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Raman-type stimulated emission at frequencies between 5.0 and 5.2 THz as well as between 6.1 and
6.4 THz has been realized in silicon crystals doped by phosphorus donors. The Raman laser
operates at around 5 K under optical excitation by a pulsed, frequency-tunable infrared free electron
laser. The frequencies of the observed laser emission are close to the frequencies of the intracenter
laser lines which originate from the 2p0 and 2p� phosphorus states. The Stokes shift of 3.16 THz
is equal to the difference between the energies of the phosphorus ground state, 1s�A1�, and the 1s�E�
excited state. © 2008 American Institute of Physics. �DOI: 10.1063/1.2890717�

Over the past years, a lot of effort has been devoted to
the development of silicon-based lasers. These efforts were
driven by the need for low cost photonic devices which are
fully integrable into optoelectronic circuits. The main diffi-
culty in realizing silicon lasers is its indirect energy gap be-
tween the conduction and valence bands that forbids direct
optical recombination of a free electron. Some major ap-
proaches to overcome the inefficient luminescence in silicon
rely on the enhancement of the efficiency of bandgap transi-
tions by quantum confinement effects in low dimensional
silicon-based materials1–3 and band structure engineering in
heterostructures.4–6 So far, none of these approaches has led
to stimulated emission. The first silicon laser has been dem-
onstrated on direct optical transitions between particular en-
ergy levels of group-V donors in silicon. In this type of laser,
population inversion can be achieved due to the peculiarities
of the interaction of the phonons in silicon with the donor
electrons.7,8 The lasers are optically pumped at infrared
wavelengths and emit at terahertz frequencies.

Raman-type lasers based on conversion of infrared light
in the lattice of silicon have been demonstrated recently.9,10

In these lasers, the strongest Stokes emission is determined
by scattering on the threefold degenerate short-wavelength
optical modes at the center of the Brillouin zone of silicon
�phonon energy 64.35 meV� 15.53 THz�. A terahertz
Raman-type all-intracenter silicon laser doped by antimony
�Si:Sb� has been reported in 2006.11 In the intracenter Raman
Si:Sb laser scattering of pump photons occurs on two lower
donor states, resonantly coupled via the intervalley trans-
verse acoustic �TA� g-phonon �phonon energy ��g-TA is
11.4 meV for pure silicon at a lattice temperature of 65 K
�Ref. 12��. This interaction significantly enhances the scatter-
ing efficiency and Raman gain. Here, we report on the real-
ization of a terahertz Raman laser made from silicon doped
by phosphorus.

The silicon crystals used in our experiments were grown
by the float zone technique in the �111� direction. Phosphorus

donors were incorporated by simultaneous doping from the
melt. The donor concentration was ND= �2–3��1015 cm−3

and the compensation was NA /ND�0.001, where NA is the
residual acceptor concentration in the crystal. The investi-
gated samples were rectangular parallelepipeds with dimen-
sions of about 7�7�5 mm3. The largest facet was orthogo-
nal to the growth axis. All facets were chemically optically
polished parallel to each other with an accuracy of 1 arc min.
This forms a low-loss resonator for modes on total internal
reflection. We used the free electron laser �FEL� FELIX at
the IR-User facility of the FOM Institute for Plasma Physics,
Rijnhuizen, The Netherlands, for pumping the silicon lasers.
For these experiments, FELIX generated �6 �s long mac-
ropulses at a 5 Hz repetition rate in the range from
27 to 40 �m �7.7–11.1 THz, 32–46 meV�. Each macro-
pulse consisted of a train of micropulses with a duration of
about 6–8 ps separated by 1 ns. The FEL power incident on
the sample was controlled by a calibrated step attenuator and
measured by a Joule meter �Molectron Energy Max 500�.
The spectrum of the pump pulse of the FEL had a Lorentzian
shape with a full width at half maximum of about
0.1–0.2 meV. The accuracy of the central wavelength was
�0.04 meV. The silicon samples were mounted in a holder,
which was immersed into a liquid helium �lHe� transport
vessel providing a temperature of 4.2 K. The pump radiation
was guided to the �111� facet of the sample by a stainless
steel tube. A thin polyethylene �PE� film on top of the pump
tube served as a window for the pump radiation. For mea-
surements of the laser threshold, the terahertz emission was
detected by a Ge:Ga detector orthogonal to the pump radia-
tion. A sapphire filter and a CaF2 filter, which were placed
between the sample and the detector, blocked the pump ra-
diation �inset in Fig. 1�, which might have been scattered or
reflected in direction of the detector. For spectral measure-
ments, the terahertz emission was directed out of the trans-
port vessel by a 45° mirror and another stainless steel tube
and focused onto a lHe cooled Ge:Ga photoconductive de-
tector sensitive at wavelengths shorter than 140 �m
��8.8 meV�. Any remaining radiation from the FEL was
blocked by a 1 mm thick z-cut crystalline quartz filter and a
high density PE filter. The emission spectra �Fig. 1� were
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measured with a Fourier transform spectrometer �FTS� �res-
olution �0.05–0.06 meV, �0.4–0.5 cm−1� for pump fre-
quencies in the range from 32 to 46 meV �7.7–11.1 THz�
�Fig. 2�. This covers excitation from the donor ground state,
1s�A1�, into all excited states as well as into the conduction
band �c.b.� continuum �inset in Fig. 1�.

It has been shown that intracenter pumping of Si:P with
moderate optical pump power �i.e., below about
1024 photons cm−2 s−1� results in stimulated emission occur-
ring each time when the pump photon energy corresponds to
a dipole allowed optical transition originating from the
ground state, 1s�A1�.13 Lasing occurs exclusively on two do-
nor transitions.14 These are the 2p0→1s�E� transition, when
pumped resonantly in the 2p0 phosphorus state, and the
2p0→1s�T2� donor transition, when pumped in any other
donor state above 2p0 and up to the conduction band.8 At
maximum pump power available from FELIX �about
1025 photons cm−2 s−1� a major change happens �Fig. 2�. Ad-
ditional emission lines appear even when the pump fre-
quency does not correspond to an intracenter transition but is
close to the two low energy donor transitions 1s�A1�→2p0

�34.11 meV� and 1s�A1�→2p� �39.19 meV� �Fig. 2�. Its
photon energy ��S varies with the pump photon energy
��FEL as �Figs. 1 and 2�b��

��S = ��FEL − 	E , �1�

where 	E=13.05�0.05 meV �3.16�0.01 THz� is very
close to the interstate energy gap between the phosphorus
ground state and the split-off doublet 1s�E�, which is
13.01 meV �3.14 THz�.15 We suppose that except for one
line �one of the two lines which occur at pump energy of
34.1 meV, marked with I in Fig. 2� all the others are due to
stimulated, Stokes-shifted Raman emission. The stimulated
emission corresponding to lines number II and III has an
almost two order of magnitude larger laser threshold �Fig. 3�
than those laser lines originating from resonant intracenter
pumping transitions. In addition, they are significantly offset
from any intracenter pump transition. Two lines �marked by
IV and V in Fig. 2� have a frequency close to the
2p�→1s�E� transition. They have as well large laser thresh-
olds. Since the optical cross section of the 2p�→1s�E� tran-
sition is smaller than that of the 2p�→1s�T2� transition, the
lines are not present in the emission spectra of Si:P lasers
pumped with moderate power.14 In addition, one of the lines
appears at a pump frequency which is significantly offset
from resonant excitation into the 2p� state. Therefore, we
assume that both lines are due to Raman emission. In the
case of resonant pumping into the 2p0 state �marked by I in
Fig. 2�b��, the emission frequency might be described by Eq.
�1�. However, the frequency difference to the intracenter
2p0→1s�E� transition is not significant. The temporal struc-
ture and the spectrum of the emission pulse at this pump
frequency are shown in Fig. 4. The pulse has two maxima at
the maximum pump power of 5�1025 photons cm−2 s−1. The

FIG. 1. �Color online� Raman-type emission spectra of a Si:P laser obtained
at maximum pump power. The vertical axis shows the pump photon energy
�baseline of each emission spectrum�. The intensity is plotted linearly. The
lower inset shows a sketch of the experimental setup. The upper inset shows
the scheme of the Raman laser process: pumping occurs from the ground
state 1s�A1� into a virtual state �dashed line�. An excited electron decays in
the 1s�E� donor state with the emission of a terahertz photon and finally
relaxes nonradiatively by emission of an intervalley g-TA phonon.

FIG. 2. �Color online� Dependences of the emission intensity �a� and emis-
sion photon energy �b� on the pump photon energy. The arrows in �a� as well
as the vertical lines in �b� indicate the positions of the photon energies which
correspond to resonant pumping in excited donor states. The filled symbols
in �b� indicate strong lines and the open cycles are for the weak ones.
Diamonds show the lines corresponding to the Stokes shifted Raman emis-
sion. The solid line in �b� shows the linear fit for the frequency shift of the
Stokes emission. The horizontal dashed lines in �b� indicate the Si:P donor
laser transition. Labels I to V indicate pump energy for the Raman emission
lines.

FIG. 3. �Color online� Typical dependences of the terahertz emission from
Si:P on the pump photon flux density.
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relative intensity in the maxima is rather unstable from one
pump pulse to the next indicating a competing character.
When decreasing the pump power the front peak disappears
and the pulse becomes stable. Spectral measurements per-
formed with a time gate �shown by rectangles in Fig. 4�
show that the front part of the emission pulse corresponds to
one strong line at 21.00 meV. It does not correspond to an
intracenter transition. This line �Fig. 4�a�� has a significantly
��15 dB� higher laser threshold and appears first after the
pump pulse. The second part of the emission pulse appears
with a �0.5–1 �s delay. The spectrum corresponding to this
part of the pulse consists of two lines. One is the line which
is attributed to the first pulse peak which signal probably
persists. The frequency of the other line corresponds to the
2p0→1s�T2� transition �21.25 meV�. The front peak of the
emission pulse and the corresponding line in the emission
spectrum disappear at pump intensities below 1025 cm−2 s−1

�Fig. 4�c��. For these reasons, we attribute the low frequency
line to Raman emission while the high frequency line is due
to the intracenter 2p0→1s�E� transition. It is worth noting
that the peak power of the Raman emission pulse was esti-
mated to be a few milliwatts at maximum pump power.
There are other lines in the emission spectra whose fre-
quency does not change with pump power. These lines can
be attributed to the intracenter transitions 2p�→1s�T2� and
2p0→1s�T2�. The emission from the 2p�→1s�T2� transition
is rather weak due to the competition with the 2p0→1s�T2�
which is more efficiently populated when pumping occurs
into higher excited states or into the conduction band.8,14

Although the Raman-type emission in Si:P has similarity
to that observed in Si:Sb media,11 it has some new features.
The major difference is that the Raman laser effect in Si:P

has been observed only in close vicinity to the 2p0 and 2p�

states at frequencies of 5.0–5.2 and 6.1–6.4 THz, where the
condition of the “incoming” Raman resonance is almost
satisfied.16 Contrary, in Si:Sb Raman lasers, emission has
been also observed for pumping far off from any intracenter
electronic state. We attribute this difference to the absence of
the resonant coupling of the 1s�A1� and 1s�E� states with the
intervalley phonon �“outgoing” Raman resonance15�, as it oc-
curs in the Si:Sb laser. This causes a significant decrease of
the Raman gain over the entire frequency range. As a result,
Raman lasing in Si:P requires relatively high pump power
and does not cover the entire energy range between the 2p0
and 2p� states as in the case of the Si:Sb Raman laser.

In summary, we have observed Raman-type stimulated
Stokes emission in silicon crystals doped by phosphorus. The
Stokes shift is determined by the phosphorus electronic tran-
sition between 1s�A1� and 1s�E� states. The lowest laser
threshold and highest output power have been obtained for
the degenerated case of pumping into the 2p0 state when
intracenter laser emission and Stokes emission occur simul-
taneously. The different performance of the Si:P Raman laser
compared to the Si:Sb Raman laser is attributed to the ab-
sence of the outgoing Raman resonance between the impu-
rity states and the g-TA phonon.
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FIG. 4. �Color online� Emission spectra and corresponding emission pulses
�insets� recorded for the case of resonant pumping into the 2p0 state �line I
in Figs. 2 and 3�. The spectra are taken with different time gates shown by
the rectangles in the insets. The labels in dB indicate the attenuation of the
pump power; 0 dB corresponds to 2�1025 photons cm−2 s−1.
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