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Carrier Tunneling in High-Frequency Electric Fields
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An enhancement of tunnel ionization of deep impurities in semiconductors in an alternating field
as compared to static fields has been observed. The transition between the quasistatic 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 tunnel ionization of deep impurities by high-frequency fields has been developed.
[S0031-9007(98)05504-5]
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The effect of high-frequency coherent radiation on tun-tunneling and the redistribution of the vibrational system
neling in semiconductor superlattices and nanostructurdsy defect tunneling. A theory of the process is developed
has attracted considerable attention recently. The supeshowing for the first time that in this case the electron tun-
position of a static electric field and an alternating fieldneling time is controlled by defect tunneling and both tun-
causes a wealth of new phenomena as a result of photoreling times are equal.
assisted tunneling [1-3]. In all these cases tunneling is The measurements have been carried out on different
accomplished by a static electric field, and the radiatiotypes of deep impurities: substitutional impurities with
influences the barrier penetration probability. An intensewveak electron-phonon coupling (Ge:Hg, Ge:Cu with
radiation field, however, can, in fact, both generate thexcceptor density in the rang@0'*-10'> cm™3) and
tunneling barrier and initiate tunneling. Such a tunnelingautolocalized DX centers, with strong electron-phonon
process has been observed with the result that the higleoupling (Al,Ga,—,As:Te, Al,Ga,—,SbTe withx = 0.35
frequency field acts like a static field and the tunnelingand 0.5). In the investigated temperature range from 4.2 to
probability does not depend on frequency [4]. The fre-80 K, for autolocalized impurities up to 150 K, practically
guency independent tunneling, however, must be limitecll impurities are occupied in thermal equilibrium. Tunnel
to frequenciex) with Q7 < 1, where 7 is the tunnel- ionization has been achieved by far-infrared laser radia-
ing time. This has been shown in a number of theoreticalion with photon energies much smaller than the thermal
works [5—10], but has never been explored experimeninpurity ionization energyy. The ionization probability
tally. In contrast to static electric fields where the elec-has been determined by detecting photoconductivity.
tron tunnels at a fixed energy, in alternating fields the The radiation sources used were a pulsed far-infrared
energy of the electron is not conserved during tunnelingmolecular laser optically pumped by a TE20, laser and
In this case the electron can absorb energy from the fieldhe Santa Barbara free-electron laser (FEL). Usings NH
which should lead to a sharp increase of the tunnelings active gas for the optically pumped laser, 40 ns pulses
probability with increasing frequency fd2 7 > 1. with intensity up to2 MW /cn? have been obtained at

Here we report on the first experimental demonstratiorirequencies() of 25, 21, 13, and 6.7 THz, respectively.
of this effect observed in tunneling ionization of deep im-The operating parameters of the FEL are pulse duration
purities in semiconductors. We show that the transitiorb us, intensity up ta kW/cm?, and frequencies 6.8, 4.5,
from the quasistatic regim@ r < 1 to the high-frequency and 3.4 THz.
regime Q7 > 1 occurs at terahertz frequencies. In the lonization of deep impurities by far-infrared radiation
quasistatic regime the electron tunnels at the momentaryas been observed for all samples in the whole frequency
magnitude of the electric field in a time shorter than therange investigated. In a wide range of temperature, fre-
period of oscillation, thus the electric field acts like aquency and electric field strength ionization can be at-
static field. The ionization probability is independent oftributed to phonon assisted tunneling [4]. Experimental
frequency and increases with rising field stren@ithike  results obtained with AlGaAs:Te & = 150 K are shown
exp(E%/E?) whereE, is a characteristic field [4]. In the in Fig. 1(a). The ratio of the conductivity under irradia-
high-frequency regime the ionization probability, beingtion to the dark conductivityr; /o4, which is proportional
characterized by the same field dependence, substantially the ionization probability, is plotted as a function of
increases with increasing frequency. In contrast to tunthe square of the peak electric field strength The ioni-
neling ionization of atoms, where only electron tunnelingzation probability at this temperature and this material is
takes place [5], ionization of impurities in solids is accom-independent of radiation frequency and increases with
plished by two simultaneous tunneling processes, electrorising E like exp(E?/E?). Such a behavior has been

0031-900798/80(11)/2409(4)$15.00 © 1998 The American Physical Society 2409



VOLUME 80, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MRcH 1998

0.008 2.0
a) A
Aly3sGag gsAs: Te A fo)
- T=150K
[«
& 0.004F
s v 1.5
= O o= 25THz
A Q= 21THz —~
O O 0= 13THz 0
O Q= 6.7THz ®
0.000 1 1 1 1 ]
b) o 1.0
Al 4sGag sAS: Te A Z
—~ 0.200(T=60K A N
b‘c (m] [
~ A
2 0.5
T 0100 o 5
0'0000 2 alt é é 10
2 72 2 OO
E“(10°V“/cm*©)
FIG. 1. Dependence of {(m;/o,;) for DX~ centers in 100K/T

Alo35GayesAs on the square of the amplitude of the elec-

tric field of the radiation at different frequencies and for FIG. 2. Tunneling timer, determined from the experimental
T =150K (a) and T = 60 K (b). The photoconductive Characteristic field& in the quasistatic regime as a function of

signal has been measured as the voltage drop acrégs(h  Inverse temperature. Frequency independencg;oan only
load resistor. be achieved at not too low temperatures limiting the tempera-

ture range where values ef can be determined. <X) Ge:Cu;
(O) Ge:Hg; (O) DX~ centers in Al35Ga¢sAS; (A) DX~ cen-

. .- . ters in AbsGasSb. Broken lines 1, 2, 3, and 4 show fits
observed for all materials at sufficiently high temperatures,g, 72 :b%/;st + 7 with 7 = 4.1 X 1014, 2.9 x 1014,

In this case [11,12] the characteristic field is given by03 X 1074, and 2.9 X 1074 s, respectively. Insets show
E. = 3m*li/m3¢*)/2 wherem* is the effective mass of schematically adiabatic potential structures for substitutional
the carrier and, = i/2kgT *+ 7, is the defect tunneling impurities (top left) and for autolocalized impurities (bottom
time. Herer, is of the order of the impurity vibration pe- "9nY-
riod, and the sign depends on the type of the impurity. The
tunneling timer, as a function ofi /T is shown in Fig. 2 potential well. The emission and capture of electrons
for all materials. or holes by deep impurities in semiconductors can be

In contrast to these observations which correspond to theonsidered in the adiabatic approximation. Because of
quasistatic regime, the ionization gets frequency dependertectron-phonon interaction the system consisting of local
and is drastically enhanced with rising frequerfi¢ywhen  impurity vibrations and the electron is characterized by
7, becomes comparable 1@ ~!'. This effect has been two adiabatic potential&/,(x) and U,(x) as a function of
observed for various impurities in different semiconductorsa configuration coordinate. These adiabatic potentials
and is demonstrated for AlGaAs:Te in Fig. 1(b). The in-correspond to the electron bound to the impurity and the
crease ofr; is achieved by lowering the temperature (seeelectron detached from the impurity with zero kinetic
Fig. 2). energy, respectively (see insets of Fig. 2). The energy

The ionization probability still depends exponentially separation between the minimaléf andU, is the thermal
on the square of electric field strength, but with a sub-onization energy of the electrogiy. Thermal emission
stitution of the characteristic fiel#. by a field £, as of carriers from the bound state into the continuum is
exdE?/(E*)?] [see Fig. 1(b)]. The magnitude &f now accomplished by thermal excitation of the system in the
decreases strongly with increasing frequency in the rangadiabatic bound state potentiél, to an energy levelE,
between 13 and 25 THz, whereas for 6.7 THzis the  and tunneling of the impurity configuration from this state
same as for 13 THz. For lower temperatures the ionizatioimto the ionized configuratioty, with energyZ,. Z; and
probability curves split at even lower frequencies. This isE, are local vibrational energies of the impurity counted
shown in Fig. 3 for Ge:Cu measured at 4.2 K wheyés  from the bottom of the corresponding potential energy
largest for the present experimental conditions. This reparabola.
sult for the frequency range between 6.8 and 3.4 THz is In the presence of an electric field the electron can be
obtained using the free electron laser. emitted at a negative kinetic energye due to tunnel-

In most cases deep impurities have one bound stateg through the triangular potential barrier formed from
which phenomenologically can be approximated by ahe electron potential well by the electric field. Hence
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10 v =2m*e)/eE; sinQ7,) = v. (5)
Ge:Cu, 42K
P Here m* and ¢ are the electron effective mass and
_ e charge, correspondingly, and, = /dS,/de has the
3 A meaning of an electron tunneling time.
=107 A The integral (1) has been calculated using the saddle
N — point method. In the case of weak electric fields, i.e., as
e 0-45THz long as saddle point energy< e7, the exponent in the
A 0=3.4THz index can be developed into a power serieg ofTaken
10—110 : s ) into account thaff, = E; — (e7 — &) we obtain
B* (10°VE/em ) Sy = 81 = (5, 1S1)|a:0_%; T, = % ,
FIG. 3. Dependence of conductivity under irradiation of 2 le=0

Ge:Cu at 4.2 K on the square of the amplitude of the electric

field of the radiation. The photoconductive signal has been (6)
measured under constant voltage bias. then the saddle point condition gives

the adiabatic potential of the ionized configuratith is Ty = Ty P h - 7, @)
shifted to lower energyU,, = U, — . Thus electron 2kpT

emission in an electric field is achieved by two tunnel-\ynere 71 = hd|S11/0F l.—o. The first equation in (7)
ing processes, electron tunneling with probabiltyand  giates that the electron tunneling time is equal to the defect
tunneling of the defect between the configurati@hgx) tunneling time for tunneling under the potentta.

and U, with the probabilityP;. Conservation of energy Finally, we obtain for the ionization probability
of the system during the process of defect tunneling gives

Ei—er=%F — = E? . o  3m*h
The ionization probability may be written as e(E) o« ex (E)? with (E.)” = 2(3) (8)
e(E) = ] f P.Pyexp—E, /kpT)dedE;, (1) @and
3
3 _ T H _
where T is the temperature andy is the Boltzmann (m2)” = 403 [sinh2 72) — 2€,]. ©)

constant. The Boltzmann factor takes into account the _ o3 _

thermal excitation of the system in the adiabatic poten- This result shows thatr;)” increases exponentially as

tial U;. a function of Q7,. As shown in Eq. (8) the ionization
In the quasiclassical approximation, neglecting preexpoProbability itself depends exponentially on the third power

nential factors, the defect tunneling probability is given byof 72, and tunneling ionization is drastically enhanced
[13,14] with rising Q7,. This can be achieved not only by

increasing the radiation frequen€y but also by lowering
Py < exd—2(S2 * S the temperature [Eq. (7)]. This shows that in the limit
. O 7, < 1 the time constant, approaches the tunneling
Si(E;) = @ [ " dx U (x) — F;, @ time 72 giving the 'res;ult of the quasistatic regime.

h a; In Fig. 4 the ratior, /7, calculated after Eq. (9) is plot-
ted as a function of) 7, and compared to experimental
results obtained from measured valuesEgffor various
frequencies, temperatures, and all the investigated mate-
rials. The tunneling times, were determined from fre-
guency independent values Bf. Note that for the case
of Ge:Cu at 4.2 K independence &f on frequency has

wherei = 1,2, M is a mass corresponding to the mode
of impurity vibration, a; is the turning point in potential
U; at the vibration energyE;, x. is the crossing point
of potentialsU; and U,., and the minus and plus sign is
related to the particular impurity configuration shown in

Fig. 2 top left and bottom right, respectively. not been observed up to the lowest frequency used, and

Electron tunneling in alternating electric fields has beer{herefore the value of- has been calculated from its ter-
theoretically treated by Keldysh [5] (see also [6]). In the 2 : ) .
perature dependence on the basis of the results given in

limit & > () the tunneling probability is given by Fig. 2 and Eq. (7). The experimental results shown in
P, « exg—25S,.(g)], (3) Fig. 4 are grouped after the materials. For each material
the variation of the value of) T, has been obtained by
applying different radiation frequencies in the range from
6.7 to 54 THz and different temperatures between 40 and
(4) 150 K. For Ge:Cu additional data are presented for 4.2 K
and the frequency range from 3.4 to 6.8 THz. The plot
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barrier is reduced and, thus, the tunneling probability

8l ot A enhanced. Typica_lly the |imm_72 =1 is_in t_he range of _
1.4f TOK-90K terahert'z fr_equenmes where high electric fields can easily
be applied in a contactless manner by powerful far-infrared
61 1.2 lasers. Our measurements have been carried out with deep
f’ 1oloasP. O] impurities in semiconductors; however, because tunneling
"o 4§ : . ! 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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