Amplifications of far infrared radiation in germanium during
the population inversion of “hot” holes
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We show the possibility of enhancing the far infrared (FIR) radiation A ~40-400
pm due to interband transitions in the valence band of Ge in the case of
overpopulation of the light sub-band in crossed electric E and magnetic B fieldsata
temperature 775 100 K.

PACS numbers: 78.30.Ev, 71.25.Rk

In materials with degenerate bands, interband transitions (Fig. 1a) make a funda-
mental contribution to the absorption of FIR radiation.””” The heating of the holes
leads to a change in the absorption spectrum.

Here we wish to draw attention to the fact that in p-Ge during hole heating in
crossed ELB fields and inelastic scattering by optical phonons (when the crystal tem-
perature T¢#iw,, and the basic scattering process for holes is the spontaneous emission
of optical phonons), overpopulation of the (1«—-2) transition and the amplification of
FIR radiation are possible. Calculations will be given for the absorption (amplifica-
tion) coefficient of FIR radiation in this case.

At B = 0 under these conditions the heating of the holes leads to a strong aniso-
tropy in their distribution™ and to a decrease'>™ in the fraction of light holes from
(m,/m,)*? to (m,/m,)*. A different situation occurs when B #0. Here an inversion ©
may occur in the carrier distribution because of the accumulation of carriers in the
phase space region near the optical phonon energy, where emission of optical phonons
is impossible.” These regions occur if the electron drift rate in crossed E X B fields is
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FIG. 1. (4) Optical transition in p-Ge: #iw, is the optical phoncu energy; ¢, p are the hole energy and
momentum; p§ = V 2, fiw,; a = 1,2; m, , are the hole masses. Possible regions for the accumulation
of holes are hatched. (B) Qualitative view of the light £, and heavy f, hole distributions in strong E1B
fields (m,c E/B~ p}); the dashed line is f, at B=0.
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FIG. 2. Trajectories in momentum space for light (4) and heavy (B) holes at
myc E /B= p;. The region of light hole accumulation in strong fields is hatched; also
shown are cross sections of the main trajectories, where holes in moderate fields are
concentrated.

vy, =c E /B <vg = (2%iw,/m,)"?, the rate corresponding to the optical phonon energy
[or p2=m, cE/B< p§ = (2m,fiwy)'*]. In the combined band (as in p-Ge) with
increasing magnetic field this region occurs first in the light band (I in Fig. 1a), which
gives an overpopulation of the (1<—2) transition, amplification of FIR radiation, and
an excess™® in the fraction of light holes above the equilibrium value and even above
the fraction of heavy ones. ! The accumulation of heavy holes in large magnetic fields
in a similar region (II in Fig. la) should not have a strong effect on the optical
properties, since there are no direct optical transitions within the heavy band.

We shall assume the simplest approximation for the Ge valence band, the sub-
bands are isotropic, m, = 0.043, m = 0.35; the phonon scattering frequency is identi-
cal for both bands (see, for example, Ref. 5), and we shall neglect impurity scattering.
We write the scattering frequency by optical phonons in the form '

[ e =TFw ek,
Vopt = 2Vo g Vo = >

To Pl

(] (o]

p;-=-\/2m11iw°(Eo =~ 4,3 kV/cm).

For the occurrence of an overpopulation of the (1<——2) transition the most
favorable situation is when the accumulation region in the light subband is large, and
there is none in the heavy one (Fig. 2), while the E and B fields are strong: E~E,, and
the cyclotron frequency for the heavy holes is @’ = e B /m;c~v,. In this case, first of
all, the accumulation region in the light subband is representative of the entire sphere
€ < fiwy; second, the lifetime of the heavy holes with € < fiw, — 7, which is determined
by the time for motion along a trajectory with € <#iw, (see Fig. 2), is small:
T,=2 w/4wc=1/vy and third, the heavy holes attain energies € = #w, and, therefore,
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have practically an equal probability of reaching a state with any energy value € < #iw,
after the emission of an optical phonon. Under these conditions it is not difficult to
find hole concentrations ¥, and ¥, in the subbands, and energy distribution functions
L1, ~ § [, V'€ de). The particle concentrations in the subbands are proportional in
this case to the product of the number of states at € < #w, and the corresponding
lifetime (since the probability of a hole reaching a state with € < fiw, is approximately
the same here). As long as 7,~ 7/2w_. =1/v, in this case, and 7, =~ 1/v,, where v, is
the acoustic scattering frequency, then

N m. 34
AN

e

1 ™
the distribution functions f; and f, are obtained by a division into phase volumes, i.e.,

f2/fy=v /vy, . @

For € =#iw, vo/Vv,~5 in p-Ge at 77 K and vy/v, =20 at 5 K. Thus the condition for
the overpopulation of the (1<——2) transition, f,> f;, may already be satisfied at
75100 K, while in our case (Fig. 2) it exists for practically all transition frequencies
@ < Wy.

It is now easy to find the coefficient of absorption of FIR radiation g = ;5 + £y,
if we use the well-known equation'" for the interband coefficient of absorption
Bi~(fi — f), taking into account f; and f, from Eq. (2), and the Drude equation for
the absorption coefficient in the heavy band

217c2N.l

b e Veff (€)

where ¢V'¢, is the speed of light in the crystal, and e is the electron charge. The
effective scattering frequency in the heavy band is vy =~ 1/7,~v, The absorption
within the light band is insignificant.

The p values calculated in this way are given in Fig. 3. The lower boundary of the
gain region (u <0) is determined by the absorption in the heavy holes. The gain
remains rather large even at 7 =77 K, which indicates the possibility of a rather
simple use of this effect for generating FIR radiation.

We shall make several remarks in connection with the calculations.

1. The amplification of FIR radiation is also possible for E<E,, w_<v,. Estimates
may then be made of the distribution functions and g, if we take into account the fact
that in this case the holes are concentrated near the “main” trajectories (Fig. 2); they
indicate that the amplification of FIR radiation occurs at fields up to £~30-100
V/cm at 5 K and 500-800 V/cm at 77 K. More precise values may be obtained by
numerical modelling (see Refs. 5,6, and 8).

2. The efficiency of energy conversion from a constant electrical field into FIR
radiation may reach (m,/m,)**=4%.
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3. The ordinary theory of interband transitions used in the calculations neglects
the effect of the E and B fields on the transition probability. This is justified if the hole
energy changes little over the characteristic transition time 7= 1/w. This leads to the
condition w»w? = eB /myc. In p-Ge at w! ~v, this means that ©>0.16 w,.

4 The impurity scattering, which we have neglected, increases the minimum
value of the fields at which the amplification of FIR radiation is still possible. In
strong fields (E = E,, o} ~v,), however, the gain is preserved even at a relatively high
impurity concentration (%, =~ 10" — 10!¢ cm™),

In addition to p-Ge, other materials (p-Si, in particular) with degenerate bands,

strong optical-phonon coupling, and a relatively weak acoustic-phonon coupling, are
of interest for FIR amplification.
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ODP. In p-Ge the role of light holes in these effects may also be interesting.
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