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Far-infrared stimulated emission from optically pumped neutral Bi donors in silicon has been
obtained. Lasing with wavelengths of 52.2 and 48n from the intra-center 2.
—1s(E:T'g),1s(T,:I'g) transitions has been realized under £@ser pumping. The population
inversion mechanism is based on fast optical-phonon-assisted relaxation fronpghen@ %
excited states directly to the grounds(A) state leading to relatively small population in the
intermediate $(E), 1s(T,) excited states. €2002 American Institute of Physics.
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Coherent radiation sources for the far-infraf€tR) part  carriers through the ladder of excited impurity states. Tran-
of the electromagnetic spectrum are required for applicationsitions between neighboring lower impurity states dominate
in astronomy and atmospheric remote sensing as well as mend the probabilityP(i) that an excited carrier comes to such
lecular and solid-state spectroscopy. There is a lack of tuna state before relaxing to the ground state is close to unity.
able fundamental oscillators in this region. Among theThe situation is different for the sS[E) and 1s(T,) states.
known FIR semiconductor lasers are long-wavelength tunThe rate of transitions from thepg and % states to the
able intersubband hot hofeGe lasers, mid-infrared narrow ~ ground state due to spontaneous emission of optical phonons
band gap lead salt semiconductor ladeswell as intersub- is much higher than the rate of acoustic-phonon-assisted
band quantum “fountain® and “cascade” laser$Recently, transitions from the @, to the 1s(E) and 1s(T,) states.

a FIR silicon laser has been demonstrated. Transitions bé-arriers are trapped in thes(E) and 1s(T,) states via
tween optically excited hydrogen-like impurity centers are
used to obtain FIR spontaneous and stimulated emissfon.

Here we report on a population inversion mechanism in
silicon doped by bismutkSi:Bi) impurity centers. In contrast
to phosphor doped silicon, where population inversion is
based on the long-living |2, state’ Si:Bi has no long-living
state. The Py and X states are coupled to the(lA) ground
state by a resonant interaction via an optical phéramd
have a very short lifetime of about 1 ps. Due to this, the
majority of the optically excited electrons relaxes directly to
the 1s(A) state and, therefore, does not reach thgg) and
1s(T,) states. As a result, thes2zand 2p, states as well as
the valley-orbit splitted & E) and 1s(T,) states remain es-
sentially unpopulated. Therefore, population inversion can be

achieved between the populated states, higher than she 2 1 T-' } co
state, and the excited states lying below despite the fact that s( 2.1“7) 1 opt.ph. 2
their lifetime is almost the same. Consequently, laser action ! |asetr
can occur on the allowed optical transitions, from the lowest 1 pumping
1
1

of the populated states,p2, to the closest unpopulated

1s(E) and 15(T,) states(Fig. 1). 1s(A) |
In more detail, the mechanism is as follows: optically

excited free carriers lose their energy through interactiorF|G. 1. Scheme of optical and nonradiative transitions in Si:Bi undey CO

: . . : laser pumping: straight arrows down—FIR laser emission; dash curved ar-
with acoustic and optical phonons being further captured b)(Zws down—Ilow-probable relaxation of the photoexcited electrons due to

ionized impurity centers. The cascade CaF}R“’ES'StEd DY  emission of acoustic and optical phonons; solid curved arrows down—major
acoustic phonons means a gradual relaxation of the excitedlaxation of the electrons due to emission of acoustic and optical phonons.
D™ is the D™ center energy level. Quadruples(Il,:I'g) and doublet
1s(T,:I';) states are spin-orbit splitteds(IT, :I'5) state(labeled as in Ref.
¥Electronic mail: sergeij.paviov@dir.de 13).
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FIG. 3. Experimental setup for observation of emission from Si(®):
pump laser attenuatof?) photon drag monitor(3) pump beam(4) emis-

T T Ty Ty " sion from Si:Bi, (5) Si:Bi sample,(6) FIR filter set,(7) FIR detectors(8)
~ 0 io‘ detector for pump beam alignment.
‘TE i at
% oL o ] The investigated Si:Bi samples with donor concentra-
2 2pf tions 5X 1013—1.3><_1016 cm™ 3 were cut in the form of rect-
‘g ni ) angular parallelepipeds 77 x5 mnt) from the same in-
< got. The purer crystal £5x102cm %) was used to
identify the dominant dopant as well as the concentration of
'515020' ""1"(';21' 1(')22 ""1"(')23' "';"(';24' '“;"025 the incorporated electrically active centers using absorption

spectroscopy. All absorption lines in these spectra correspond
to Bi intra-center optical transitions. The compensation of
the Si:Bi samples was determined to be about 10%. The
samples were mounted in a holder and immersed in a liquid
helium (LHe) vessel. A pulsed TEATransverse Excited At-
omspheri¢ CO, laser with peak output power up to 2 MW in
the wavelength range 9.2—-10ufn was used to pump the
silicon samplegFig. 3). The effective pump photon flux den-
sity inside the silicon sample was derived from the d&ser
pulse peak power and taking into account reflections from

optical-phonon-assisted recombination from the conductiothe optical window, the crystal surface as well as lattice and

band and direct acoustic-phonon-assisted transitions from tHg)purity absorption losses. The total loss of the pump power
3s state. The popu|ation of the excited |mpur|ty states islS estimated to be 7 dB. The FIR emission from the Si:Bi

given by samples was registered by a LHe cooled Ge:Ga photodetec-
tor, sensitive in the wavelength range 40-12%. To pre-
vent irradiation of the detector by the GQaser, a 1-mm-
thick sapphire filter was used.

Spontaneous emission in the wavelength range of the Ge
where W°' is the optical ionization rater; and E; are the  detector was registered from Si:Bi samples with doping lev-
lifetime and binding energy of the excited stateN,s and  els greater than 8 10** cm™ 2 for various pump wavelengths
Eys. are the ground state population and ionization energyf the CQ laser. A linear dependence of the spontaneous
respectively, and is the lattice temperature. The probability emission signal on the pump photon flux density up to 2
to populate the @. state due to cascade relaxation, x 10?° cm ?xs ! was found (Fig. 4). The spontaneous

P(2p-), is calculated to be about 0.5, while for the(E)  emission signal increased by about two times with increasing
and 1s(T,) states it isSP(1s(E,T))=3x10 3. Therefore,

although the lifetime of the 2. state and the lowers(E)

effective flux density (photon cm?s™)

FIG. 2. Calculated populatiofupper graphof the ground $(A) and of the
excited IS(E), 2s, 2p.. states and ~ centers. Absorptioflower graph by
neutral donor an® ~ center transitions vs pump flux density for4 K, Bi
concentration X 10" cm™2 and compensation level of 10%. The teay-
indicates the absorption of 52m radiation byD ™~ centers,a,, ., is the
amplification on the p.— 1s(E) transitions, taking into count absorption
on transitions from the 2. state to the conduction bandl, is the net gain
at 52 um on the 2. —1s(E) transitions.

Ni=NgWPP(i) 7, for e~ Fos)MT<WPP(i)7,

and 1s(T,) states is almost the sam@n the order of

107 1%g), the latter are less populated and a four-level laser - ‘1923 1924 1925 _
scheme can be realized from Bi donor transitions. g S ]

A model has been developed to assess the laser mecha- S 10°¢
nism quantitatively and to guide the experiments. In Fig. 2 2 102k 4
the population of impurity states calculated using a probabil- E
ity techniqué and amplification coefficients for different % 10"
pump flux densities are presented. The calculations take into h 05 ]
account the absorption of the FIR emission due tolhe 101(;3 — "1'64 105 -

center® (neutralD® centers with an extra electrpnwhich
appear when the impurity centers are photoionized. The tran-

effective flux density (photon cm™s™)

pump laser power ( W)

sition rates were estimated assuming the hydrogen-like cerG. 4. Dependence of FIR emission at a wavelength of a2nZrom Si:Bi

ter model forD® center$? and the zero-radius potential for

on pump power of the COlaser at 10.6um (10P20 ling. Open circles are
for spontaneous emission from the unpolished Si:Bi sample. Solid squares

D~ centers. The calculations define the optimal Bi CONCeNyye for stimulated emission from the same Si:Bi sample after optical treat-

tration to be in the range of 1®-10% cm™3.

ment.
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wavelength (um) guency dependence. Pumping by a line from then® band
200 100 80 60 50 40 30 of the CQ laser provides less free carriers than pumping by
o ' ' a line from the 10um band due to the intra-band optical-
phonon-assisted recombination.

In summary, we have demonstrated a laser mechanism
based on resonant optical phonon interaction of excited
states of shallow impurity centers in semiconductors. These
results give encouragement to use intra-center transitions for
the generation of far-infrared radiation.
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