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ABSTRACT Terahertz stimulated emission of phosphorus donors in silicon optically
excited by radiation from the free-electron laser FELIX has been studied. It is found
that a spectral line of the Si:P laser emission depends on pump frequency. Stimulated
emission arises on the 2pg — 1s(E) intra-centre transition (21.2 meV) under resonant
pumping of the 2 pg state and on the 2py — 1s(7>) transition (22.3 meV) under pump-
ing of the 2p+ or higher odd-parity donor states. The line shift is attributed to the
Auger redistribution of the 1s(E)- and 1s(7>)-state populations.

PACS 78.45.+h; 41.60.Cr

1 Introduction

Stimulated emission of shal-
low impurity centres in semiconductors
offers a new and exciting area of re-
search. For the first time optical gain
on the intra-centre transitions of gal-
lium (Ga) acceptors has been found
in the p-Ge hot hole inter-sub-band
laser [1]. Later, THz lasing on the op-
tical transitions between the resonant
and bound states of Ga acceptors in
germanium under external stress has
been reported [2]. Recently, stimulated
emission from the phosphorus (P) and
bismuth (Bi) group-V donor centres em-
bedded in monocrystalline silicon has
been obtained. Donor photoionization
by CO,-laser radiation [3, 4] and reso-
nant pumping of the odd-parity donor
excited states by the free-electron laser
FELIX [5] were used to achieve Si:P and
Si:Bi lasing. Silicon donor lasers oper-
ate in the spectral range 5—-6 THz [6],
which is not bridged by p-Ge hot hole

lasers [7] and remains inaccessible for
advanced quantum cascade GaAs-based
lasers [8, 9].

The mechanism of the population in-
version and light amplification on the
intra-centre donor transitions in Si:P is
based on accumulation of excited carri-
ers on the long-lived 2 p state [10, 11]
(Fig. 1).

At a low lattice temperature (7T <
20K) the lifetime of excited impu-
rity states is controlled by the acoustic
phonon spontaneous emission, whose
rates decrease with an increase of the
energy gap AE between participating
bound states. The 2p, state of the P
donor is markedly separated (AE =
21.1 and AE =22.4meV) from the
lower-lying doublet 1s(E) and triplet
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1s(T,) states and, as a result, the ma-
jority of the excited carriers are trapped
on the 2 py state due to the intra-centre
successive step-by-step relaxation. Cal-
culations made in the frame of the
multi-valley model [12] show that the
inter-valley phonon-assisted scatter-
ing dominates in the relaxation of the
1s(T;) and 2pg states, providing the
rates of 3x10'%s™! and 2 x 107s7!
respectively. For the 1s(E) state the
inter- and the intra-valley scattering
processes make comparable contribu-
tions to the relaxation rate, which is
about 5 x 10'°s~!. It should be men-
tioned that a single-valley approxima-
tion yields relaxation rates of 10%s~!
for the 2po state and 10'°s~! for the
1s(E) state, while the phonon-assisted
scattering from the 1s(75) state to the
nearest 1s(E) and 1s(A;) states is for-
bidden [13]. Different relaxation rates
of 2.5 x 10'%s~! for the 1s(E) state and
5 x 10% s~! for the 15(T») state were also
reported for phosphorus donor centres
in Si [14]. Thus, a relatively slow relax-
ation from the 2 p state leads to popula-
tion inversion and light amplification on
the 2pg — 1s(E) and the 2py — 1s(T3)
transitions [3, 10].

A spectral study of the stimulated
emission from Si:P under resonant
pumping of odd-parity donor excited
states by the free-electron laser FE-
LIX has been conducted in order to
gain a better understanding of the intra-
centre energy relaxation and to identify
laser transitions of donors.

2 Experimental

An experimental Si:P sam-
ple (no. 1) was cut in the form of a 7 x
5x 1 mm® rectangular parallelepiped
from a floating zone grown Si crys-
tal and doped by neutron transmutation
(see [15]) to donor (P) concentration
Np =3 x 10" cm™ and a compensa-
tion level Na/Np =~ 35%. This com-
pensation level was determined by the
initial presence of boron acceptors in the
Siingot.

The facets of the sample were set
in parallel to each other with an ac-
curacy of 1 arcmin and optically pol-
ished to form an internal reflection
mode cavity. The sample was cooled
to 5K in a continuous-flow cryostat
(Fig. 2) equipped with KRS-5 win-
dows for pump radiation. Cold sap-
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phire and room-temperature polyethy-
lene windows were used for the Si:P
laser output.

The free-electron laser FELIX tun-
able in a wavelength range 25-37 um
emitted 6-ps-long macropulses of far-
infrared radiation with a 5-Hz repeti-
tion rate. Each macropulse consisted
of a train of ~ 6-ps micropulses with
I-ns time intervals. The micropulse
peak power was ~ 0.5 MW, which cor-
responded to an average power P =~
2.5kW for a macropulse. The output
emission from the Si:P crystal was reg-
istered by a liquid-helium (LHe)-cooled
Ge:Ga photodetector with a maximum
sensitivity in the wavelength range 50—
120 um and with a 10-ns response
time. The pump radiation background
was filtered from the useful signal by
a LHe-cooled 1-mm-thick CaF, win-
dow. In order to estimate free-carrier
concentration in the conduction band,
the photocurrent measurements were
made on sample no. 2 (dimensions

(¢}

FIGURE 2 The layout of the
experimental setup. 1, KRS-5;
2, sapphire; 3, polyethylene win-
dows; 4, CaF, filter; 5, Ge:Ga
photodetector; FTS, Fourier-
transform spectrometer; Si:P, ac-
tive sample

42K

7x6x5mm’, Np =9x104cm=3,
Na/Np &~ 1%) with ohmic contacts
evaporated on the 7 x 5-mm? lateral
sides. The FELIX radiation with a 1/¢?
beam diameter of 12 mm was delivered
to the 7 x 5-mm? and 7 x 6-mm? facets
of sample nos. 1 and 2 respectively. The
incident power was controlled by an
external calibrated step-attenuator and
measured with a Molectron Energy Max
500 Joule meter installed in front of
the flow cryostat. The emission spec-
tra of the Si:P crystal were recorded by
astep-scan Fourier-transform spectrom-
eter (FTS) with a spectral resolution of
about 0.2 meV.

Figure 3 demonstrates a threshold
dependence of THz emission from sam-
ple no. 1 on pump intensity under direct
excitation of the 2py donor state, and
the temporal behaviour exhibits the rise
time of the process. This threshold de-
pendence and also the fact that the emis-
sion is observed only from Si:P samples
with optically polished facets provide
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FIGURE 3 Temporal behaviour of stimulated emission from sample no. 1 under direct pumping of the
2 po state for different pump intensities 7: (1) 150; (2) 50; (3) 30; (4) 15; (5) 5; (6) 3.5 W cem—2. FELIX
macropulse is shown negative (not to scale). Inset: Si output versus pump intensity
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FIGURE 4 Spectra of Si:P
stimulated emission (sam-
ple no. 1) under pump-
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evidence of the stimulated character of
the emission.

A decrease in the pump power causes
a longer delay of the emission pulse
with a simultaneous decrease of the out-
put signal. The emission abruptly ceases
at the pump power attenuation level of
23 dB, which corresponds to the thresh-
old I &~ 5 W cm™2 (pump intensity aver-
aged over a macropulse), i.e. the photon
flux density of 10%! photonscm™2s~!.
Pump power estimates were done taking
into account the reflection losses at the
cryostat windows and Si crystal.

The emission spectra from Si:P ob-
tained for several wavelengths of FE-
LIX excitation are shown in Fig. 4.

For all wavelengths of the FELIX
pump radiation except for 36.4 um
(34 meV, 275 cm™!) the stimulated emis-
sion from Si:P was observed on the
2po — 1s(T») donor transition at
22.3 meV. However, for the pumping
on the wavelength of 36.4 um, which
corresponds to the direct resonant ex-
citation of the 2py state, stimulated
emission occurred on the 2py — 1s(E)
transition at 21.2meV. The same ef-

ing in 2pg, 2p+ and 4pg
states. Spectral resolution is
~ 0.2 meV. Pump intensity
is ~ 1kWcm ™2

25

fect was also observed on sample no.
3 with the dimensions 7 x 7 x 5 mm?,
Np =3x 105 cm™3 and Nay/Np ~ 1%.

3 Discussion

The obtained experimental
results confirm the basic idea of the the-
oretical prediction of the effect of stim-
ulated emission on intra-centre transi-
tions of shallow donors in Si [3, 10, 11].
The presented data are in agreement
with the earlier results obtained under
photoexcitation by FELIX (25-37 pm)
as well as by CO;-laser (9.6—10.6 pm)
radiation [3-6]. The threshold depen-
dence of the Si:P output signal (Fig. 3)
on pump intensity, which has been ob-
served under direct pumping of odd-
parity (2po, 2p+, 3 po, etc.) donor states
as well as continuum states [5], is
a weighty argument in witness of the
laser action. Net small-signal gain «o
estimated from the rise time of the
stimulated emission increases propor-
tionally to the pump intensity up to
I~ 50Wcm™2, being @ ~ 1073 cm™!
at the threshold level I ~5Wcm™2

(flux density F~10?'photons cm 2 s~ 1),
The saturation of the output signal is
observed at the pump intensity [ >
50 W cm~2. Unfortunately, we are un-
able to obtain detailed information of
the gain dependence on the pump power
by the rise-time measurements because
of a slow front of the FELIX macropulse
and saturation of the Ge:Ga detec-
tor response. The system parameters
such as the 2po-state lifetime 7,, ~
1072 s [12], the amplification cross sec-
tion o(2pg — 1s(E)) ~ 5 x 10715 cm?
onthe2py — 1s(FE) laser transition [16],
the absorption cross section on the tran-
sition to the conduction band o(2py —
continuum) ~ 3 x 10~ cm? and the
cavity losses experimental estimate of
a. ~ 1072 cm™! give the best fit to the
experimental results at 7 < 50 W cm™2.
Note that the effective optical cross sec-
tion o(1s(A) = 2pg) ~ 8 x 10~ cm?
and the rate of FELIX pumping (F X
o) are reduced by broadening of the
FELIX spectral line due to a picosec-
ond duration of the micropulse (Ahw ~
0.2 meV).

The spectral study (Fig. 4) demon-
strates that laser emission from P donors
arises either on the 2py — 1s(E)
(21.2meV) or2py — 1s(T3) (22.3 meV)
lines. Lasing on the 2py — 1s(E) line
occurs only under direct pumping of
the 2py state and has never been ob-
served under a CO;-laser excitation.
Selection of one or another line is ex-
plained by the laser mode competi-
tion process. Lasing on the line with
a lower small-signal gain is efficiently
suppressed due to depletion of the upper
laser state (2po). The value of the gain
®ij = Npo,_.jAF; depends on the
difference in populations, AF;; = F; —
F;, of the principal states and the cross
section o;_, ; of the radiative transition.
The 2py — 1s(T3) optical cross section
is about 1.5 times larger than that for the
2po — 1s(E) transition because of the
different degeneracy of the triplet 15(72)
and the doublet 1s(E) [16]. However,
the population of the triplet should be
higher assuming that it is controlled by
the acoustic phonon spontaneous emis-
sion. The fact of lasing on the 2py —
1s(E) line (Fig. 4) fits the situation of
acoustic phonon-assisted relaxation, but
quantitatively it is essential that the life-
time of the 15(73) state should be longer
than 4 x 10705 if the lifetime of the
2po state is 107 s. The shift of the
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FIGURE 5 Dependence of free-
carrier concentration n on pump
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laser frequency to the 2py — 1s(T3)
line means that an extra mechanism of
the captured carrier redistribution over
the bound states is activated with an
increase of the pump frequency. We
assume that this mechanism is the ex-
citation of donor centres by electron
collisions, which tend to equalise the
populations of the 1s(E) and 1s(73)
states. The Auger process should be
effective at providing the cross sec-
tion of 3 x 10~ cm? and the exchange
rate as fast as 107 s~ at a free-carrier
concentration n ~ 1073 cm™> (elec-
tron temperature ~ 10—15K) due to
a small energy gap between the levels
(1.3 meV). Estimation of the rate with
which carriers are transferred from the
1s(T,) state to the 1s(E) state under
the impact process can be made using
a second-order approach of the per-
turbation theory and will be discussed
elsewhere. It is very important to note

photon energy for sample no. 2
at pump intensity of 2 kW cm™2.
Free-carrier mobility was taken
equal to ~ 3 x 10* cm? V~1s~!

48

that photocurrent measurements (Fig. 5)
show a steady rise of free-electron
concentration with a pump-frequency
increase.

In conclusion, the spectra of the
stimulated emission from P donor cen-
tres in silicon under resonant pumping
of different odd-parity excited donor
states have been studied. It was found
out that direct pumping of the 2 p, state
changes the spectral line of the stim-
ulated emission. The effect of the line
shift is explained by the influence of the
Auger process on the 1s(73)- and 1s(E)-
state populations.
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