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Stimulated Raman emission in the terahertz frequency range (4.8-5.1 THz and 5.9-6.5 THz) has
been realized by optical excitation of arsenic donor centers in silicon at low temperatures. The
Stokes shift of the observed laser emission is 5.42 THz which is equal to the Raman-active donor
electronic transition between the ground 1s(A;) and the excited 1s(E) arsenic states. Optical
thresholds of the Raman laser are similar to those observed for other silicon donor lasers. In
addition, intracenter donor lasing has been observed when pumping on the dipole-forbidden
1s(A;) — 2s transition. © 2009 American Institute of Physics. [DOI: 10.1063/1.3119662]

Silicon-based semiconductors are intensively investi-
gated over the past years as promising candidates for opto-
electronic devices at terahertz frequencies.] Major advan-
tages of silicon as a material for terahertz optical components
are high thermal conductivity, excellent dielectric properties
of its native oxide, and very low optical loss. Intersubband
transitions in band structure engineered silicon-based
heterostructures;™ transitions between localized states in
bulk silicon™ and low-dimensional structures®’ have been
explored as silicon based THz emitters.

Two types of silicon lasers have been realized so far in
the terahertz range. Direct optical transitions between shal-
low levels of different group-V dopants (P, As, Sb, and Bi)
have been used for silicon donor lasers operatlng under op-
tical pumping at low lattice temperatures ? Stimulated in-
elastic scattering of light on donor centers in silicon doped
by antimony (Si:Sb) and phosphorus (Si:P) has been used for
realization of terahertz intracenter Raman lasers.'™!" These
are different from the infrared Raman laser'*"® which is
based on conversion of infrared light in the silicon lattice due
to scattering by optical phonons. A major feature of the pre-
viously reported intracenter Raman lasers is that light scat-
tering occurs on two lower donor states, which are quasireso-
nantly coupled via the intervalley transverse acoustic
g-phonon. This interaction significantly enhances scattering
efficiency and Raman gain.

In this article we report the realization of a terahertz
Raman silicon intracenter laser based on inelastic electronic
scattering in silicon doped by arsenic (Si:As). Unlike in
Si:Sb and Si:P Raman lasers, there are no principal phonons
coupling the lower donor states of Si:As and the Raman
process relies completely on electronic interactions. It should
be noted that Si:As is a very peculiar terahertz laser material
because of a strong interaction between the 2s state and the
1s(A;) ground state via a quasiresonant longitudinal acoustic
f-LA intervalley phonon.14 Evidence of a non-cascade intra-
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center relaxation in Si:As has been found.' In this letter we
report on a Si:As Raman-type laser (Fig. 1) and identify the
conditions under which Raman lasing or donor lasing pre-
vails. The influence of the 2s state on the lasing process is
analyzed.

The preparation of silicon samples, experimental setup
and FEL settings were similar to those in Ref. 11. The silicon
crystal has been grown by the float zone technique in [100]
direction and doped from the melt with a donor concentra-
tion of Np,=~3X 10" cm™. The compensation is N,/Np
<0.001, where N, is a residual acceptor concentration in
the crystal. The sample was chemically-optically polished
into a rectangular parallelepiped with dimensions of 7 X7
X5 mm?®. The Si:As sample was mounted in a cryogenic
dipstick and cooled down to 4.2 K in a liquid helium (IHe)
transport dewar. We used radiation of the tunable free elec-
tron laser (FEL) (at the IR-User Facility at the FOM Institute
for Plasma Physics) for optical pumping. The FEL generates
in the range from 20 um to 32 um (9-15 THz, 37-62
meV). All pump energy values given in this publication are
readout from the Joule-meter at the entrance of the 10 mm-
diameter lightpipe of the dipstick. Optical losses inside the
lightpipe are estimated as ~15 dB. The spectrum of the FEL
emission pulse had a Lorentzian shape with a full width at
half maximum (FWHM) of about 0.14 um (~0.1 meV).
The accuracy of the central wavelength of the FEL pump
pulse was ~0.06 um (~0.04 meV). A combination of a
cold 1 mm thick Al,O; filter and a 1 mm thick CaF, filter
blocked pump emission toward the 1He cooled Ge:Ga pho-
toconductive detector inside the dipstick (inset in Fig. 2).
The emission from the Si:As sample was collected into a
Fourier transform spectrometer (FTS) with a resolution of
~0.05-0.06 meV.

Stimulated emission has been obtained for the cases of
resonant and nonresonant intracenter pumping. Two typical
emission spectra of the Si:As laser are shown in Fig. I.
Pumping with a photon energy of 47.96 meV, which does not
correspond to any intracenter transition, yields a single emis-
sion line and a single emission pulse. It is similar to what has
been observed for Si:Sb and Si:P Raman lasers. This signal
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FIG. 1. (Color online) The two upper panels show the lasing mechanism for
the Raman laser (left, arrow down) and the combined donor (LF, arrow
down) and Raman laser; LF and HF indicate the low-frequency and high-
frequency contributions in the laser emission spectrum (b). C. B. designates
the conduction band. Two lower graphs show typical Raman laser spectra
and pulse dynamics (insets) at maximal pump power and different pump
photon energies: (a) pure Raman lasing; with a FWHM ~0.17 cm™'. The
Raman laser pulse has a 1.7 us delay relative to the pump macropulse.
Pumping is in between the 2p.. and 3p, excited states. (b) Combined Raman
and donor lasing: the donor lasing develops faster and has a shorter delay
relative to the pump macropulse. Pumping is in vicinity of the 2p. state.

can be attributed to Stokes-shifted Raman emission. The Ra-
man emission pulse has a ~2 us delay with respect to the
FEL macropulse [Fig. 1(a), inset]. Pumping into the 2p.
state with a photon energy of 47.69 meV results in a double
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FIG. 2. (Color online) Dependences of the Si:As laser emission on the
photon number per FEL macropulse. The laser intensity value is integral
over entire pulse duration. The stars indicate Raman lines. The pump photon
energies are given in the upper left corner. A sketch of the experimental
setup is shown in the lower right corner.

Appl. Phys. Lett. 94, 171112 (2009)

FEL pump wavelength (um)
30 29 28 27 26 25

Si:As laser intensity (arb. units)

FEL macropulse pump energy (mJ)

I 4
S ¥ 1 (b) |
o 25| N
13 I i i ] 6.0 g
I I
Br | A
@ I ' 7 ! 2
S 23 I * Raman e | _'55 [}
c - @ donor v | 1°° &
g2l / R B
< L ! ‘ ! ] L
Sl e 1.8
CE I S | 4509
¥ I 1] g %)
K o0 L g <
%) 4 s 1 =
< - 4 ]
-U—) 19 IR NN T NN TN NN SR SO (NN T N M1

41 42 43 44 45 46 47 48 49 50
FEL pump photon energy (meV)

FIG. 3. (Color online) Overview of the frequency band generated in opti-
cally pumped Si:As. (a) FEL pump spectrum at maximal power (upper
graph, low resolution scan). The laser intensity value is integral over last
3 us (gate is set to 5.5-8.5 us as in Fig. 1) of the emission pulse. The dip
between 43.5 and 44.5 meV is due to strong waver vapor absorption. The
Si:As emission spectrum (lower graph) shows a correlation between maxi-
mum output intensity and the energy of the donor states. (b) Frequency
bands covered by Raman and donor Si:As laser schemes. The Stokes shift in
the Raman emission is 22.44 meV. The error bar shows the FWHM of the
laser lines.

peak emission spectrum [Fig. 1(b)] as well as a double peak
emission pulse [Fig. 1(b), inset]. The delay between pump
and emission pulse is about 1 us for the first part of the
emission pulse and about 2 us for the second part. The
emission spectrum consists of two peaks, the low frequency
(LF) peak fits to the intracenter 2p. — 1s(E) transition at 6.0
THz (24.9 meV), while the second, high frequency (HF)
peak fits to the Stokes emission.

In Fig. 2 the output power of the Si:As laser is shown as
a function of pump photon number. The pump photon num-
ber of the threshold as well as the maximum output power
depend on the pump photon energy. This is typical for tera-
hertz silicon lasers. Laser emission occurs for a broad range
of pump photon energies between ~42 and ~49 meV [Fig.
3(a)] corresponding to pumping into the 2p, state up to
pumping into the 3p, state. Plotting the laser emission fre-
quency as a function of the pump photon energy yields a
linear dependence according to (Fig. 3)

hws = ﬁwFEL - (2244 + 0.04 meV) . (1)

The energy of the emission photon Zwg is Stokes-shifted
from the pump photon energy, hwpg, by AE
=22.44+0.04 meV (5.42 THz). This fits very precisely to
the interstate energy gap between the arsenic ground state
[1s(A;), binding energy Ejy4,)=53.76 meV (Ref. 16)] and
the split-off doublet state [1s(E), Ejyg=31.34 meV (Ref.
14)]. Tt is in agreement with the earlier finding that only one
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valley-orbit Raman transition, namely the 1s(A,)-1s(E) do-
nor electronic transition, occurs in silicon.

The Stokes emission ceases in the pump photon energy
band from 43.4 to 45.9 meV (Fig. 3). In the range from 43.4
to 44.5 meV it does not appear because of insufficient pump
power, which drops due to strong water absorption in this
frequency range. Pumping in the band from 44.5 to 45.9
meV results in the regular donor laser emission (transition
2po— 1s(E) at 18.9 meV or 4.8 THz). This lasing has the
largest optical threshold (Fig. 2). It is worth noting that the
2p+— 1s(E) laser transition is dominant under pumping into
the 2p. state due to a low-efficient relaxation chain 2p.
—2s5—2p, in Si:As (Ref. 15) caused by a fast depletion of
the 2s state via interaction with a longitudinal acoustic f-LA
intervalley phonon. The donor type lasing process under
pumping in the band from 44.5 to 45.9 meV indicates that
the pump radiation terminates in the 2s arsenic state. Theo-
retical simulation of the As donor state spectrum18 yields the
values of E, p=8.76 meV, Esyr)=9.01 meV, and
Essa)= 10.9 meV [corresponding photon energies for the
pump transitions are (Fig. 3): Aw_,g=45.0 meV,
ﬁwﬁzs(T2)244.75 meV, and ﬁwﬂ23<Al)242.86 meV). This
indicates that the 1s(A,) — 2s arsenic transition can be con-
sidered as a pump mechanism at large FEL intensities despite
the fact that it is optically dipole-forbidden. The excitation is
followed by the relaxation step 2s— 2p, and further laser
emission from 2p,— 1s(E) transition. It is worth noting that
the strongest Stokes lasing appears under pumping in the
vicinity of donor states (2p, and 2p..) where conditions of
the “incoming” resonant scattering occur (Fig. 1).

Stimulated Raman emission (Fig. 2) has been reached at
an FEL flux above 10'7 photons per pump macropulse (the
lowest threshold per macropulse of about 0.6 mJ at 42.61
meV) that corresponds to a micropulse peak intensity of ap-
proximately 13 kW/cm? at a pump photon energy of 42.61
meV. This threshold is similar to the values obtained for the
best Si:Sb Raman lasers.'” The output power of the Si:As
Raman laser in the pulse peak is a few milliwatts at maxi-
mum pump power (maximum pump pulse peak ~1 MW).
The “pulsed” gain coefficient yg can be estimated by consid-
ering lifetime of radiation in the cavity (~15 ns), which is
relatively long compared to the train period of the micro-
pulse (1 ns), and cavity losses of ~0.01 ¢cm~'. This yields a
value of y,=~2.48 cm MW~!. The pulsed gain for the Ra-
man lasing, therefore, becomes comparable with the gain for
the donor lasing [~(5-10) cm™' Ref. 19] at pump intensi-
ties above ~1 MW/cm™2.

In conclusion, we have demonstrated stimulated Stokes
emission from a Raman laser based on intracenter transitions
in silicon crystals doped by arsenic donors. The Stokes shift
in the Si:As laser emission is determined by the Raman-
active transition 1s(A;)-1s(E) of the arsenic donor. Raman
lasing has been found in a relatively broad frequency range,
if compared with Si:P Raman lasers. The lowest lasing
threshold of ~13 kW/cm? was obtained for pumping in vi-
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cinity of the 2p, state. In addition, weak donor lasing has
been observed when pumping with photon energies close to
the 2s(E) state.
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