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An analysis is made of the ionization of deep impurity centers by high-intensity
terahertz radiation, with photon energies tens of times lower than the impurity
ionization energy. Under these conditions, ionization can be described as phonon-
assisted tunneling in which carrier emission is accompanied by defect tunneling
in configuration space and electron tunneling in the electric field of the radiation.
Within a broad range of intensity, wavelength and temperature, the terahertz
electric field of the radiation acts like a static field. For very high frequencies
an enhancement of tunneling as compared to static fields has been observed. The
transition between the quasi-static and the high frequency regime is determined by
the tunneling time. For the case of deep impurities this is the time of redistribution
of the defect vibrational system which depends strongly on temperature and the
impurity structure. A theory of tunneling ionization of deep impurities by high
frequency fields has been developed taking into account both tunneling processes.

1 Introduction

The effect of high frequency coherent radiation on tunneling in semiconductor
superlattices and nanostructures has recently attracted considerable attention.
The superposition of a static electric field and an alternating field causes a
wealth of new phenomena as a result of photon assisted tunneling™%3. In all
these cases tunneling is accomplished by a static electric field and the radiation
influences the barrier penetration probability. An intense radiation field, how-
ever, can in fact generate both the tunneling barrier and initiate tunneling.
Such a tunneling process has been observed for deep impurities in semicon-
ductors *. In contrast to tunneling ionization of atoms, where only electron
tunneling takes place ®, phonon-assisted tunneling ionization of impurities in
solids is accomplished by two simultaneous tunneling processes, electron fun-
neling and the redistribution of the vibrational system by defect tunneling.

R
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Figure 1: Tunneling trajectories for the ionization of autolocalized (a) and substitutional (b)
deep impurities.

2 Theoretical consideration

In most cases deep impurities have one bound state which phenomenologically
can be approximated by a potential well. The emission and capture of elec-
trons or holes by deep impurities in semiconductors can be considered in the
adiabatic approximation. Due to electron—phonon interaction the system con-
sisting of local impurity vibrations and the electron is characterized by two
adiabatic potentials U;(z) and U,(z) as a function of a configuration coordi-
nate z (see insets in Fig. 3). Following the Huang—Rhys model these adiabatic
potentials correspond to the electron bound to the impurity and to the elec-
tron detached from the impurity with zero kinetic energy, respectively. The
energy separation between the minima of Uy and U is the thermal ionization
energy of the electron é7. Thermal emission of carriers from the bound state
into the continuum is accomplished by thermal excitation of the system in the
adiabatic bound state potential U/; to a vibrational energy £; and tunneling
of the impurity configuration from this state into the ionized configuration U
with energy & (Fig. 1) 8782,

In the presence of an electric field the electron can be emitted at a negative
kinetic energy —& due to tunneling through the triangular potential barrier
‘formed by the electron potential well and the electric field (see inset in Fig. 4).
Hence, the adiabatic potential of the ionized configuration Us is shifted to a
lower energy Us. = Uz —¢ (Fig. 1,3). Thus electron emission in an electric field
is achieved by two tunneling processes, electron tunneling with probability P,
and tunneling of the defect from the adiabatic potential U1 (x) to potential Use
with the probability P;.

The ionization probability may be written as:

e(E) :f P.Pyexp(—&,/kpT)ded&y (1)

The Boltzmann factor takes into account the thermal excitation of the system
in the adiabatic potential ;.
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In the semi—classical approximation, neglecting pre-exponential factors,
the defect tunneling probability is given by "°:

P x exp(—2(S2 F 51)); Sl = ﬂ;ﬂ{ ] dz+/Ui(2) = &, 1=1,2 (2)-

where M is a mass corresponding to the mode of impurity vibration, a; and z.
are shown in Fig. 1, and the minus and plus sign are related to the particular
impurity configuration shown in Fig. 1a and 1b, respectively.

Electron tunneling in an alternating electric field E = Eq cos(wt) has been
treated theoretically by Keldysh ® (see also!°). The tunneling probability is
given by:

Te 1 .
Sie) = —%fT—zsinhg(wT)dr+ =
Q

P. o exp(—25;(¢)); I

Here v = v/2m*ew/eE and sinh(wr.) = 7; m* and e are the electron effec-
tive mass and charge, respectively, and 7, = hdS, /0c has the meaning of an
electron tunneling time 213,

The integral Eq. 1 has been calculated using the saddle point method. In
the case of weak electric fields, i. e., as long as the saddle point energy € < er,
the exponent in the index can be developed into a power series of £. Taken
into account that £ = & — (er —¢) we obtain

ha|S2|

ETo

Sy F 51> e=0— —; with = 4
2 F S1 2~ (S2 F S1)le=o0 7 w1 T2 9%, i (4)
Then the saddle point condition gives. .
- - (5)
T2 = Te; e %kpT 1

where 7 = £0|51|/0&1]e=0. The first term in Eq. 5 states that the electron
tunneling time 7, is equal to the defect tunneling time 7 for tunneling under
the potential Us.
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Finally we obtain for the ionization probability:

E? E2e2(r)3
e(E) o< exp {F] = exp [_—";m(’;) ] (6)
(Tg)s = %(sinh(?wﬁ) — 2wm) (7)

This result shows that (3)° increases exponentially as a function of wr. As
the ionization probability itself depends exponentially on the third power of 13
the tunneling ionization is drastically enhanced with rising wrs. This can be
achieved not only by increasing the radiation frequency w but also by lowering
the temperature (Eq. 5). In the limit wm < 1 the time constant 75 approaches
the tunneling time 7, giving the result of the static field regime obtained in **.

3 Samples and experimental technique

The tunneling ionization of deep impurities by high-intensity FIR radiation
with photon energies much smaller than the thermal impurity ionization en-

"ergy er has been studied for different types of deep impurities: substitu-
tional impurities with weak electron—phonon coupling (Ge:Au, Ge:Hg, Ge:Cu,
Ge:Zn, Si:Au, GaP:Te with acceptor concentrations in the range 10 — 10*°
cm~3) and autolocalized DX~ centers with strong electron phonon coupling
(Al,Ga;_;As:Te, Al;Ga;_.Sb:Te with x=0.35 and 0.5). In the investigated
temperature range from 4.2 K to 80 K, for autolocalized impurities up to 150 K,
practically all impurities are occupied in thermal equilibrium.

The ionization probability has been determined by detecting photoconduc-
tivity. The radiation sources used were a pulsed far-infrared molecular laser
optically pumped by a TEA-CO> laser and the Santa-Barbara Free-Electron-
Laser (FEL). Using NHj, D,0, CH3F as active gases for the molecular FIR
laser, 40 ns pulses with intensity up to 5 MW/ cm? have been obtained at 10
frequencies w in the range from 3.78 THz to 68 THz 4. The parameters of the
FEL are: intensity up to 1 kW/cm? and w = 6.8 THz, 4.5 THz and 3.4 THz .

4 Experimental results and analysis

Ionization of deep impurities by far infrared radiation has been observed for all
samples in the whole frequency range investigated. Ionization can be attributed
to phonon-assisted tunneling over a wide range of temperature; frequency and
electric field strength 4.

At not too low temperatures and not too high frequencies the tunneling
probability is independent of frequency and exponentially increases with the
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Figure 2: The ionization probability (given by the ratio of the conductivity under illumina-
tion and in the dark o; /o 4) of Alg 35 Gag g5 As:Te as a function of the square of the amplitude
of the electric field of the radiation. Lines shows « exp(E?/E*?).

square of the electric field strength® (see Eq. 6). This is illustrated in Fig. 2a
where experimental results obtained with AlGaAs:Te at T = 150 K are shown.
In this quasi-static regime the electron tunnels at the momentary magnitude
of the electric field in a time shorter than the period of oscillation and thus
the electric field acts like a static field. Such a behaviour has been observed
for all materials at sufficiently high temperatures. In this case **1%17 the
characteristic field is given by E? = (3m*h)/(733¢?) with 75 = 7. In the
quasi-static regime tunneling times 75 can be determined experimentally. The
results are shown in Fig. 3. -

This frequency independent tunneling is limited to frequencies w with
wry < 1 (Eq. 7) The enhancement of tunneling at frequencies higher than
the reciprocal tunneling time has been anticipated in a number of theoretical
works 510:18,19,20 ¢ has been demonstrated experimentally only recentely 2.
In contrast to static electric fields where the electron tunnels at a fixed energy,
in alternating fields the energy of the electron is not conserved during tunnel-
ing (see inset in Fig. 4). In this case the electron can absorb energy from the
field, which leads to a sharp increase of the tunneling probability with increas-
ing frequency. This effect has been observed for various impurities in different
semiconductors and is demonstrated for AlGaAs:Te in Fig. 2b. The ioniza-
tion probability still depends exponentially on the square of the electric field
strength but the ionization becomes frequency dependent and is drastically
enhanced with rising frequency.

%In the case of charged impurities (all substitutional impurities investigated) a deviation
from the field dependence e(E) « exp(E?/E}?) can be seen in relatively low field strength
(up to 1 kV/cm) where the defects are thermally ionized through the Poole-Frenkel effect

and the ionization probability is proportional to e(E) e exp(+/(Ze*E /) /kpT) 11516
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Figure 3: Tunneling times 7 as a function of 1/T for different samples. The full line shows
fif2kpT, the broken lines are plotted according to Eq. 5. Insets: Adiabatic potentials for
substitutional impurities (top left) and autolocalized impurities (bottom right).

In Fig. 4 the ratio 75 /m calculated after Eq. 7 is plotted as a function of wmy
and compared to experimental results obtained from measured values of E7 for
various frequencies, temperatures and materials. The tunneling times 75 were
determined from frequency independent values of E;. The experimental results
shown in Fig. 4 are grouped according to the materials. For each material the
variation of the value of wry has been obtained by applying different radiation
frequencies in the range from 6.7 THz to 54 THz and different temperatures
between 4.2 K and 150 K. It should be pointed out that the theory leading to
good agreement with experiment does not contain any fitting parameters.

The emission probability as a function of the electric field given by Eq. 6
was obtained in the limit that corrections to thermal emission resulting from
electron tunneling are small, i.e., the energy of electron tunneling ¢ is much
smaller than the defect tunneling energy £ and the energy of thermal ion-
ization ep. In the opposite limit, ¢ > er, &, direct carrier tunneling from
the ground state into continuum, without participation of phonons, becomes
dominant. Direct electron tunneling occurs at the crossing of the Us. and Uy
potential curves, where an electronic transition is possible without any change
in the configuration coordinate. This effect leading to weaker field dependence
as compared to phonon-assisted ionization, determines the ionization process
at very high fields 116,22,

The phonon-assisted ionization of deep impurities in semiconductors by
contactless application of short pulses of terahertz radiation has been proposed
as a new method for the characterization of defects 14172324 The field de-
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Figure 4: Ratio 7} /72 as a function of wr,. The line shows the dependenceaccording to Eq. 7
Inset: Electron tunneling trajectory: (1) in a static electric field, and (2) in an alternating
field. :

pendence of the signal allows one to determine the defect tunneling times, the
Huang-Rhys parameter and the basic structure of the adiabatic defect poten-
tials. The Poole—Frenkel effect, which can be observed for charged impurities
only, can be used to determine the defect charge state.

Finally, our measurements have been carried out with deep impurities in
semiconductors, however, because tunneling is crucial in numerous processes in
physics, chemistry, and biology we expect that an enhancement of tunneling by
contactless application of coherent radiation will have significant consequences.
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