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Terahertz gain on shallow donor transitions in silicon
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Small signal gain measurements of optically excited terahertz silicon lasers are reported. Two types
of lasers, Si:P and Si:Bi, were investigated. They were optically excited with radiation from a free
electron laser or a CO, laser. The experiments were performed with an oscillator-amplifier scheme
where one sample serves as a laser while the other one is an amplifier. In case of the free electron
laser the pump frequency corresponds to intracenter excitation of the 2p, or 2p, states of the P and
Bi Coulomb centers, and the gain was determined for the 2py— 1s(E), 2p,— 1s(T,) transitions in
Si:P and the 2p, — 1s(E) transition in Si:Bi. Pumping with a CO, laser leads to photoexcitation of
the Coulomb centers. In this case the gain was determined for the 2p,— 15(7,) of Si:P transition.
The gain for intracenter pumping is in the range 5—10 cm™! while for photoexcitation the gain is
considerably less, namely ~0.5 cm™!. The experimental results are analyzed and found to be in
good agreement with theoretical calculations based on balance equations. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2804756]

I. INTRODUCTION

Nowadays various semiconductor devices are used for
the generation of terahertz (THz) radiation.' Significant
achievements have been obtained with III-V heterostruc-
tures. However, oscillators based on silicon have several po-
tential advantages compared with GaAs quantum cascade la-
sers. Two major advantages are low lattice absorption and
the possibility of monolithic integration with silicon
microelectronics.” Many efforts have been made to transfer
the principles of quantum cascade schemes from
GaAs-based™ to Si/SiGe or SiGe/Ge structures.”® Neverthe-
less, up to now THz lasing has been obtained only in bulk
silicon doped by shallow donors, which are optically
excited.”'* There are two basic mechanisms that can cause
population inversion of optically excited electrons between
donor states in bulk silicon at temperatures below 30 K. The
first one is observed in Si:P, where the lifetime of the upper
laser level, 2p,, is controlled by the interaction with interval-
ley g-LA and f-TA phonons while decay of electrons from
the lower laser levels, 1s(E) and 1s(T,), occurs through the
emission of intervalley g-TA phonons. The lifetimes are ap-
proximately 50-60 ps for the 2p, (Ref. 13) and ~10 ps for
the 1s states,'* respectively. In Si:P, direct pumping into the
2py state results in stimulated emission at 58.49 um
[2po— 1s(E) transition] while pumping in the higher donor
states as well as in the conduction band yields emission at
55.33 um [2p,— 1s(T,) transition]’ (Fig. 1). Another
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mechanism for population inversion was observed in Si:Bi. It
is due to a strong coupling of the 2p, and 2s states with the
1s(A;) ground state via intervalley f-TO, g-LO phonons. In
Si:Bi the spontaneous emission of optical phonons makes the
lifetimes of the 2p, and 2s states extremely short,"” dumping
carriers directly to the ground state. Such a scenario provides
the depletion of the 2p, and 2s states and leads to a negli-
gible population of the 1s(E) and 1s(7T,) states. Hence, popu-
lation inversion between the 2p, (lifetime ~40-50 ps)'®
and the 1s(E), 1s(T,) states is created. Intracenter pumping
of the 2p, state results in lasing on the 2p, — 1s(E) transition
at 52.32 um, while the pumping of the 2p,, state leads to the
lasing on the 2py,— 1s(E) [64.52 um (Ref. 10)]. Previously
performed experiments revealed that intracenter resonant
pumping leads to much lower thresholds in comparison with
CO, laser pumping.]1 Here we report on small signal gain
measurements in Si:P and Si:Bi under intracenter pumping of
the 2p, and 2p, states with radiation from the free electron
laser FELIX. Gain measurements of Si:P under pumping
with a CO, laser are also presented.

Il. EXPERIMENTAL SETUP

The gain measurements were performed using an
oscillator-amplifier scheme, where one sample acts as the
laser and the other one amplifies the laser radiation, which is
transmitted through the second sample (Fig. 2). The Si:P
samples were prepared from float zone grown Si:B crystals.
By neutron transmutation a phosphorus concentration of
Np=3x10" cm™ with a compensation of N,/N,=0.35
(N4: acceptor concentration) was realized. The Si:Bi samples
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FIG. 1. Principal states involved in population inversion in Si:P (left) and
Si:Bi (right) (not to scale). The arrows up indicate pump transitions. The
arrows down indicate the laser transitions. For Si:Bi the optical phonons,
which deplete the 2p, and 2s states, are shown by dotted arrows.

were grown by the float zone technique with concentration
~10' cm™ and doping was done during the crystal growth.
The laser was cut in the form of a 7X5X 1.5 mm? rectan-
gular parallelepiped. Its facets were optically polished with
each pair of opposite facets parallel with an accuracy of 1 arc
min. This yields a high quality laser resonator based on in-
ternal reflections modes. The shape of the amplifier sample
was prepared in an irregular way in order to avoid lasing.
The dimensions were (6—7)X5X(1-1.5) mm® (Fig. 2).
The pump radiation from the free electron laser was deliv-
ered to the 7X5 mm? and 5 X (6—7) mm? facets of the la-
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FIG. 2. Sketch of the experimental setup for pumping with the free electron
laser FELIX: (1) beam splitter, (2) attenuators, (3) mirrors, (4) optical win-
dows, (5) Ge:Ga detector, (6) metal screen, (7) laser, (8) amplifier.
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ser and the amplifier, respectively. The samples were cooled
to about 6 K in a liquid helium (LHe) flow cryostat. The THz
emission left the flow cryostat transversely to the pump ra-
diation. In addition, z-cut quartz was used as an output win-
dow and filter in order to block any leakage of pump radia-
tion. The output emission from the Si:P or Si:Bi crystals was
registered by a LHe cooled Ge:Ga photodetector with a
maximum sensitivity in the wavelength range of 50
—120 pm and with a response time of ~3 ns.

The free electron laser FELIX was used as the pump
source and was tuned in the wavelength range from 17 to
37 wm. Its emission consists of 6 s long macropulses with
a repetition rate of 5 Hz. Each macropulse consists of a train
of ~5 ps short micropulses separated by 1 ns time intervals.
In a special operation mode the micropulse separation is 20
ns. The maximum macropulse energy was ~15 mJ (1 ns
micropulse separation). This corresponds to an average
power of ~2.5 kW/cm? during a macropulse, or
~0.5 MW/cm? for the micropulse. The radiation from FE-
LIX was divided into two parts by a Mylar beam splitter.
One part was used as a pump for the laser (L-beam). It con-
tained 20% of the total output power, which was much
higher than the laser threshold. The second one (A-beam)
was delivered to the amplifier. The power of the second part
was controlled by variable absorbers. The macropulse energy
of both parts was measured with a joule meter. The power
incident on the laser and the amplifier was recalculated tak-
ing into account reflection from windows in the cryostat.
Approximately half of the output power from FELIX
reached the samples. Both beams could be either completely
closed or attenuated. The signal measured with open L-beam
and closed A-beam is the pure laser signal, corresponding to
the initial laser intensity. The signal with both L-beam and
A-beam open represented the amplified intensity. No signal
was detected with closed L-beam and opened A-beam (spon-
taneous emission of amplifier) as well as with both beams
closed.

For the investigation of the gain in Si:P under photoion-
ization by radiation of CO, laser (10.6 wum or 117 meV,
maximum intensity 500 kW/cm?) a similar setup was used.
The scheme is shown in Fig. 3. Instead of a flow cryostat the
Si laser was immersed in LHe by use of a dipstick. The laser
sample was prepared in the shape of a rectangular parallel-
epiped (with dimensions of 7X7X5 mm?) with polished
facets. The amplifier sample had the same dimensions with
worse polishing of the facets in order to suppress lasing. The
doping levels were 3 X 105 ¢m™ and 2 X 10'5 cm™ for the
laser and amplifier, respectively. The CO, laser beam was
divided into two parts in order to irradiate the 7 X7 mm?
facets of both samples. A photon drag monitor served for
CO, laser power measurements.

lll. ANALYSIS PROCEDURE

From the shape of the emission pulses measured with a
20 ns micropulse separation of FELIX and of the Si laser
(Fig. 4) we can determine the resonator loss and conclude
that the lifetime of a photon in the laser resonator, 7., iS
about 10 ns."” For the analysis we assume that for both la-
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FIG. 3. Sketch of the experimental setup for gain measurements with CO,
laser pumping: (1) beam splitter, (2) mirror, (3) attenuator, (4) photon drag-
monitor, (5) sapphire filters, (6) Ge:Ga detector, (7) Si:P laser, (8) Si:P
amplifier.

sers, Si:P as well as Si:Bi, and for all emission frequencies,
the photon lifetime in the cavity of the laser samples is 7
=10 ns, which corresponds to a resonator loss of 7y
=0.01 c¢cm™!. Thus with respect to the laser emission with a 1
GHz repetition rate we can neglect the micropulse structure
and consider the output emission to be continuous during the
macropulse duration. If the lifetime of population inversion,
7, is longer than In/c (I is the amplifier length, n is the
refractive index of Si, and c is the speed of light), we can
assume that the THz radiation passing the active medium
will be amplified during the whole transit time, otherwise the
time of amplification is equal to the lifetime of the upper
laser state, which is, in fact, close to the population inversion
lifetime. Hence, for pulsed population inversion and 7
=In/c the intensity of the radiation /; at the output of the
amplifier with length [/ can be written as

T Tpr—17

11=10<_ea”l+ £ ) (1)
Ty Tr

Here I, is the intensity of the radiation, which enters the

amplifier, «, is the pulsed gain, and T is the micropulse
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FIG. 4. Emission pulses of the Si:P laser and the free electron laser FELIX
(normalized to the peak of the Si:P emission). The pulse period is 20 ns. The
pump frequency corresponds to the 1s(A;) —2p, transition.
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period. As can be seen, amplification occurs during the life-
time of population inversion. The rest of the time (7=t
= Tp) the radiation passes the amplifier without change. Here
it is assumed that the losses (e.g., due to lattice absorption or
D~ center absorption) are equal for the open and closed
A-beam. The pulsed gain «,, which exists during the lifetime
of the population inversion, can be written as

L (L Ik
ap—lln(<10 1>T+1). (2)

Note that in the case of direct pumping into the 2p state the
amplification continues during the lifetime of the 2p, state
while pumping of the 2p, state prolongs the amplification
process. In Si:P it lasts throughout the consecutive relaxation
of the 2p_, 2s, and 2p,, states. In the case of 7<<In/c, Egs. (1)
and (2) have to be modified by replacing ! with c7/n.

In the case of pumping with a CO, laser the duration of
the Si:P emission is ~50 ns. Thus, for the interpretation of
the experimental data a multireflection approach, which
takes into account partial reflection of the Si laser radiation
at the facets of the amplifier, was used. Under such condi-
tions the following equation presents the relationship be-
tween I, Iy, [, and a:

I o o
I_l SR =S RANN+Dal (3)
0 N=0 N=0

where N=0,1,2..., and R=(n—1)*/(n+1)>.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 5 displays the pulsed gain as a function of pump
energy and pumping rate. The gain was determined accord-
ing to Eq. (2). The highest pulsed gain of ~5.3 cm™" at 1.2
mJ (~0.04 MW/cm? per micropulse) was obtained for Si:P
under resonant pumping into the 2p, state [Fig. 5(a)]. For
pumping into the 2p, state the maximum observed gain was
~6 cm™! at 5-6 mJ (~0.18—0.2 MW/cm? per micropulse)
[Fig. 5(b)]. Nevertheless, the parameter “gain per unit
power” was less than for pumping into the 2p, state. The
latter is in qualitative agreement with previously obtained
data on the laser threshold for Si:P lasers under resonant
pumping: namely, the threshold for laser emission from the
2po— 1s(E) transition is always less than for the 2p,
— 1s(T>) transition."" Despite a greater cross section and
more efficient pumping for the 1s(A,) — 2p, transition com-
pared with the 1s(A,)—2p, transition'® the pulsed gain per
unit power is larger for laser emission originating from the
2p, state. Figure 5(c) shows the result of the measurements
for Si:Bi under resonant pumping of the 2p, state. This leads
to stimulated emission on the 2p,— 1s(E) transition. The
maximum gain was measured to be ~9—10 cm™! at 3-6 mJ
(~0.1-0.2 MW/cm? per micropulse). No amplification was
measured at a pump frequency corresponding to the 1s(A;)
—2p, transition. The latter can be explained by the small
gain on the 2p,— 1s(E) transition. That is because of strong
coupling of the 2p, state with the f-TO optical phonon,
which results in a short lifetime of this state. This is sup-
ported by the fact that the laser threshold for excitation into
2p is the highest one."" The smaller gain per unit power and
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FIG. 5. Pulsed gain of the (a) 2p,— 1s(E) and (b) 2p,— 15(T,) transitions
of the Si:P laser and of the 2p,— 1s(E) transition of the Si:Bi laser as a
function of the FELIX macropulse energy (dots: experimental data; straight
lines: model calculation based on the solution of balance equations).

concentration for Si:Bi in comparison with Si:P can be ex-
plained by a smaller peak cross section of the laser transition
caused by concentration broadening, which becomes signifi-
cant for concentrations of 10'® cm™ (Ref. 18).

The measured gain can be compared with calculations
(Fig. 5, solid lines). These are based on the solution of bal-
ance equations. The pulsed gain for Si:P and Si:Bi was cal-
culated taking into account the population of the 1s(A)),
1s(E), 1s(T,), 2py, 2s, and 2p, states and the conduction
band population under optical pumping of a particular state.
For the pump pulse it was assumed that it has a Gaussian
shape with a full width at half maximum of 10 ps. This is
longer than the actual length of the pulse delivered by
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FIG. 6. Gain of the transitions 2p,— 1s(7,) in Si:P when excited with a
CO, laser (dots: experimental data; straight line: model calculation based on
the solution of balance equations).

FELIX due to reflections in the amplifier sample. The optical
cross sections needed for the calculations were taken from
the literature.'” As can be seen for Si:P the agreement be-
tween measurement and calculation is quite good. On the
contrary for Si:Bi we can note a deviation between theoreti-
cal curve and experimental data. It is possible to explain this
deviation in the frame of the model used for calculation. The
cross sections taken from Refs. 15 and 19 correspond to a
smaller concentration of donors (2 X 10" cm™). In our case
line broadening can be expected. First, that leads to the better
overlapping of the absorption line and FELIX spectrum and
results in an increase of pumping rate. Second, the line
broadening decreases the peak value of the cross section for
the 2p, — 1s(E) transition.

As follows from the above description of the experiment
the measured value is an “instant” gain with a decay time
equal to the lifetime of the upper laser level or the sum of
lifetimes of excited states. On one hand, the use of short
pulse excitation allows us to determine cavity losses, which
are so small that they can be neglected. On the other hand,
for practical purposes the stationary gain «; is needed. Gen-
erally we can use the gain averaged over the macropulse
duration:

(% a

~— " Zp
a, = —y= -y, v, <l (4)
’ (Tl ) (v P ) TFUp g
where v, is the pumping rate for pulsed excitation, and 7 is

the micropulse duration. Here the ratio Tx/ 7 serves as an
averaging factor. The presence of the product v,7y is ex-
plained by the fact that for v,<1/7z we should take into
account a lesser absorption of pump photons than for v,
> 1/ 7. For instance, for the 2p state in Si:P and an average
pump intensity of 200 W/cm? a=4 cm™' and v,=4
X 10'° 57! [see Fig. 3(a)]; a, can be estimated as 0.09 cm™'.

Figure 6 shows the gain for photoexcitation with a CO,
laser. It was obtained with use of Eq. (3) (dots). The mea-
sured gain values are in the range 0.1-0.5 cm™' for pump
intensities of 30—100 kW/cm?. In comparison with a, for
intracenter excitation there is a large difference in the pump
intensity needed to obtain the same gain. This is explained
mainly by two reasons: first, the ionization cross section for
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a pump photon with an energy of 117 meV (about 4
X 1071 ¢m?) is much smaller than the one for intracenter
excitation (~107'* c¢m?), and second, the presence of D~
centers (negatively charged donors), which have a rather
large absorption at THz frequencies.20 Also stronger heating
of the Si sample by CO, laser radiation may reduce the gain.
The result of the gain calculation is presented as well in Fig.
6. For the lifetimes the same parameters as for intracenter
excitation were chosen. The parameters concerning the D~
centers were taken from Ref. 21. The negative gain at pump
intensities below 20 kW/cm? is caused by the presence of
the negatively charged donors. The overall agreement be-
tween calculations and experimental results is good.

V. SUMMARY

In summary, the small signal gain of optically excited
Si:P and Si:Bi lasers has been determined by a laser-
amplifier scheme. For intracenter excitation of Si:P the maxi-
mum gain is ~5.3 cm™! for the 2p,— 1s(E) transition and
~6 cm™! for the 2py— 1s(T,) transition. The intacenter ex-
citation of Si:Bi gives a value 10 cm™' for the 2p, — 1s(E)
transition while the gain at the 2p,— 1s(E) transition was
below the detection level of the experiment. Excitation of
Si:P by CO, laser radiation yields a much smaller gain
[~0.5 cm™!, 2p;— 1s(T,)]. This can be explained by the
lower efficiency of the donor excitation process due to
photoionization and D~ center absorption stronger heating of
the Si sample. The obtained experimental data agree with
theoretical calculations based on balance equations.
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