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Relaxation of Coulomb States in Semiconductors Probed by FEL Radiation
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The typical semiconductors such as silicon and
germanium with embedded donors and acceptors have
been intensively studied since 1950™ [1]. The main
reason was the importance of doped semiconductors
in the production of various electronic devices based
on the properties of p-n junction or Schottky-junction.
The new interest to Coulomb centers in semiconduc-
tors has arisen from several new directions including
single-atom electronics, quantum logic and lasing
based on impurity centers. For use of Coulomb cen-
ters in the frame of any of those fields one should
know such properties of bound electron as energy
spectrum and relaxation rates. The experimental me-
thods being used for the investigations compose a
very broad set of different techniques involving trans-
port and optics and their combinations under various
conditions. Last two decades the appearance of new
user facilities based on THz free electron lasers
(FELs) emitting high power short THz pulses pro-
vides the unique opportunity for studying of impurity
centers in semiconductors under resonant excitation
of chosen energy levels using single color pump-
probe technique [2-4]. In particular, the lifetimes of
different donors and acceptors in silicon have been
measured to localize the time scale of the existing
relaxation rates. More recently similar experiments
have been performed to explore impurities in germa-
nium. Here the authors present a review of pump-
probe experiments devoted to lifetime measurements
of excited donor states in silicon and germanium un-
der the uniaxial stress.

As well known the relaxation of shallow donor
electrons in semiconductors under low temperatures is
governed by the emission of acoustic or optical pho-
nons. The elemental semiconductors such as silicon
and germanium have multi-valley structure of the
conduction band that, together with appropriate ener-
gy gaps between states of the Coulomb centers, allow
intervalley electron scattering processes. In silicon
those are accompanied by the emission of f-type or g-
type optical or acoustic phonons. The former corres-
ponds to e.g. [100]-[010] transition while the latter to
[100] — [-100] transition in the reciprocal space. The
uniaxial stress applied along [100] crystal axis re-
moves the degeneracy resulting in splitting of valleys
and corresponding energy levels. Thus uniaxial stress

can modify relaxation rates if changes the energy
gaps. Fig. 1 demonstrates the energy diagram of
phosphorus donor in silicon under the stress as an
example. The excited states move parallel to their
“parent” valleys while the singlet ground state 1s(A)),
which contains equal contributions from 6 valley un-
der zero stress, moves nonlinearly losing the contribu-
tion of upper valleys.
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Fig. 1. Energy diagram for phosphorus donor in silicon as a
function of uniaxial stress along [110] (left) or [100] (right)
crystallographic orientation. Only lower excited states and
ground states are shown as well as position of conduction
band valleys 2A and 4A.
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The silicon and germanium crystals doped by dif-
ferent donors were taken for sample preparation. The
silicon samples were cut along 100 axis while germa-
nium samples were cut along 111 axis. Those direc-
tions were chosen to provide the maximum valley
splitting for given stress value. Typical donor concen-
trations were in the range of Np=1-5x10"° cm™. The
samples were shaped into parallelepipeds with dimen-
sions of ~7x5x2 mm”®. Each sample was placed into
the special module designed to apply uniaxial stress.
The stress module containing one sample and individ-
ual stress value was mounted in an optical liquid he-
lium flow cryostat and cooled to about 5 K. The
achieved stress value in each module was estimated
from the splitting of the donor levels as measured by
absorption spectroscopy. Relaxation times of particu-
lar electronic states were derived from the time-
resolved pump-probe technique. This involved the
frequency-selective excitation of the investigated
sample with an optical pulse, where the excitation
photon energy corresponded to the energy of the tran-
sition between the probed electronic states. To meas-
ure the characteristic decay time t, the pulse duration
of optical excitation must be much shorter than t and
the time delay between pump and probe pulses must
be appropriate to resolve t. The overall data set was
obtained using pump-probe experimental setups at
several free electron laser facilities: FELIX (The
Netherlands), FELBE (Germany) and NovoFEL
(Russia). Details of the pump-probe setups are given
elsewhere. Spectral width of the FEL emission on half
width on half maximum (FWHM) was better than 1 %
of a FEL wavelength. The typical micropulse duration
was about 10 ps for FELIX and FELBE and 100 ps
for NovoFEL.

Fig. 2 demonstrates the pump-probe signals ob-
tained for Si:P stressed along [100] when pumped into
the lower stress component of 2p, level for two values
of uniaxial stress — 80 and 650 bar. It is clear seen
from the picture that higher stress value results in
longer lifetime indicating suppression of the f-type
phonon emission. Similar results have been obtained
for other donor in silicon such as bismuth and arsenic.
It has been obtained that typical lifetimes for donors
in germanium are much longer (0.5-3 ns) than for
acceptors in germanium (150-250 ps) as well as do-
nors (100-200 ps) and acceptors (30-100 ps) in sili-
con. The stress applied along [111] axis for Ge:Sb
results in increase of lifetime for 2p. level from 1.8 ns
to about 3.2 ns that can be explained by switching off
the intervalley relaxation.
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Fig. 2. Pump-probe signal for Si:P under two values of un-
iaxial stress (80 bar and 650 bar) along [100].
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