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Stimulated far-infrared emission from combined cyclotron resonances in germanium
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We have measured the spectrum of stimulated far-infrared emission from Be- and Zn-doped germanium
single crystals in crossed electric and magnetic fields. The spectrum consists of broad radiation bands in the
frequency range of 40 —130 crhthat are due to intervalence band transitions and new narrow emission bands
with their center frequencies rising linearly with magnetic field. We demonstrate that the latter emission is due
to cyclotron resonance hole transitions between Landau levels of the light-hole subband accompanied by
simultaneous spin flip, “combined resonances.”
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The possibility of generating coherent far-infrar@elR) Here we present spectral measurements of the stimulated
radiation by the inversion of the hot-carrier population in aemission from germanium crystals doped with the double
bulk semiconductor was first considered four decadestagoacceptors Be and Zn. Neutral Be and Zn have ionization
However, it was only in the 1980’s that FIR lasing was ob-energies of 25 and 33 meV, respectively, and, therefore, do
served fromp-type germanium single crystals placed in not lead to self-absorption in the emission range. We have
crossed electric and magnetic fields at liquid heliumrecently demonstrated laser action from Ge crystals doped
temperature$-# Stimulated emission can occur through ei- with these double acceptdts and the copper triple
ther intervalence bandVB) transitions between the light- acceptor:> Here we show that these novel dopants have
hole (Ih) and heavy-holghh) subbands or cyclotron reso- made possible unambiguous spectral investigations and have
nance(CR) transitions between light-hole Landau levls. led to the discovery of stimulated emission from combined
Thus far, all spectral investigations have been performedyclotron resonances.
with Ge crystals doped with shallow hydrogenic acceptors For this study we used samples from two Czochralski-
(mostly Ga, all of which exhibit internal hole transitions that grown single crystals, one doped with Be and the other with
partially overlap in energy with IVB transitiorfs1° The in-  Zn. Lasers were produced from wafers as described
terference of dopant absorption and lasing has made the irisewheré! The wafers were characterized by variable tem-
terpretation of the emission spectrum very complicated ofteperature Hall-effect measurements and photothermal ioniza-
leading to speculative assignments of the hole transitions rd@ion spectroscopy. For both crystals we determined the
sponsible for stimulated emission. double acceptor concentration to be XB cm™2 and a
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78 cmi ! (labeled 1 in Fig. 3. A slight change in the magnetic
B induction from 1.5 to 1.55 T results in a shift of the line
Frequency [em™] position to higher energy and in a drastic increase of the line
. . . _— ntensity. Upon further increasing the magnetic induction the
£ FIG. 1'.St'mU|ated emission spectra fqr vanous combinations o{‘requency increases linearly and the line broadens signifi-
and B fields. The spectral resolution is 1 chexcept for the - L2 .
spectrum measured at 1.68 T which has a resolution of 2cm cantly. ALB=2T this emission has achieved a brpadband
character and yet another line structdebeled Il in Fig. 3
appears at 63 cit. The frequency positions of lines | and Il
residual net shallow acceptor concentration of 1 to 2are shown in Fig. 4. Changing the crystallographic orienta-
X 10" cm 3. The laser samples were mounted between twdion of the outcouplingand therefore also th@-field orien-
copper electrodes and placed inside a superconducting matgtion from (110 to (100 suppresses the narrowband emis-
net in a liquid helium cryostat. Electric field pulses with sion | and Il. This interesting behavior of the stimulated
lengths of 1 to 2us were applied. The high refractive index emission has not been observed for shallow acceptor doped
of germanium enables laser operation without external resdse crystals due to dopant self-absorption.
nators by internal reflection modes. The radiation was de- Laser crystals doped with the Zn double acceptor show
tected in the Faraday configuration with the outcoupling di-both the broadband emission thatBsfield tunable up to
rection parallel to the magnetic field. We measured thel30 cm* and the double band structure observed at 1 T. In
emission spectra by Fourier transform spectroscopy using addition, the low-frequency lines | and Il occur at the same
Michelson interferometer and a broadband 4.2 K bolometerposition(Fig. 4). We find that samples doped with the copper
Figure 1 shows the emission spectra of @4x20 mn? triple acceptor exhibit similar spectral characteristics to those
Ge:Be laser for different combinations BfandB fields. The  shown in Fig. 3. Therefore, the spectral nature of the ob-
magnetic field was oriented parallel to the long axis of theserved emission must be related to the intrinsic properties of
crystal, which pointed along @10 crystallographic direc- the Ge valence band and is not due to the dopant species.
tion. The electric field was applied perpendicularBoand We attribute theE-field dependence of the broadband
parallel to a(001) direction. By varying both fields we were emission(Fig. 2) and the line structures shown in Fig. 3 to
able to achieve IVB stimulated emission throughout the*‘combined resonance” hole transitions, i.e., cyclotron reso-
range of 40 —130 cm, unlike the case for Ga-doped Ge nances between light-hole Landau levels accompanied by a
lasers, which exhibit an emission gap between 60 angimultaneous spin flip In the absence of spin flip, cyclotron
80 cm L. Figure 2 shows theéE-field dependence of the resonancgCR) emission in Ge is characterized by a line
emission atB=1T. Two emission bands are observed.position given by multiples of the cyclotron frequeney
These shift very weakly witrE, but the intensity of the =eB/m* with a light-hole massn* =0.045+ 0.005m, lead-
higher-frequency band increases with higher field at the costig to w,=20.9=2.1(cm T~ X B(T). While IVB lasing
of its lower-frequency counterpart. Internal absorption bybegins atB fields of about 0.3 T and exhibits broadband
neutral impurities has been excluded as the cause for themission Aw=20cm 1), CR emission require8 higher
signal minimum between the two bands since strong emisthan 1.5 T and is usually characterized by a narrow linewidth
sion at this frequency can be generatedat1.16 T andE of less than 1 cm'. The occurrence of a simultaneous spin
=1.46 kV/cm. flip means that the hole transitions take place between the
We have made additional spectral investigationEd  so-called ‘a set” and “b set,” which consist of states with
=1 kV/cmT while tuningB up to 3 T. ForB higher than 1.5 m;=3/2,—1/2 andm;=1/2,—3/2, respectively, where; is
T a new emission line of relatively small width appears atthe projection of the total angular momentum along the
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B resent emission from Be-, Zn-, and Cu-doped germanium laser
Frequency [cm] crystals, respectively. The lines represent the calculated frequencies
for the transition$;— by, b;—ag, b,—bg, b,—ag (from bottom

~ FIG. 3. Stimulated emission spectra as a function of magnetigy (o). The dashed lines do not involve a spin flip while the solid
field (resolution 0.5 crt). The ratioE/B is equal to 1.0 kv/emT ones do.

for all spectra. The broadband emission at the lo®éields (1.5—

1.7 T) is due to intervalence band transitions similar to the spectrarha distinction between IVB and CR emission is thus just

in Figs. 1 and 2. one of the degree of mixing of the final hole state of the
transition!’+18
magnetic-field direction?=!” Calculations have shown an  In order to lend further quantitative support to the above

energy shift between tha- and b-set Ih Landau levels of explanation, we have used the Pidgeon and Brown coupled-
approximately 10 cmy/T.1>161819This is in agreement with band modef3 which includes both quantum and nonparabo-
our observation of emissioflabeled Il in Fig. 3 that is of licity effects, to calculate the Landau levels in Ge fg{140)
relatively narrow linewidth and that depends linearly Bn B-field orientation. In accordance with the notation estab-
with w.~31 (cm 1 T~1)x B(T). This corresponds to a typi- lished in previous work#"we label the Landau levels using
cal CR transition (21 cm/T) with a simultaneous spin flip the following convention:=1,0,1 ... for light-hole states
(10 cm YT). This new result is surprising as a transition and 1,2,3... for heavy-hole states. The applied electric
between thea andb set would be a violation of selection field influences the degree of mixing between the heavy- and
rules. However, Ih-hh mixing of the final state can loosenlight-hole states. FoB<1.5 T the |h Landau-level energy
these rules. While combined resonances have been observedd spacing are nearly constant for electric fields up to 2
in absorption measuremertf&it has been widely believed kV/cm2*ForB>2.5 T the Landau-level spacing is still con-
that thea set does not support laser actirt/ 2! served even though the |h levels mix strongly with hh
The line that appears at 1.5(T in Fig. 3) shows a fre- states.’ We therefore conclude that the transition energies
quency dependence oB of about 51 cm¥/T before it between |h Landau levels f&>0 can be roughly estimated
broadens. This is consistent with a CR transition whene by the values aE=0.
=21%18 combined with a spin flip of 10 cAl/T as in the Calculating the energies of the allowed transitions for 1
case of line II. The general selection rules for cyclotron reso<<B<3 T and comparing these to the measured spectra, we
nance of holes in germanium have been determined bgttribute the line features | and (Fig. 3) to transitions from
Kamimura?? Transitions with An=2 may occur for a theb set to thea set, that is, combined resonances as de-
magnetic-field direction alonf110] as in the case of our scribed above. Line | is assigned to a light-hole transition
experiments. Cyclotron resonance transitions with=1  from theb-set level 2 taa-set level 0 b,—a,) while line Il
have been previously observed in absorptionis tentatively assigned to the light-hole transitibp—a,.
measurements.2° Calculated energies for various transitions are depicted by
At a magnetic inductionfo2 T the CR line | has broad- the lines in Fig. 4. The data are clearly best described by
ened significantly achieving IVB character. This magnetic-combined resonances. A double-line structure associated
field dependence of the spectra clearly shows the intimateith emission Il for certain combinations & and B sug-
relationship between IVB and CR emission. The lower levelgests the occurrence of transitions involving levels of higher
undergoes a transition from a Ih-type Landau level to essem (e.g.,b,—a;).
tially a hh-type Landau level due to increased lh-hh mixing. The b-set light-hole levels 1 and 2 are the same as those
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previously assigned to the initial states for CR emission fronresult from transitions witlAn>3. The lower-energy band
Ga-doped Ge laser,—b, and b;—by).?*'" The differ-  corresponds to transitions within tieset while the higher-
ence in the final states may result from the differing directionenergy band involveb- to a-set transitions.
of the applied electric field in combination with dopant self- |n conclusion, double acceptor doped germanium is a
absorption present in shallow acceptor doped laser crystalgaodel system for the investigation of stimulated emission
CR emission from Ga-doped Ge lasers is normally achievegtom hot carriers in semiconductors. By eliminating the ef-
with an appliedE field close to 110 direction(compared  fect of dopant self-absorption, we have been able to obtain
to a(001) orientation in this study Changing the direction convincing evidence that both theset andb-set Landau
of E redistributes the hole population among these levelsievels can participate in the stimulated emission process. In
Inversion is, therefore, achieved between different levels agddition, we have shown that the differing Spectra| character
reflected by the above assignments. The significance of doyetween intervalence band and cyclotron resonance lasing is
ant self-absorption is reflected in the absence of combinegherely a signature of the degree of mixing between the
cyclotron resonance emission from a Ge: Ga crystal that Weavy-hole and light-hole states into which the holes decay
tested withE andB parallel to(001) and(110), respectively, radiatively. The results presented here should clear the path
for E/B=1kV/cmT. for further theoretical developments in the field and encour-
Combined resonance transitions can help explain thege continued efforts toward the realization of stimulated
double-band structure that is characteristic of the IVB emisemission from other semiconductors such as boron-doped
sion spectra of these Be- and Zn-doped Ge lasers shown Hlicon.
Fig. 2. At B=1T the splitting between the two bands is
approximately 10 cm'. We observed this type of splitting
increasing at a rate of approximately 10 ¢iT for B rang- We thank J. W. Beeman and K. Roderitkawrence Ber-
ing from 0.75 to 2.2 T. This is consistent with emission keley National Laboratopyfor their technical support and
involving a spin flip. Increasing the field while holdingB ~ W. Esch (Max-Planck-Institut fu Radioastronomie Bonn
constant increases the degree of mixing of levels irbtlset  for building the pulse generator. We acknowledge the use of
and, therefore, favors emission with spin flip over that with-facilities at the Lawrence Berkeley National Laboratory op-
out. Our calculations show the IVB emissionBt&1T to  erated under U.S.-DOE Contract No. DE-AC03-76SF00098.
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