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Abstract. Tunnel ionization of semiconductor deep impurity centres has been
investigated in a field of far-infrared radiation where photon energies are several
factors of ten smaller than the binding energy of the impurities. Depending on the
radiation electric field strength, ionization is caused by phonon-assisted tunnel
ionization or direct electron tunnelling. Applying high-power pulsed lasers, two
types of impurities have been studied: substitutional on-site acceptors in Ge and
autolocalized DX− centres in Alx Ga1−x Sb. The experimental results are analysed in
terms of the theory of multiphonon and cold carrier emission of deep impurities in
the adiabatic approximation. Tunnelling times have been measured for both types
of impurities. Due to different tunnelling trajectories of on-site and autolocalized
centres, the tunnelling time is in the first case larger and in the other case smaller
than the reciprocal temperature multiplied by universal constants. This allows us to
distinguish in a direct way between the two types of configuration potentials of
impurities. The results demonstrate that high-frequency far-infrared laser pulses
may be used to study the elementary process of tunnelling in extremely large
electric field strengths, avoiding contact phenomena and avalanche breakdown.

1. Introduction

Deep centres in semiconductors have been the subject of
extensive studies [1–5]. They are essential in the control
of the electronic properties of semiconductor materials.
Deep impurities can reduce the conductivity by trapping
carriers or compensating shallow impurities and can act as
non-radiative recombination centres, reducing the lifetime
of free carriers. One of the aspects of investigations
of deep impurities is the effect of an electric field on
the thermal emission and capture of carriers. Emission
and capture are of great importance for the kinetics and
dynamics of semiconductors and for the investigation of
electron–phonon interaction of deep centres. In particular,
ionization or capture in an electric field are practically the
only methods of finding the parameters of multiphonon
transitions which govern non-radiative processes associated
with deep defects. The electric field stimulation of
ionization and capture has been extensively studied by
applying static electric fields (e.g. deep-level transient
spectroscopy (DLTS), impact ionization etc). Recently, the
ionization of semiconductor deep impurity centres has been
observed by applying far-infrared radiation with photon
energies several factors of ten smaller than the binding
energy of the impurities. Preliminary results for Au and Hg
impurities in Ge and DX− centres in AlxGa1−xSb have been
published in [6–9]. It has been shown that the ionization
is caused by tunnelling processes in the electric field of

the high-power radiation. This observation gives a new
method of investigating semiconductor properties based on
the effect of high electric fields. Applying high static
electric fields usually runs into difficulties because of field
inhomogeneities in the sample due to contact potentials.
The method described here utilizes the electric field of far-
infrared radiation with frequencies in the terahertz range.
The application of high-power lasers emitting short pulses
is free of such problems and allows us to work with
substantially higher electric field strengths than in the d.c.
case without driving the material into avalanche breakdown
instabilities or destroying the sample.

In this paper we present experimental results of
terahertz tunnelling ionization of different types of deep
impurities and give a detailed comparison with theory. The
measurements have been carried out over a wide range of
electric fields and temperatures which allows us to identify
the elementary process of carrier emission caused by the
high-frequency electric field. The emission probability
has been determined by recording the photoconductive
signal in response to short laser pulses at photon energies
much smaller than the binding energy of the impurities.
As a main result phonon-assisted tunnelling ionization of
impurities has been observed in a wide range of electric
field strengths and temperatures. For charged impurities
like the deep acceptors in Ge, at relatively low electric
field an enhancement of ionization has been found due
to the Poole–Frenkel effect. At very high fields, on the
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other hand, the photoconductive signal is determined by
direct tunnelling of carriers out of the impurity ground state
without involving thermal phonons.

The paper is organized as follows. In section 2 we
describe the experimental set-up and show some basic
results. Section 3 briefly reviews the theory of tunnel
ionization of deep impurities in an electric field. In
section 4 we present the experimental data and analyse
the results with respect to the theory. From the observed
electric field dependence of the emission rates we determine
tunnelling times as a function of the temperature. It is
shown that the magnitude of the tunnelling time allows
us to draw conclusions about the configuration of the
adiabatic potentials of the deep impurities. In section 5
we summarize this work.

2. Experimental set-up and basic results

The investigation of terahertz tunnel ionization has been
carried out on two different types of deep impurity centres:
on-site substitutional impurities and autolocalized DX−

centres.
On-site impurities have been investigated in p-type Ge

doped with Au, Hg, Cu and Zn as deep acceptors having
thermal binding energies ofεT ∼ 150 meV, 90 meV,
40 meV and 30 meV respectively [5]. The acceptor density
of the samples was in the range 1014–1015 cm−3. All the
impurities in the investigated samples were singly charged.
This fact will be important for small far-infrared intensities
where the Poole–Frenkel effect has been observed.

The DX− centres have been investigated in AlxGa1−xSb
doped with tellurium resulting in n-type conduction (n =
4 × 1017 cm−3). All the essential features of the DX−

centres, in particular persistent photoconductivity, have
been observed. The compositions of the samples used here
are x = 0.28 and 0.5. More details of the properties of
these samples can be found in references [10–12].

The ionization of impurities due to high-power pulsed
far-infrared radiation has been measured by the usual
method of detecting photoconductivity. The change of
the conductance of bulk semiconductor samples upon
irradiation has been recorded for single laser pulses with
a digital oscilloscope. The radiation source was a high-
power pulsed far-infrared molecular laser optically pumped
by a TEA CO2 laser. Using NH3 and CH3F as active laser
gases, 40 ns pulses with a peak power of 50 kW have
been obtained at wavelengths,λ, of 90.5 µm, 152 µm
and 250 µm. The photon energies corresponding to
these wavelengths are 13.7 meV, 8.2 meV and 5 meV
respectively. In all cases the energy of the quanta has
been substantially smaller than the ionization energies of
the impurities.

The samples were placed in a variable temperature
optical cryostat. Measurements have been carried out
in the temperature range 4.2–100 K where in thermal
equilibrium practically all charge carriers are bound to
the impurity ground states. A series of cold and warm
black polyethylene (1 mm thick), Teflon and crystal quartz
windows were used to transmit far-infrared radiation while
rejecting near-infrared and visible light.

Figure 1. Oscilloscope recordings of the excitation pulse
and photoconductivity of Ge(Au) and Alx Ga1−x Sb for
λ = 90.5 µm obtained at T = 77 K.

The photoconductivity measurements have been carried
out using a standard 50� load resistor circuit, taking care
that the bias voltage across the sample was substantially
below the threshold of electric breakdown, which is at about
5 V cm−1. The experimental set-up is shown schematically
in the inset of figure 1. The irradiation of the samples
with far-infrared pulses leads to a change of conductivity.
A photoconductive response, rising superlinearly with the
incident radiation power, could be observed in all samples
and at all used wavelengths in spite of the fact that the
photon energy of the exciting radiation is several factors
of ten less than the thermal ionization energy of the
impurities, εT . The sign of the photoconductive signal
corresponds to a decrease in sample resistance and thus to
an increase of the free carrier concentration. The decay
time of the response is different for different types of
impurities. Figure 1 shows typical pulse shapes for both
types of impurities. For deep on-site impurities in Ge the
time constant is somewhat longer than the laser pulse. The
decay time of the signal (atT = 77 K it is 50 ns for Ge(Hg)
and 80 ns for Ge(Au), see figure 1) represents the lifetime
of the excited carriers [13, 14]. In the case of autolocalized
DX− centres in AlxGa1−xSb, the signals consist of two
components (see figure 1), a fast one with decay time of
about 80 ns and a long tail which does not decay within
the presented timescale of figure 1. Measurements of the
radiation-induced conductivity change of the sample by a
d.c. voltmeter have shown that this part of the signal persists
for several hundreds of seconds, which corresponds to the
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Figure 2. Photoconductivity signal 1σ/σd of Au-doped
p-Ge (binding energy Ei ∼ 150 meV) at T = 77 K as a
function of intensity for three wavelengths, λ: 90.5 µm
(photon energy 13.7 meV, �), 152 µm (8.2 meV, ◦) and
250 µm (5 meV, 4).

lifetime of persistent photoconductivity observed for DX−

centres in the investigated sample [12]. The observation
of a positive persistent photoconductivity shows that this
signal is caused by the detachment of electrons from DX−

centres. The fast component of the signal can be attributed
to ionization of native Ga acceptors [15] or intrabandµ-
photoconductivity due to electron heating. This signal
component is not of interest for the present investigation.
Because of the large difference of the decay times, the
signals may easily be distinguished. All further data will
be related just to the slow, persistent photoconductivity
component of the signal.

The sign of the photoconductive signal and its decay
time corresponding to the lifetime of excited carriers
demonstrate that photoionization of deep impurities by light
with h̄ω � εT takes place. Therefore other mechanisms
such as free carrier heating or optical rectification can
be ruled out. In particular, the persistent change of
the conductivity in the case of DX− centres clearly
proves ionization of the deep impurities. In figure 2
the photoconductive signal of Ge doped with Au(εT ∼
150 meV) atT = 77 K is shown as a function of radiation
intensity for three different wavelengths. Figure 3 shows
the data for another deep on-site impurity (Hg in Ge) for
two different wavelengths displayed in a log–linear plot.
The conductivities at irradiation and in the dark are denoted
by σi and σd , respectively. Because the duration of the
excitation pulses is shorter than the capture time of non-
equilibrium carriers, recombination may be ignored during
the excitation. Therefore the experimentally determined
relative change in conductivity,1σ/σd = (σi − σd)/σd ,
corresponds to the relative change of free carrier density,
which is proportional to the ionization probability of the
impurities.

Figure 3. Dependence of ln(σi /σd ) for Ge(Hg)
(Ei ∼ 90 meV) at 77 K on intensity I for two wavelengths,
90.5 µm (13.7 meV, �) and 250 µm (5 meV, 4).

Figure 4. Dependence of ln(σi /σd ) for Ge(Au)
(Ei ∼ 150 meV) at 77 K on intensity I at λ = 90.5 µm for
linearly (�) and circularly (◦) polarized radiation.

The measurements showed that for a given sample
the strength of the photoconductive signal as a function
of intensity is the same for all used wavelengths in the
whole range of available laser power. Thus, the probability
of optical excess carrier generation is independent of the
photon energy in the present spectral range. This is
demonstrated in figures 2 and 3 which show that the
curves for all wavelengths coincide within the accuracy of
the measurement. The signal is also independent of the
polarization of radiation. This is demonstrated in figure 4
where the photoconductive signal of Ge(Au) as a function
of intensity is shown for linearly and circularly polarized
radiation atλ = 90.5 µm.

The photoionization of deep impurities by light with
h̄ω � εT and the strong nonlinear dependence on
intensity of this process may generally be associated with
several mechanisms of non-equilibrium carrier generation
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such as multiphoton ionization [16, 17], photon-assisted
tunnel ionization [18], light impact ionization [19], and
phonon-assisted [5, 20, 22] or direct tunnelling [5, 22] in the
electric field of the radiation. All these processes show a
distinct dependence on irradiation frequency. Increasing
the radiation frequency raises the generation rate of non-
equilibrium electrons as a result of multiphoton absorption
and photon-assisted tunnelling, whereas the rate decreases
in the case of light impact ionization. In contrast, tunnel
ionization in the field of an optical wave is expected to be
independent of frequency as long as the radiation frequency
is substantially smaller than the vibration frequency of the
impurity. The observed frequency independence of the
signal in figures 2 and 3 allows us to conclude that the
free carrier generation is due to tunnelling [6–9]. In this
case the generation rate is determined by the strength of
the electric field of the radiation and not by the number of
quanta. Thus, other nonlinear optical mechanisms can be
ruled out.

3. Ionization of deep impurities in an electric field

3.1. Adiabatic approximation

The binding energy of deep centres is much larger than
the average phonon energy and therefore thermal emission
may only be achieved by multiphonon processes. As
long as the adiabatic approximation holds, the electron–
phonon interaction can be treated in the semi-classical
model of adiabatic potentials. In most cases deep impurities
have one bound state which phenomenologically may be
attributed to a spherical steep and narrow potential well.
The depth of the potential well sensitively depends on
the distance of the impurity and the neighbouring atoms.
Thus, lattice vibrations involving these atoms modulate the
energy level of the impurity bound state [21] as sketched
in figure 5. In the course of thermal vibrations the bound
state level may eventually come up to the level of the
continuous spectrum, enabling the electron to move from
the localized state into the corresponding band [21]. To
describe this behaviour a one-mode model with a single
configuration coordinatex is assumed. This approximation
is justified because the breathing mode of local vibrations
is most effective in multiphonon ionization of deep
impurities. In figure 6 two basically different potential
diagrams are shown representing a substitutional on-site
impurity of weak electron–phonon coupling (figure 6(a))
and autolocalization (figure 6(b)) as has been used to
describe the properties of DX− centres. The potential
curvesU1(x) andU2(x) correspond to the electron bound
to the impurity and to the ionized impurity with zero
kinetic energy of the electron respectively. The equilibrium
position of the bound state is shifted with respect to the
ionized state due to the electron–phonon interaction. The
energy separation between the two potentials is determined
by the electron binding energyεb(x) as a function of the
configuration coordinatex:

U1(x) = U2(x) − εb(x). (1)

Figure 5. Schematic representation of the impurity binding
energy εb as a function of atomic elongations: (a) ground
state, (b) electron merging into the continuum.

The bound state equilibrium energy yields the value of
the threshold of optical ionization:εb = εb(x = x0) = εopt .
Assuming the simple parabolic approach forU1, as shown
in figure 6, εopt is larger than the energy of thermal
ionization εT . The relaxation energy1ε = εopt − εT

characterizes the strength of the electron–phonon coupling.
The larger the magnitude of the coupling the larger is1ε.

The configuration of figure 6(a) corresponds to on-site
impurities. In this case the difference betweenεopt and
εT is usually small. In fact for deep impurities in Ge
no difference betweenεopt and εT has been observed as
yet. There are, however, some cases where the relaxation
energy1ε is very large, as shown by Henry and Lang [21]
for ‘state 2’ oxygen in GaP. The large value of1ε has
been attributed to two different vibrational frequencies for
the occupied and unoccupied states respectively.

The configuration of figure 6(b) is usually assumed to
apply to DX− centres, giving the observed big difference
between the optical ionization thresholdεopt and the
thermal ionization energyεT [1–5]. This difference is
introduced by a large change in configuration coordinate
between the ground state and the ionized configuration
with little or no change in the vibrational frequency.
This explains persistent photoconductivity since there is
no optical relaxation pathway and there is a big potential
barrier preventing excited electrons returning to the ground
state. The details of the adiabatic potential configuration
are of great importance for the non-radiative capture of
free carriers.

The theory of carrier emission in static electric
fields has been developed by Karpus and Perel [22],
who analytically calculated the emission probability as a
function of the field strength. In this work the Huang–
Rhys model [23] has been considered for on-site impurities
where the vibrational frequencies of both the ground state
and the ionized state potentials are the same. We do
not want to reproduce here this theory and in particular
the general relation between the emission rate and the
field strength, though we will use this formula to fit our
experimental result in the transition regime from low to
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Figure 6. Upper panels: adiabatic potentials as a function of the configuration coordinate x of impurity motion for two
possible schemes, (a) with and (b) without autolocalization. εT and εopt are thermal and optical activation energies
respectively. Solid curves U1 and U2 correspond to the carrier bound to the centre and detached from the impurity at the
bottom of the band (ε = 0) respectively. The dashed curves are the potentials of an ionized impurity in an electric field.
Lower panels: enlarged representations of the tunnelling trajectories.

high fields. Instead we will discuss approximate relations
taking into account the limiting cases of small and high field
strengths. Small fields are of particular importance for the
present investigation because in this limit tunnelling times
may be measured which allow us to distinguish between
on-site and autolocalized impurity configurations. Finally,
we will extend the discussion to charged impurities where
the Coulomb potential causes a low-field correction to the
emission rate due to the Poole–Frenkel effect [24].

3.2. Multiphonon thermal emission

We will first consider the zero-field thermal emission of
carriers out of deep impurities in equilibrium where the
emission is balanced by free carrier capture. For the sake
of simplicity and to be specific we will discuss electrons,
though the majority of the measurements have been carried
out on acceptors in Ge. The following model of carrier
emission applies equally well to electrons and holes.

In a classical approach the thermal emission rate is

e ∝ exp[−(εT + ε2)/kT ] (2)

whereε2 = U1(xc), xc being the coordinate of intersection
of U1(x) and U2(x) at which the electron binding
energyεb(x) vanishes:εb(xc) = 0 (see figure 6). Thus,
εT +ε2 is the minimum excitation energy necessary to drive
the electrons into the continuum. Adopting the Huang–
Rhys model, in which the adiabatic potential curvesU1(x)

and U2(x) are two identical displaced parabolas [23],
ε2 = (εT − 1ε)2/41ε. Equation (2) with the large
activation energyεT + ε2 holds only for high temperatures
and it is practically never observed for weak coupling
whereε2 � εT . In this case and at low temperatures the
observed activation energy is much smaller. Emission of
the electron takes place at a vibrational energyE < ε2

due to defect tunnelling from the bound configuration
to the ionized configuration (see figure 6). With rising
vibrational energyE , the tunnelling barrier separating the
potentialsU1 and U2 at x < xc decreases and hence the
tunnelling probability increases. On the other hand the
thermal population of a level atE decreases with increasing
E as exp(−E/kT ). Thus, for each temperature an optimum
energyE = E0 exists where the probability for tunnelling
assumes a maximum (see [5, 20, 22]).

The defect tunnelling process will be treated in the
semi-classical approximation. In this approach a particle
has a well defined trajectory even below a potential barrier
where the kinetic energy is negative. The thermal emission
rate of a defect with vibrational energyE at temperatureT
is now given by

P(E) ∝ exp(−ψ) (3)

with
ψ(E) = (εT + E)/kBT + 2

∣∣S(E)
∣∣ (4)

whereS(E) is the principal function multiplied by i/h̄ [25].
The first term in equation (4) gives the thermal population
of an energy levelE whereas the second term determines
tunnelling from the bound to the ionized configuration. Due
to the exponential dependence ofP(E) on the energyE ,
tunnelling takes place in a narrow range ofE around
E0 where ψ(E) assumes a minimum, i.e. dψ/dE = 0.
The optimum tunnelling energyE0 is obtained from the
condition that the exponent of the emission probabilityψ
assumes a minimum atE = E0

dψ
dE

∣∣∣∣
E=E0

= 2
d|S(E)|

dE
∣∣∣∣
E=E0

+ 1

kT
= 0. (5)

The magnitude of the derivative d|S|/dE may be identified
with the barrier tunnelling timeτ divided by h̄ [26].
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Thus, in the case of phonon-assisted tunnelling we get
τ = h̄/2kT .

After [22, 25]S(E) may be split into two parts,S(E) =
−S1(E) + S2(E), with

Si(E) =
√

2M

h̄

xc∫
ai

dx
√

Ui(x) − E i = 1, 2 (6)

which correspond to two tunnelling trajectories, one from
a1 to xc under the potentialU1 and the other froma2

to xc under U2. The real orientation of the tunnelling
path along the coordinatex is introduced by the sign in
front of Si . In figure 6 the tunnelling trajectories for
both impurity configurations are indicated by arrows.M

in equation (6) is the effective mass of the local impurity
vibrational mode. The essential difference with respect to
tunnelling between the two configuration potential schemes
in figures 6(a) and 6(b) is thatS1(E) and S2(E) have the
same signs for the on-site configuration (figure 6(a)) but
the sign is opposite for autolocalization (figure 6(b)). Thus
we have|S| = |S2| − |S1| for the on-site configuration and
|S| = |S1| + |S2| for autolocalization, taking into account
that |S2| > |S1| (see figure 6). The tunnelling timesτ1 and
τ2 along the trajectories under the corresponding potentials
are

τi = h̄
d|Si |
dE

∣∣∣∣
E=E0

=
√

M

2

∣∣∣∣
xc∫

ai

dx√
Ui(x) − E0

∣∣∣∣ i = 1, 2. (7)

From equations (5) and (7) we find

τ = τ2 ± τ1 = h̄

2kT
(8)

where the minus and plus signs correspond to figures
1(a) and (b) respectively. AsE0 is much larger than
the minimum ofU1, τ1 is of the order of the period of
oscillation in U1 and does not significantly depend on
temperature and electric field. For on-site deep impurities
such as Au, Hg, Zn, Cu in Ge it has been shown thatτ2 is
larger than ¯h/2kT and follows the temperature dependence
of equation (8) [5, 22]. For autolocalized statesτ2 is
smaller than ¯h/2kT [5]. Thus, by measuringτ2 a clear-
cut distinction between on-site substitutional impurities and
autolocalized configurations can be made.

In the case of weak electron–phonon coupling(ε2 �
εT ) one gets the simple relation for optimum defect
tunnelling energyE0:

E0 = εT /[exp(h̄ω/kT ) − 1]. (9)

For low temperatures,kT < h̄ω andE0 � εT one can
assumeE0 = 0 in (7) when calculatingτ1 and find

τ1 =
√

M

2

xc∫
a1

dx√
U1(x)

(10)

Figure 7. Electron potential barrier in an electric field
directed along the z axis. εb is the binding energy and ε is
the energy of the ejected electron.

which is independent of temperature. In the model of a
parabolic potentialU1(x) with the vibrational frequencyω
the tunnelling timeτ1 is given for on-site impurities by

τ1 = 1

2ω
ln

εT

εopt − εT

(11)

and in the case of autolocalization by

τ1 = 1

2ω
ln

εopt − εT

εT

. (12)

3.3. Phonon-assisted tunnel ionization in the presence
of an electric field

In a homogeneous electric field a potential of constant slope
along the direction of the field vector is superimposed on the
potential well binding the electron. A triangular potential
barrier is formed that the electron may cross by tunnelling
(see figure 7). This tunnelling process is different from the
defect tunnelling discussed in the above section where the
impurity configuration tunnels at constant energy from the
adiabatic potentialU1 to U2. The electron may now be
ejected into the continuum at negative electron energyε.
Defect tunnelling takes place in an ionized configuration
Uε = U2 − ε which is shifted to lower energy byε (broken
curve in figure 6). We will consider here the limit of small
electric field strengths whereε is small. Quantitativelyε
should be smaller thanE0. In this case the optimum
energyE0 of defect tunnelling remains unchanged. Then
we get a first-order correction inε of the exponentψ of the
emission probability determined in equation (3):

ψ(E0, ε) = ψ
∣∣∣∣
ε=0

+ 2
d|Sε|

dε

∣∣∣∣
ε=0

ε (13)

where

Sε =
√

2M

h̄

xc∫
a2

dx
√

U2(x) − ε − E0. (14)

Then, the probability of thermal emission of a carrier
with energy−ε is given by

e(ε) = e0 exp(2ετ2/h̄) (15)
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where τ2 is the tunnelling time after equation (8) ande0

is the emission rate in the absence of an electric field.
The emission rate of an electron with energyε increases
by the factor exp(2|ε|τ2/h̄), because the defect tunnelling
trajectory from xc to the crossing point ofUε with the
vibrational energy levelE0 gets shorter.

The probability of electron tunnelling through the
triangular barrier of heightε [25] (see figure 7) is
proportional to exp(− 4

3ε3/2
√

2m∗/h̄eE) where E is the
electric field strength andm∗ the effective mass of the
electron. In this way, the probability of the tunnelling
emission, assisted by multiphonon transitions, as a function
of ε is given by the product of rising and falling exponential
functions:

e(E, ε) ∝ exp(2ετ2/h̄) exp

(
−4

3

ε3/2
√

2m∗

h̄eE

)
. (16)

Again, because of the exponential dependence of
e(E, ε) on ε, the emission rate is determined by the
maximum of the total exponent in equation (16), which
corresponds to an electron energy

εm = τ2e
2E2

2m∗ . (17)

Introducing this in equation (16) we get for the phonon-
assisted tunnelling probability as a function of the electric
field

e(E) = e0 exp

(
E2

E2
c

)
= e0 exp

(
τ 3

2 e2E2

3m∗h̄

)
(18)

where e0 is the multiphonon ionization probability in
thermal equilibrium. The emission rate in an electric field
increases by factor exp(E2/E2

c ) whereE2
c = 3m∗h̄/τ 3

2 e2 is
a characteristic field strength determined by the tunnelling
time τ2 and, thus, is temperature dependent. The slope
of the exponent in equation (18) as a function ofE2

rises with falling temperature. The ratioe(E)/e0 of
the emission rate at an electric fieldE is larger for
smaller temperatures. This is caused by the fact that
at low temperatures the thermal electron emission in
equilibrium e0 vanishes because the vibrational tunnelling
energyE0 approaches zero and the tunnelling timeτ2 goes
to infinity. Hence a small drop of adiabatic potentialU2

of the ionized impurity leads to a large increase of the
emission probability. These temperature and electric field
dependences of carrier emission probability have been
observed in d.c. fields [27, 28].

3.4. Direct electron tunnel ionization

The emission rate as a function of the electric field
in equation (18) has been obtained with the assumption
that electron tunnelling produces small corrections to
multiphonon emission in equilibrium. That means that
the electron tunnelling energyεm is much smaller than
the vibrational tunnelling energy of the defectE0 and the
thermal energyεT . These conditions set an upper limit to
the electric field

E � E0/2ωτ2 (19)

Figure 8. Schematic representation of the adiabatic
potentials as functions of a configuration coordinate of
impurity motion. Solid curves U1 and U2 correspond to the
electron bound to the centre and detached from the
impurity at the bottom of the valence band (ε = 0)
respectively. The dashed curves are the potential of the
ionized impurity for different electric field strengths:
(1) phonon-assisted tunnelling; (2) intermediate case;
(3) direct electron tunnelling.

where

E0 = 2ω
√

2m∗εT

e
. (20)

In the opposite limit E � E0, direct tunnelling
of carriers from bound states to the continuum without
involving thermal phonons occurs and dominates the
ionization of impurities. The adiabatic potential of the
ionized defect for various field strengths is shown in
figure 8. At low temperatures direct electron tunnelling
takes place at the crossing point of this potential curve
and U1. The tunnelling probability is given by the
transmission of the electron through the triangular potential
barrier of the electron potential [22] which has already been
used in equation (16)

e(E) = eE

2
√

2mεopt

exp(−φ) (21)

where

φ = 4

3

ε3/2
√

2m∗

h̄eE
. (22)

The tunnelling energy of the electron isε = εopt

if the Uε crosses the bound state potentialU1 at its
minimum. If this is not the case but the crossing is still
close to the minimum, phonon-assisted tunnelling yields
a small temperature-dependent correction additive toφ

which is unimportant at high electric field strengths [22].
Equations (21) and (22) show that the emission rate for
direct tunnelling depends less strongly on the electric field
strength than phonon-assisted tunnelling (equation (18)).

3.5. Coulomb charge effect

The deep acceptors in Ge investigated here are singly
charged impurities. Thus the long-range Coulomb potential
must be taken into account in addition to the deep well
causing the large binding energy of the carrier. For a
Coulomb potential, in contrast to a potential well, the height
of an energy barrier formed by an external electric field
is lowered along the direction of the electric field vector.
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Figure 9. Potential of a charged deep impurity in the
absence (a) and presence (b) of an electric field E applied
along axis z . εb is the ground state binding energy and εPF
is the Poole–Frenkel reduction of the potential barrier
height.

Therefore an electric field yields an increase of the thermal
emission probability by excitation of a carrier across the
barrier, without tunnelling. The theory of this electric-
field-assisted ionization was developed by Frenkel [24] and
Onsager [29] and is usually called the Poole–Frenkel effect.
The current flow in the sample increases exponentially with
the square root of the applied electric field. The Poole–
Frenkel effect is the dominant mechanism of electric-field-
assisted thermal ionization at not too high field strengths
before tunnelling of carriers becomes important [5]. It has
been observed in the current–voltage characteristics under
d.c. conditions in many insulators and semiconductors.

A simple calculation shows that in an electric fieldE

the ionization barrier is diminished (see figure 9) by an
amountεPF , given by

εPF = 2

√
Ze3E

κ
(23)

whereZ is the charge of the centre andκ is the dielectric
constant.

Owing to this fact, the probability of thermal emission
due to an electric field increases as

e(E) ∝ exp(εPF /kT ). (24)

In semiconductors this effect is observed for attractive
Coulomb impurity centres at high temperatures and electric
field strengthsE, being less than the field which yields
εPF (E) = Z2Ry?, where Ry? is the effective Rydberg
energy of the electron in the Coulomb potential of the
charged impurity.

An analytical relation for the emission probability
cannot be given for low electric field strengths if the
electron tunnelling energyεm is smaller than the Rydberg
energy. If tunnelling occurs, at higher fields, the role of
a charge is reduced to increase the barrier transparency
because of the lowering of the barrier height. This gives
only a correction to the tunnel ionization probability. This
correction has been calculated in [30] in the limitεm > Ry?,
yielding multiplicative factors for the emission ratee(E) of
equation (18):

e(E) = e0 exp

[
2
√

2m∗Ry?

eEτ2
ln

(
4τ2

3e2E2

m∗h̄

)]

× exp

(
τ 3

2 e2E2

3m∗h̄

)
. (25)

Thus, taking into account the Poole–Frenkel effect
and multiphonon tunnelling ionization with the charge
correction given in the above equation, we find that the
logarithm of e(E) varies as a function of the electric
field first like

√
E and then changes to anE2 dependence

for high fields. The correction due to the charge in
equation (25) approaches unity for increasingE and
therefore the charge correction becomes unimportant at high
fields.

3.6. The electric field of far-infrared radiation

It has been shown by Keldysh [16] that multiphoton
ionization and tunnelling ionization in high-frequency
radiation fields are two limiting cases of just the same
nonlinear optical process. Application of a quantum
mechanical or classical picture of the electromagnetic field
depends on the magnitude of the radiation frequency�.
The radiation may be assumed to be a classical field if�

is smaller than the characteristic frequencies of the atomic
system under consideration.

In the present case of phonon-assisted tunnelling
ionization of deep impurities, the results developed in the
previous sections for static electric fields may be applied
if the radiation frequency� is less than the frequency
of the defect vibrational mode,ω, which is of the order
of the optical phonon frequency. A further condition
is that the time of defect tunnelling under the adiabatic
configuration potential should be less than the period�−1 of
the radiation field. The emission probability depends on the
instantaneous magnitude of the electric field strength. As
the electric field appears in the argument of an exponential
function, carrier emission is determined by the amplitude
of the electric field strength of the radiation.

If the radiation frequency is of the same order or larger
than the characteristic frequency of the atomic system,
the quantum picture of the electromagnetic field must be
considered. This yields a frequency-dependent emission
ionization probability [16].

4. Experimental results and discussion

The investigations of different materials with deep
impurities such as Ge doped by Au, Hg, Zn, Cu
and AlxGa1−xSb have shown a photoconductive signal
depending exponentially on the square of the electric
field strength of the radiation. This behaviour, which
is characteristic for phonon-assisted tunnelling, has been
observed for all samples in a wide range of field
strengths and temperatures. The experimentally determined
dependence of ln(σi/σd) on the square of the amplitude
of the optical electric field is shown for Ge(Au) (doping
density 7× 1014 cm−3) in figure 10 and for AlxGa1−xSb in
figure 11. In both figures measurements are plotted for
different temperatures obtained at the wavelengthsλ =
90.5 µm and 250µm. It is seen that there is a range
of field strength for each temperature where the probability
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Figure 10. Dependence of ln(σi /σd ) for Ge(Au)
(Ei ∼ 150 meV) at three different temperatures on the
square of the strength of the optical electric field, E 2, at
wavelength λ = 90.5 µm (h̄ω = 13.7 meV). Lines are fitted
to the linear range of the data by σi /σd ∝ exp(E 2/E 2

c ).

Figure 11. Dependence of ln(σi /σd ) for DX− centres in
Alx Ga1−x Sb, x = 0.5, on the square of the strength of the
electric field of the radiation at different temperatures and
wavelengths. Lines are fitted to the linear range of the data
by σi /σd ∝ exp(E 2/E 2

c ).

of photoexcitation depends on the electric field amplitude
like exp(E2/E2

c ).
In figures 10 and 11, fittings of the experimental

data by the relation exp(E2/E2
c ) are drawn by full lines.

Extrapolating these lines to zero field strength shows that
ln(σi/σd) does not approach zero. This means that we
do not obtainσi = σd for vanishing electric field strength
as it must be and as it is expected from equation (18).
Additionally the slope of the experimental curves change at
high levels of the field. The measured ionization probability
increases more slowly with rising electric field strength than
given by exp(E2/E2

c ).
We will first discuss the limit of low field strengths.

This range is shown more clearly in figure 12 where the
dependence of ln(σi/σd) on E2 is displayed for Ge(Hg)
(doping density 4×1014 cm−3). This impurity has a smaller
binding energy,εT = 90 meV, in comparison with Ge(Au),
εT = 150 meV. The measurements demonstrate thatσi in

Figure 12. Dependence of ln(σi /σd ) for Ge(Hg) (binding
energy Ei ∼ 90 meV) as a function of the square of the
strength of the optical electric field, E 2. λ = 90.5 µm
(photon energy 13.7 meV), T = 47 K and 20 K.

fact equalsσd at zero field but the emission probability
does not depend exponentially on the square of the field
strength. The deviation of the photoconductive signal from
the exp(E2/E2

c ) dependence is due to the lowering of the
tunnelling barrier caused by the charge of the impurities.
As long as the drop of the observed signal below the
extrapolated exp(E2/E2

c ) curve is small, the ionization
probability may be described by the charge correction
to phonon-assisted tunnelling introduced in equation (25).
At even lower field strengths the Poole–Frenkel effect
overrides phonon-assisted tunnelling and dominates the
emission of carriers. This is demonstrated in figure 13
where ln(σi/σd) is plotted as a function of thesquare
root,

√
E, of the electric field amplitude of the high-

frequency radiation. The full lines are fits which show
that the probability of ionization may well be described
by the relation e(E) ∝ exp

√
E/EPF for small field

strengths. The ionization probability strongly rises with
decreasing temperature. The

√
E dependence of ln(σi/σd)

and the temperature variation are in good agreement with
equations (23) and (24) of the Poole–Frenkel effect. The
simple theory yielding these equations, however, does not
give a full account of the conductivityσi as a function
of the high-frequency electric field. The discrepancies
are exactly the same as observed in the case of d.c.
electric fields [31, 32]. The slope of ln(σi/σd) is only
about one half of that predicted by equations (23) and
(24) and the photoconductivity saturates at low fields [31–
34]. These features of the photoconductivity at terahertz
frequencies are in excellent agreement with published data
of the enhanced conductivity of semiconductors in d.c.
electric fields. They are also well described by more
realistic theoretical approaches which consider the emission
of carriers in three dimensions and in some cases take into
account carrier distribution statistics [34] or are based on the
Onsager theory of dissociation [33, 34]. These experimental
and theoretical results additionally confirm our conclusion
that the observed photoconductive signal at photon energies
much less than the binding energy of the deep acceptors is
due to the electric field of the high-frequency radiation.
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Figure 13. Dependence of ln(σi /σd ) on the square root of
the strength of the optical electric field,

√
E , at wavelengths

λ = 90.5 µm (13.7 meV) for T = 47 K and 20 K for Ge(Hg)
(Ei ∼ 90 meV).

We will now come back to phonon-assisted tunnelling.
As seen from equation (17), the slope of the experimental
curves in the field range where ln(σi/σd) ∝ exp(E2/E2

c )

permits us to determine the value of the tunnelling time
τ2. In order to calculateτ2 from experimental data it
is necessary to know what kind of effective carrier mass
is involved for acceptors in Ge. In figure 14 tunnelling
times τ2 as functions of reciprocal temperature are plotted
for all investigated deep impurities. In the case of deep
acceptors the light-hole mass has been used for evaluation.
Figure 14 shows that for both types of impuritiesτ2 follows
equation (8) in very good agreement. Using the heavy-hole
mass, a constant slope ofτ2 as a function of 1/T cannot
be achieved. This result allows us to conclude that carriers
bound to deep acceptors in Ge will predominantly tunnel
into the light-hole band. The site symmetry of substitutional
impurities is the point group Td. The ground state of the
deep impurity represents an admixture of light and heavy
holes. Thus, neither the light- nor the heavy-hole mass
may be attributed to a hole bound to an acceptor. For the
tunnelling process, however, the tail of the wavefunction
far from the centre is important. As shown in a theoretical
work on tunnelling [35], light holes contribute most to the
wavefunction tail.

For the purpose of comparison, ¯h/2kT is also plotted in
figure 14 and shows thatτ2 is of the order of magnitude of
h̄/2kT . However, as an important result the experimental
data in figure 14 demonstrate that for any temperatureτ2

is larger than ¯h/2kT for an on-site impurity whereas it is
smaller than ¯h/2kT for the autolocalized DX− centres. This
observation is in excellent agreement with equation (8).
Thus, on-site impurities and autolocalized centres may be
unambiguously distinguished by phonon-assisted tunnelling
induced by terahertz frequency radiation. The temperature-
independent tunnelling timesτ1 = |τ2 − h̄/2kT | are given

Figure 14. Tunnelling time τ2 calculated from the
experimental characteristic fields Ec as a function of
inverse temperature: ◦, Ge(Au); ∇, Ge(Hg); ♦, Ge(Cu);
4, Ge(Zn); �, DX− centres in Alx Ga1−x Sb, x = 0.5.
Broken line 1 shows τ2 = h̄/2kT + τ1 with τ1 = 4.5 × 10−14 s.
Broken line 2 shows τ2 = h̄/2kT − τ1 with τ1 = 2.9 × 10−14 s.

in the caption of figure 14. Within the accuracy of the
measurement,τ1 is the same for all investigated deep
impurities in Ge and of the same order for DX− centres.

Finally we will consider the high electric field range.
The observed photoconductive signals drop above a
characteristic field strengthE∗ below that of phonon-
assisted tunnelling extrapolated to high fields. This is
shown in figures 15–17 where ln(σi/σd) is plotted as a
function of the square of the amplitude of the electric field
E for Ge(Au) and Ge(Hg) at different wavelengths and
various temperatures. For fields strengthsE larger thanE∗

the ionization probability increases more slowly with rising
E than in the range of phonon-assisted tunnelling.

It was shown in section 3 that phonon-assisted
tunnelling in the electric field represents a small correction
to multiphonon thermal emission. The emission probability
is proportional to exp(E2/E2

c ) and has been derived with
the assumption that the electron tunnelling energyεm

(equation (16)) is less than the defect tunnelling energy
E0 (equation (9)). With increasing electric field strength
the electron tunnelling energy also increases andE0 drops.
The phonon-assisted tunnelling approximation breaks down
if εm becomes equal toE0. Thus we may identifyE∗ with
the electric field at whichεm = E0, yielding

E∗2 = 2εT kT m∗

h̄ωe2τ2
. (26)

At higher electric field strengths carrier emission is
achieved by direct tunnelling [7].

In the theory of Karpus and Perel [22] the emission
probability in the electric field range from phonon-assisted
tunnelling to direct tunnelling is determined by three
phenomenological parameters, namely the thermal binding
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Figure 15. Dependence of ln(σi /σd ) on the square of the
strength of the optical electric field, E 2, for Ge(Au)
(Ei ∼ 150 meV) at three different temperatures. Broken
lines are calculated after σi /σd ∝ exp(E 2/E 2

c ) with τ2 taken
from the experiment. Full lines are calculated after the
Karpus–Perel theory (equations (25) and (26) in [22]) using
the same τ2 and ω = 3 × 1013 s−1.

Figure 16. Dependence of ln(σi /σd ) on the square of the
strength of the optical electric field, E 2, for Ge(Hg)
(Ei ∼ 90 meV) at three different temperatures. Broken lines
are calculated using σi /σd ∝ exp(E 2/E 2

c ) with τ2 taken from
the experiment. Full lines are calculated after the
Karpus–Perel theory (equations (25) and (26) in [22]) using
the same τ2 and ω = 3 × 1013 s−1.

energyεT , the frequency of the local impurity vibrational
modeω, and the dimensionless constant of electron–phonon
coupling β = 1ε/εT . The parameterβ is related toτ1

by equation (11). TakingεT from the literature andτ1

from our measurements atE < E∗, we have calculated
the probability of tunnelling ionization after the Karpus–
Perel theory. The only free parameter was the frequencyω,
which was obtained by fitting the photoconductive signal
at the electric fieldE∗ for one temperature. This frequency
has been used to calculate the emission probability for
all temperatures and all impurities. No fitting parameter
was used. Figure 18 shows calculations of the emission
probability in the electric fielde(E) normalized by the
thermal emission probabilitye0 for different local vibration

Figure 17. Dependence of ln(σi /σd ) on the square of the
strength of the optical electric field, E 2, for λ = 90.5 µm
(h̄ω = 13.7 meV) and T = 46 K, for Ge(Au) (Ei ∼ 150 meV)
and Ge(Hg) (Ei ∼ 90 meV). Broken lines are calculated
using σi /σd ∝ exp(E 2/E 2

c ) with τ2 taken from the
experiment. Full lines are calculated using the
Karpus–Perel theory (equations (25) and (26) in [22]) using
the same τ2 and ω = 3 × 1013 s−1. Note the different
ordinate scales for Ge(Hg) and Ge(Au).

Figure 18. Dependence of ln(e(E )/e0) for Ge(Hg)
(Ei ∼ 90 meV) at T = 77 K. The broken line was calculated
using σi /σd ∝ exp(E 2/E 2

c ) with τ2 taken from experiment.
Curves 1 to 3 are calculated after the Karpus–Perel theory
(equations (25) and (26) in [22]) using the same τ2 and
different frequencies ω given in the figure.

frequenciesω. The results demonstrate that the emission
probability depends sensitively onω in the range of
fields E > E∗. Thus it may be regarded as a reasonable
fitting parameter.

Figures 15 to 17 present numerical calculations in
comparison with experimental data. As a result we find
that the theory fits the phonon-assisted tunnelling but
does not reproduce the measured photoconductive signal
for E > E∗. In this field range the calculated emission
probability is, as expected, smaller than that of phonon-
assisted tunnelling extrapolated to higher field strengths,
but the experimental data are still below the calculated
curves. The characteristic electric fieldE∗ as a function
of temperature and binding energy, however, is in good
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agreement with the theory for all on-site impurities without
additional fitting.

One reason for the discrepancy between theory and
experiments at high electric fields could be phonon
scattering of tunnelling carriers under the potential barrier,
which sets an upper limit for the tunnelling probability.
Such a process has been considered for the tunnelling
of carriers through Schottky barriers [36] where the
tunnelling probability has also been found to be smaller
than theoretically predicted. With an increase of the electric
field the value of the electron tunnelling energyεm and the
length of tunnelling trajectory below the barrier increase so
that scattering processes limit the emission rate.

5. Conclusion

In summary, photoionization of deep impurity centres
in semiconductors has been investigated by high-power
pulsed far-infrared laser light with quantum energies of
the radiation much smaller than the impurity ionization
energy. A photoconductive signal increasing nonlinearly
with rising incident power has been observed for various
deep on-site acceptors in Ge and autolocalized DX− centres
in Al xGa1−xSb. As an important result, the signal strength
at a given temperatures has been found to be independent of
far-infrared radiation frequency, suggesting that the signal
is caused by electric field ionization rather than multiphoton
transitions. A detailed comparison of the experimental
results with the theory of thermal and cold ionization of
deep impurities in an electric field has shown that the field
at terahertz frequencies acts like a d.c. field. Ionization of
impurities takes place within one period of the field as long
as the attractive impurity potential adiabatically follows the
oscillation of the radiation field.

Over a substantial range of electric field strengths,
the emission probability of carriers could be attributed
to phonon-assisted tunnelling. The thermal emission of
carriers from the impurity bound state into the continuum
is usually accomplished by thermal activation of the system
in the adiabatic bound state potential and tunnelling of the
bound defect configuration into the ionized configuration.
An electric field enhances defect tunnelling due to electron
tunnelling through the barrier formed by the electron
potential and the electric field. This increase in emission of
carriers has been detected as a photoconductive signal. The
electric field dependence of the observed signal allowed
us to determine defect tunnelling times. It has been
shown that, due to different tunnelling trajectories, on-site
impurities and autolocalized centres may be unambiguously
distinguished by the value of the tunnelling time compared
to the reciprocal temperature multiplied by universal
constants.

At relatively small and at very high electric field
strengths the observed ionization probability deviates from
that of phonon-assisted tunnelling. It has been shown
that at low fields ionization of on-site impurities is caused
by the Poole–Frenkel effect due to the charge of the
defects. At high fields direct tunnelling in the electric
field without thermal phonon activation occurs. The
emission probability has been found to be smaller than

expected from theory. This observation has been tentatively
attributed to scattering of tunnelling carriers by phonons,
which limits the tunnelling rate at high fields. For a
full understanding, further experimental investigations and
theoretical considerations are needed.

The effect of an electric field on the thermal emission
and capture of carriers is of importance for the kinetics
and dynamics of semiconductors. High static electric
fields drive the system into avalanche breakdown, which
is usually associated with a large increase in noise, self-
generated oscillations and current filamentations. These
effects substantially change the properties of the material
and disguise the elementary properties of tunnelling. The
present method of ionizing impurities by short far-infrared
laser pulses avoids these problems. The radiation pulse
is shorter than the time needed to form a free carrier
avalanche, and therefore extremely high electric field
strengths may be applied. The d.c. bias field required
to record photoconductivity may be kept well below
the threshold of instability where the perturbation of the
electron system is small, avoiding injection at the contacts.
The intrinsically high sensitivity of photoconductivity gives
a measurable signal from a few radiation-excited carriers.
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