in the contours are caused by the

interpolation to the limited set of data points, which occur at every grid intersection.
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Figure 6 Gain for uniformly doped p-GaAs as a function of applied fields.
Simulation parameters are p = 2x10* cm™, T = 10 K.

As has been shown previously [4], the optimal ratio of fields and their magnitudes must
be different for the two materials, and the gain in GaAs can be increased by applying
higher electric (~ 8 kV/cm) and magnetic (~ 7 T) fields. However, the validity of classical
approach for Monte Carlo simulation under these extreme conditions becomes
guestionable. Performance of p-GaAs hot-hole lasers would be improved by the
periodic doping scheme, suggested in the introduction, by which impurity scattering is
eliminated from the active region. The same device concept with vertical transport,

which has been demonstrated theoretically for Ge[7], can be applied directly to GaAs.



4.0 Calculations for Delta Doped Structure

Delta doped p-GaAs/GaAs structure with doping period d = 200 nm (20% doped,
80% undoped), and average carrier concentration 2x10* cm™ has been used for
preliminary gain estimations. The electric and magnetic fields are 4 kV/cm and 3.5 T,
respectively, and the lattice temperature is 10 K. Calculated spatial distribution of light

and heavy holes across two structure periods is shown in Fig. 7.
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Figure 7 Distribution of light and heavy hole concentrations across the structure.
Most of the light holes are concentrated in the undoped region between two
doped layers. E = 4 kV/cm, B=3.5 T, d = 200 nm, p = 2x10* cm™.

The resulting spatial-spectral gain distribution is shown in Fig. 8. Strong inversion is

observed in the regions of undoped GaAs. The doped layers are absorbing.
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Figure 8 Spatial-spectral gain distribution across two structure periods (Nay = 2 X
10" cm™, d = 200 nm, E = 4 kV/cm, B = 3.5 T, T = 10 K) with free carrier
absorption included.

The spatially averaged net gain in the structure is presented in Fig. 9. Compared to Fig.
5 for bulk p-GaAs the gain is approximately twice higher. The gain spectrum is ~ 50 —
150 cm™ wide, but this will be modified by the lattice absorption (not include in the
calculations). Note that all simulation parameters are the same as in Fig. 5 for bulk
GaAs (fields, average concentration, temperature) except the doping profile, so that the
observed improvement is a purely effect of the selective doping. As will be shown
below, an additional improvement of the gain by increase in the carrier concentration, as

was observed for p-Ge/Ge structures [7-10], is not achievable for GaAs.
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Figure 9 Calculated spatially averaged terahertz gain a in the structure with
parameters as for Fig. 5. The total gain (smooth curve) is the difference between
two curves with symbols.

Next, we optimize the structure by varying the simulation parameters to maximize the

gain. The gain dependence on the magnitude of the applied fields for the structure with
fixed doping parameters (p = 2x10* cm™, d = 250 nm, 10% doped, 90% undoped) is

shown in Fig. 10. The interval in the gain between the contour plots is 0.025 cm™.
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Figure 10 Gain for delta-doped p-GaAs/GaAs structure as a function of applied
fields. Simulation parameters are p = 2x10** cm™, d = 250 nm (10% doped, 90%
undoped), T =10 K.
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Comparison of Figs. 6 and 10 shows that the acceptable range of the applied fields is
wider for delta doped structure than for the uniformly doped GaAs (see 0.15 cm™
contours in both figures). The gain achievable for delta doped structure is about twice
higher than for bulk p-GaAs.

Next, we vary the doping parameters (structure period and average carrier
concentration) while holding the applied fields fixed. These fields (E = 4.5 kV/icm, B =4
T) correspond to the star in Fig. 10). The relative thickness of the p-GaAs doped layers
is fixed and equal to 10% of the period as before. The gain surface is shown in Fig. 11

by the contour plots with 0.025 cm™ intervals.
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Figure 11 Gain for p-GaAs/GaAs structure as a function of carrier concentration
and structure period. Simulation parameters E = 4.5 kV/cm, B = 4T, T = 10 K.
The relative thickness of the doped p-GaAs layers is 10% of the structure period.

In contrast to p-Ge/Ge structures [7-10], the optimal average carrier concentration for
the delta doped p-GaAs/GaAs structure is comparable to that for uniformly doped p-

11



GaAs [4] and equal to ~ 2x10* — 4x10™ cm™. The optimal range of the structure period
is 250 — 500 nm for the chosen fields. As can be seen from the Fig. 11, the gain is very
sensitive to the structure period at high doping concentrations. This is caused by the
distortion of electric potential across the structure period, which changes the ratio of the
local electric and magnetic fields and hole lifetime. At low carrier concentration the gain
surface does not show such a strong dependence as soon as the average light hole
cyclotron orbit (which decreases with increase in magnetic fields) fits inside the
undoped layer (see decrease in the gain in the low period part of the Fig. 11) to provide
a long lifetime of the light hole and therefore inversion.
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