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Tunneling ionization of deep centers in high-frequency electric fields
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A theoretical and experimental study of the tunneling ionization of deep impurities in semiconductors has
been carried out for high-frequency alternating electric fields. It is shown that tunneling ionization occurs by
phonon-assisted tunneling which proceeds at high electric field strengths into direct tunneling without involv-
ing phonons. In the quasistatic regime of low frequencies the tunneling probability is independent of frequency.
Raising the frequency leads to an enhancement of the tunneling ionization. The transition from the quasistatic
limit to frequency-dependent tunneling is determined by the tunneling time which, in the case of impurities
interacting with thermal phonons, is controlled by the temperature. In both the quasistatic and high-frequency
limits, the application of an external magnetic field perpendicular to the electric field reduces the ionization
probability when the cyclotron frequency becomes larger than the reciprocal tunneling time.
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[. INTRODUCTION allow one to determine tunneling times which are intensively
discussed in the literature.

One of the main manifestations of quantum mechanics is Here we present a detailed experimental and theoretical
tunneling. Tunneling in alternating potentials is important instudy of the frequency dependence of the tunneling ioniza-
a variety of physical phenomena like field emission, inter-tion of deep impurities in semiconductors. It is demonstrated
band breakdown, charge exchange between deep-lying imptPat the tunneling probability may be increased by many or-
rity centers in semiconductors, tunneling chemical reactionsders of magnitude if the radiation frequency gets much larger
Josephson junctionsy resonance tunne”ng' Coulomb b|oc|§han the inverse tunneling time. This is shown to be due to
ade, the destruction of adiabatic invariants, and others.  the absorption of radiation energy by the tunneling carrier

Recently an enhancement of the tunneling probability inunder the potential barrier formed by the attractive potential
the high-frequency electric field of lasers compared to thevell of the impurity and the external electric field of the
tunneling in static fields has been observethe transition ~radiation. Therefore the carrier leaves the barrier at higher
between the quasistatic regime, where tunneling does n&nergy, yielding an effectively narrower barrier.
depend on the oscillation frequency of the applied radiation
electric field, and the high-frequency regime, where the en-
hancement of tunneling occurs, is determined by the tunnel- Il. THEORY
ing time. Experimentally deep impurities in semiconductors
have been ionized by contactless application of alternating
electric fields of a strong far-infrared molecular lasers. The The tunneling ionization of deep impurities will be treated
photon energies of the laser fields were much smaller thaim a semiclassical approximation and in the adiabatic limit
the impurity binding energies, thus avoiding one-photon ionfor the phonon system. For the sake of simplicity and to be
ization. In contrast to the tunneling ionization of atoms,specific we will discuss electrons only though the experi-
where only electron tunneling takes place, the tunneling ionmental investigations involve either electrons or holes. Due
ization of impurities in solids is accomplished by two simul- to electron-phonon interaction, the system, consisting of lo-
taneous tunneling processes: electron tunneling and the real impurity vibrations and an electron, is characterized by
distribution of the vibrational system by defect tunnelffdt  two adiabatic potentiall);(x) andU,(x) as a function of a
not too low temperatures and not too high electric fieldconfiguration coordinat&. These adiabatic potentials corre-
strengths such phonon-assisted tunneling is the dominaspond to the electron bound to the impurity and the electron
ionization mechanism whereas at low temperatures or vergletached from the impurity with zero kinetic energy,
high fields direct carrier tunneling from the ground state intorespectively.® Two main possible configuration-coordinate
the continuum controls the ionization process without pardiagrams will be considereda) for strong electron-phonon
ticipation of phonons. coupling where self-trapping occurs as, for example, in the

In the case of deep impurities the tunneling time, whichcase of DX and EL2 centers in Ill-V semiconductors &by
determines the transition from the quasistatic to the highfor the case of weak electron-phonon interaction which is
frequency regime, is the time of the redistribution of therealized with substitutional impurities.
defect vibrational system upon ionization by tunnelings In the case when a free electron has kinetic energine
long as phonons are involved in the ionization process, thisdiabatic potential it),,(x) =U,(x)+ €. In the presence of
time depends strongly on the temperature as well as on then electric field an electron can be emitted at a negative
details of the impurity potential structure. Measurements okinetic energye <0 due to tunneling through the triangular
the ionization rate as a function of the electric field strengthbarrier formed with the binding electron potential well by the

A. Tunneling ionization
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under the potentidl ;(x) and fromx,, to the turning point
a,, underU,.(x). The tunneling probability depends expo-
nentially on the imaginary part of the principal function
evaluated along the trajectory linking the turning poiats
anda,, . Then the probability of defect tunneling is given by

Pa(e,&)xexd —2(S;, — S, @

FIG. 1. lllustration of the tunneling ionization of deep centers in
a static electric field(a) thermal excitation and defect tunneling and \yhere
(b) electron tunneling with probabilitieB;, P4, andP,, respec-

tively. 2M [ Xes
Sls:gj VU1(X) = (E—e7)dX 3
electric field[see Fig. 1b)]. In this case the electric-field- &

stimulated thermal emission of carriers can be described by g,

three-step process.

(i) Thermal excitation drives the vibrational system to an oM (cs
energy level€ in the bound-state potenti&l,(x) [see Fig. st:T VU, (X) — (E—ep)dx. 4
1(a)]. The probability of this process isP1(&) 82e
xexp(=&/kT). HereM is the effective mass of the impurity complex deter-

(i) A tunneling reconstruction of the vibrational system .naq by the vibrational mode, ang is the the thermal
occurs corresponding to a tunneling at eneggyrom the  jonization energy of the electron determined as a difference
bound potential,(x) to the ionized potential,,(x) With — petween minima of the parabola corresponding to electron
the probabilityPy(,£) [see Fig. 1a)]. This process will be  getached and electron bound to the impurity, respectively.
called defect tunneling in contrast to electron tunneling.  \we use the one-mode approximation for local vibrations.

(i) Simultaneously the electron leaves the impurity byThis approximation is justified because the main modulation
tunneling in the electric field at energy<0 with the prob-  of glectron binding energy is due to the breathing mode of
ability P¢(¢) [see Fig. 1b)]. The electric field acts on elec- pe impurity complex.
tron tunneling only and the stimulation of thermal tunneling  The probability of electron tunneling in the alternating
ionization of impurities is caused by the lowering of the gjectric field Py(¢) is calculated semiclassically using the
ionized adiabatic potential fromJ,(x) to Up,(X) with & sphort-radius potential model for impurities after Refs. 10 and
<0 [Fig. 1@)]. = _ 11. The electron wave function in an arbitrary pairgnd for

The ionization probability of the total proce¥e¢,f&) is the timet is \If(r,t)oce(”’l)é(“) where(r 1) is the electron

determined by o A . o~
principal function(action. In order to determin&(r,t) as a
function of the electron coordinatasand the timet one
P(e,&)=P1(&E)Py(e,&)P ) 1 ) X . .
(£,8)=P1(E)Pa(2,E)Pel) @ should find the general integtalof the Hamilton-Jacobi

The probabilityP4(e,€) of the tunneling reconstruction of €quations
the vibrational system in semiclassical approximation is de-
termined applying the Landau technique of complex semi-

classical trajectorie§® The tunneling trajectories and poten- o~ M), VS=p, )
tial barriers for weak and strong electron-phonon interaction
are shown in Fig. 2. which depends on an arbitrary function. Héeand p are

After Landau the trajectories are split into two parts boththe Hamiltonian and the electron momentum, respectively.
under barriers formed by the potentidlg (x) and U,.(x) The resulting principal functio®(r,t) can be written in the
wherex=X., is the intersection of the potentials. The systemform
tunnels at energy levef from the turning pointa; to X,

~ ~ ~ t L
2) b S=Sy—ety, Sp= ftO/L(r i thHdt’, (6)
where/. is the Lagrange function. The position vectd(t’)

as a function oft’ can be found by solving the classical
equation of motion with boundary conditions:

e Xeg A Qe d] Xcg r/(t’)|t’=t0:0! r,(t,)|t’=t:r- (7)
FIG. 2. Blown-up representations of the tunneling trajectories L L . .

for (a) strong electron-phonon couplir@utolocalization and (b) 1 N€ Principal function is obtained in the form of E@) by

weak electron-phonon coupling. The dashed curves show the potef2King into account that at=t,, r=0 [Eq. (7)], and that the

tial U,,(x) of the system: an ionized impurity and an electron with €lectron wave functiont’(r,t) is equal to the unperturbed

negative kinetic energy obtained by electron tunneling in an elec- wave function¥y(r,t), which is in a short-range potential at

tric field. r=0 (at the defegt given by Wq(r,t)xexp(—ist/i) with
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£<0. In Egs.(6) and(7), ty is a function ofr andt which
should be found from the equation

( a~s) .
dto rt .

We want to emphasize thatandt are real whiler’, t’, and
to can be complex.
The electron tunneling probability?(e), being deter-

8

mined by the current density flowing from the center, is pro-

portional to|W|2. To find Pg(&) it is sufficient to calculate
ImS in the vicinity of its maximum, i.e., at values of where

ImVS=Im(p|, —,) =0. 9)
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9Sn,
me(E8)=—h—=, n=12. (16)
The electron tunneling time.(¢e) is determined as
9Se
Te(g):_ﬁ%- 7

As an important result obtained by the saddle point method
to solve the integral Eq(13) is that the electron tunneling
time 7o(&,) is equal to the defect tunneling timeg, (&, ,em)
under the potentidl,, of the ionized configuration:

(18)

Te(&m) = T2:(Emrem).

The solution of Eqs(15) and(18) allows one to findt,, and

For this region of space it follows that after the left-hand sidegm' Using Eqs.(6) and (12) we obtain

of Egs.(5),

a(ImS)
T

(10

Thus, the probability of electron tunneling.(e) can be
written as

Pe(e)=exg —2Sq(¢e)] (1)
where
ImS
Se(e)= 5 (12

HereS is determined by Eqg6), (8), and(9). Note that in
calculatingS,(&) one can arbitrarily take a value of the time
t according to Eq(10); we will assume=0.

As a result the probability of ionizatiog(E) as a function
of the electric fieldE is obtained by integrating Eq1) over
£ ande:

e(E)=JfPe(s)Pd(e)exp(—5/kBT)dsd5. (13

= ’S_ im| —tg+ 22 2o 19
Te(s)——mg——m —1p Iog ( )

According to Eq.(8) we finally get

To(e)=IMmty. (20)

B. Phonon-assisted tunneling

The tunneling ionization probability in the limit of not too
high electric fields and not too low temperatures is domi-
nated by phonon-assisted tunneling. The electric field and
temperature limits will be defined more precisely below. The
theory is developed for neutral impurities, which means that
the Coulomb force between the carrier and center is ignored
when the carrier is detached from the impurity center. The
tunneling ionization of charged impurities in a static field is
considered in Ref. 13, showing that at low electric fields
ionization is caused by the Poole-Frenkel effect whereas at
high fields tunneling ionization enhanced by the Coulomb
force dominates the emission process. In the case of phonon-
assisted tunneling the optimum electron tunneling enefgy
is small in comparison to the optimum defect tunneling en-

Calculating this integral by the saddle point method showsergy &£,,. In this limit the tunneling emission probability
that there is a vibrational energy= £, and an electron en- e(E) of carriers can be calculated analytically. The effect of
ergy e =&, Where the ionization probability has a sharpthe electric field is a small shift of the ionized potential
maximum. Thus, defect and electron tunneling take placeJ,(x) to a lower levelU,.(x). The potentialU,(x) is not
mostly at these energy levels and the ionization probabilityaffected by the electric field. For smallthe quantitiesS;,
can be written in the following approximate form: andS,, can be taken into account in a linear approximation
as a function ofe. Then we obtainS,,—S;,=5S,—$;

+ 7m,elf, whereS;, S,, andr, are calculated after Eq§3),

(4), and (16) for e=0 and are independent of the electric
field. Taking into account Eq$15)—(17) and (20) we find
the dependence of the ionization probability on the electric
field in the form

e(E)xPe(em)Py(Em)expl — En/KeT). (14

The defect and electron tunneling at the energy legigland
e, can be characterized by a defect tunneling tirmend an
electron tunneling time(g), respectively. The saddle point
method applied to Eq(13) yields that the defect tunneling
time is determined by the temperatdre:

e(E)=e(0)exp( —%méo(gm)), (21)

T= TZa(Emism)_Tls(gmvsm):mv (15)
B wheree(0) is the thermal ionization probability at zero field,
and$, follows from Eq.(6) and should be calculated in the

range where Eq9) is satisfied at arbitrary.

where 7,,, are tunneling times under the barridyg, of the
vibrational system with
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1. Frequency dependence - 37, (sinh 2w,
Now we consider the frequency dependence of phonon- (72 o2l 207, 1) (28)
assisted tunneling and determine $gfe,,) . If an alternating _ o
electric field E(t) is applied to an electron, the Lagrange and for circular polarizationi,; = E,=E) we have
function has the form 2
37 [ sinffor
2 (5= | ——-1]. (29
. m w2 (a)T )2
L(r'rt)= +e[r’-E(t")], (22) 2

2
These relations show that for a static electric fietd (

wheree is electron charge. Integrating E() by parts and  =0) the effective timer} is equal to the defect tunneling
taking into account Egsi22) and the equation of motion  time 7,. Therefore Eqs(26) and(27) are in agreement with
mr’=eE(t") with the boundary conditions given by Eq3)  previous derivations of the tunneling emission probability in

and(9) we get static fieldst*
Equations(26)—(29) have been obtained without any as-
_ tmr’2 sumption about the shape of the adiabatic potentigliex)
Im So= —|mf 5> dt. (23} andU,(x). In fact, the defect tunneling time=7%/2kgT is
o independent of the form of the potentials. However, the pa-
In the following we consider the general case of elliptically 'ametersr, and r,= 7+ 7;, which are crucial for electric-
polarized radiation of frequency propagating in the di-  field-stimulated tunneling, substantially depend on the con-
rection (= E;coswt,E,=E,sinat). figuration of the potentials. In the Huang-Rhys model of
After some calculations we get a relation between theP@rabolic potentials the tunneling time under potenig(x)
tunneling timer,, and the electron energy calculated after Ec(16) for £ =0 is given by
2¢ eE;\? _ 1 il
E:_(m_(j> Siﬂf‘?[wTe(s)] Tl_ZinblnAs'
eE,\ 2/ sinhwry(s) 2 where Ae=g,,— &7 and e, is the optical ionization en-
+(—) (——coshwq-e(s)> . (29 ergy taking into account the Franck-Condon principle and
Me wTe(e) w,ip is the local vibrational frequendyThe tunneling time

71 IS negative for autolocalized impurities witke > e and
positive for substitutional impurities with weak electron-
phonon interaction wherde<e;. Thus the tunneling time

Then after integration of Eq23) we obtain ImS, as

2 .
|m~SO=e Te(€) 2( _ S'nhz‘”’re(s)) under the potential ,(x) is given by
dmo? |t 207y(€)
. . 72:_i|7'1|, (30)
+E§ 1+S|nzh2w(re()8) B Slnhsze(&;)H. 2kT
@Tel8 [wre(e)] with the plus and minus signs for substitutional and autolo-

(25) calized impurities, respectively.

) ) _ The tunneling timer, controls defect tunneling in static
In the case of phonon-assisted tunneling considered hefgs|ds, being a function of the temperature, and the shape of
(|eml <&m), the electron tunneling timee(e,) is equal 1o the adiabatic potentials is independent of the frequency
the defect tunneling timer,. Therefore, the probability of  The effective timer which controls tunneling for all fre-
phonon-assisted tunneling can be obtained by using(Eds. quencies additionally depends en The frequency depen-
and(25) substitutingre(e ) by 7,. From Eq.(21) we getthe  yonce of,% /7, as function ofwr, is displayed in Fig. 3 for
ionization probability as a function of the electric field linear and2 circular polarized radiation. As long @s,<1

£2 the ratiors /7, is equal to 1 and in this quasistatic regime the

e(E) =e(0)exp( _) . (26) ionization probability is independent of the electric field fre-
EE quency and the state of polarization. Fet,>1 the ratio

increases enhancing drastically the ionization probability. In

It is convenient to writeE. in the form this high-frequency regime the ionization probability is po-
larization dependent, being higher for linear compared to cir-
, 3mh cular polarized radiation at the same amplitief the elec-
@) @27 tric field.

introducing an effective time} . This time may be obtained 2. Magnetic field dependence

from Eq. (25). In the case of linear polarizatiorE(=E,E, An external magnetic field applied perpendicularly to
=0) the effective time is given By the electric field which generates the tunneling barrier de-
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FIG. 4. The ratiors/7, Vs wT, calculated after Eq(31) for

- .
FIG. 3. Ratio7; /1, as a function ofwr,. The curves show the various values ofo.7,.

dependences calculated according to 8) for linear polarization
(curve 1 and Eq.(29) for circular polarization(curve 2. Experi-
mental results obtained with linearly polarized radiation are plotted
for all materials, all temperatures, and all radiation frequencies of The phonon-assisted tunneling regime with the character-
the present investigation. Inset shows the electron tunneling trajedstic electric field dependence of ionization probability
tory in the quasistatic limi{dashed ling and the high-frequency [e(E)ocexpCE2/E§)] is limited by the condition that the opti-
regime(solid line). mal electron tunneling energy is smaller than the optimal
defect tunneling energye,,|<&y,. For linear polarization
creases the probability of electron tunneling. This effect wagE;=E and E,=0), this inequality can be written in the
theoretically investigated for tunneling of electrons throughform
static potential barriers:*®The theory has been extended for
phonon-assisted tunneling ionization of deep impurities in dc (eEr)? [wTe(g)]?
electric field$® and in high-frequency alternating fields om  Tan? : (32)
showing that also in the case of phonon-assisted tunneling Sinfrlw7e(e)]
the carrier emission is suppressed by an external magneti€his inequality is violated, direct tunneling without involv-
field. For the ionization probability we get again an exponen+ng thermal phonons dominates the ionization process. This
tial depenzdence on the squarze .of the electric field strengtecyrs at high electric fields which increages,. As Eq.
<expE/E) where we writeE¢ in the form of EQ.(27) (32 shows, the electric field strength where the transition
defining by this an effective time; which depends now on  from phonon-assisted tunneling to direct tunneling occurs
the magnetic field strength: decreases with increasing ef by decreasing temperature
and increasing frequency. At electric field strengkh
5 >\2me, pwl/e from Eq. (32) follows that w7e(g)<1. In
(7%)3= 3w this ca_seve(s) d_oefs not depend an. In the regime of direct
2 (w2_w§)2 tunneling the ionization probability approaches the well-
known relation for electron tunneling through a triangular
{ [
0

C. Direct tunneling ionization

w¢ SinhwT, 2
—coshw 7+ — ————coshw,7| dr
o Sinhw.7,

barrier'® The effect of thermal phonons can be considered as
a small perturbation which decays with rising electric field
strength. The emission probability is found to be independent

T sinh 2 of frequency and can be written as
k _h__h) dT} quency
0 \w¢ o Sinhw.7,
(31 ()= exp— ) (33
e(E)= ———exp(— o),
2 2m80pt

Herew.=eB/m* is the cyclotron frequency. In order to dis- with
play this effect as a function of radiation frequeney, nor-
malized by the frequency-independent tunneling timeis

5 2
shown in Fig. 4 as a function @, for different parameters _ 4 2m83/2_ mwvibsoptc thﬁwvib ' (34)
w,7,*B. The suppression of the tunneling probability occurs 3fieE "o he’E? 2kT

in both frequency ranges, at low frequencies when tunneling

is independent of frequency as well as at high frequencieklere b is a constant. In the Huang-Rhys modél
when the tunneling probability increases drastically with ris-=4Ag/e,, WwhereAe =e,,— &1 . The first term in Eq(34)

ing frequency. The effect of a magnetic field on tunneling isis the exponent for electron tunneling through a triangular
strongest ifB is oriented normal to the tunneling trajectory barrier[see Fig. 1b)] while the second term is the tempera-
and vanishes if th® is parallel to electric field. ture correction.
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lll. EXPERIMENT [see Eq(27)]. The experimentally determined defect tunnel-
The experimental investigations presented here were ca'r'?egtatillr;:ngze j;g a good agreement with E¢B0) (for
ried out on autolocalized centers as well as substitutiona‘fi - L

: " . . " The frequency-independent tunneling is limited to fre-
impurities. Measurements on autolocalized impurities were

. quenciesw with wr,<1 [see Eq.(28)]. The fact that the
performed on DX centers in fbGa gsAS and Ah sGa, sSb T i
doped with Té® The doping concentration was 2 tunneling timer, depends on temperatufreee Eq.(30)] al

X 10 cm 3. The measurements on substitutional impuri-IOWS one to achieve the high-frequency regime,>1 sim-
. . . ply by cooling of samples. That is an important advantage in
ties were performed op-type germanium doped with gold,

N . this case because the other opportunity to reacj=1, i.e.,
mercury, and copper, having ionization energies eaf raising of frequency, is limited by one-photon absorption.

=150 meV, 90 meV, and 44 meV, respectively. The dopin . . L
concentrations were between4em~3 and 185 em™2. gThe measurements show tr_\at_ln a finite elegt_rlc f|e_ld range
for the case ofwr,=1 the ionization probability still de-

As a source of terahertz electric fields a high-power, , S
pulsed far-infrared(FIR) molecular laser pumped by a pends exponentially on2 the square of the electric field
TEA-CO, laser has been used. Electric field strengths in thétrength,e(E)<expE%/Es%).* The essential difference com-
semiconductor samples up to about 40 kV/cm correspondingared to thew7,<1 situation is that the characteristic field
to an intensity of=5 MW/cn? have been achieved in the E} becomes now frequency dependent. It is found that ion-
frequency range fromw=3 to 25 THz with 40 ns laser ization is enhanced with rising frequency. This behavior has
pulses. To cover this wide frequency range NKCH;F, and  been observed for all impurities at not very low temperatures
D,0O have been used as FIR laser media, yielding stronand not very high electric field strength. At higher field
single-line linearly polarized emissions at wavelengthse-  strengths the exponential dependenceEdrceases and the
tween 76 and 56Qum corresponding to photon energies jonization probability rises more slowly with increasiig
ranging from 16 to 2 meW® This high-field case will be discussed below.

The samples were cooled to temperatures where at ther- The experimentally determined valuesBf for various
mal equilibrium practically all carriers are frozen out on thefrequencies, temperatures, and materials allow one to obtain

impurities (T=4.2-150 K, depending on the mateyialhe * /. 20 = ; : ; :
ionization of deep impurities has been detected by the farf2/ 72" Figure 3 shows this ratio as a function afr, in

infrared laser radiation photoconductivity measureméhts. comparison to calcul_atlons after EG8). The tunneling
The ratio of conductivity under illuminationg;, and dark times 7 l/vere determlqed from frequency-lndgpeqdent val-
conductivity, 74, has been determined from peak values ofU€S Of Ec . The experimental results shown in Fig. 3 are
photoconductive signalsFor laser pulses shorter than the 9rouped according to the materials. For each material the
carrier capture time, as is the case hergloy is equal to  Variation of the value ofo 7, has been obtained by applying
e(E)/e(0), wheree(E) is the emission rate as a function of different radiation frequencies in the range from 3 THz to 25
the electric field strength. Note that the FIR response in the THz and different temperatures between 4.2 K and 150 K.
case of DX centers corresponds to the detachment of ele€0od agreement between theory and experiment is obtained.
trons from the defect, yielding persistent photoconductivitylt should be pointed out that the theory does not contain any
(see for details Ref.)4 fitting parameter.

Experimental results will be presented for linearly polar- The enhancement of tunneling at frequencies higher than
ized radiation. The photoconductive signal due to impuritythe inverse tunneling time has been anticipated in a number
ionization rises superlinearly with the intensity of incident of theoretical works®?1=?*put has been demonstrated ex-
radiation. As has been showr; the emission of carriers at perimentally only recently.In contrast to static electric fields
photon energies smaller than the binding energy of the imwhere the electron tunnels at a fixed energy, in alternating
pUritieS is caused by tunneling in the alternating electric flel(*|e|ds the energy of the electron is not conserved during tun-
of radiation. At not too low temperatures and not too highneling. In this case the electron can absorb energy from the
frequencies the tunneling probability exponentially increasesield (see inset in Fig. Band hence leaves the impurity at an
with the square of the electric field strength a¢E)  effectively narrower tunneling barrier. This leads to a sharp
xexpE%E;?) and is independent of frequency. This behav-increase of the tunneling probability with increasing fre-
ior, characteristic for the quasistatic regime investigated imjuency. The observed enhancement of ionization probability
detail in Refs. 2—4 and 13, has been observed at sufficientljemonstrates that an electron can indeed absorb energy be-
high temperature¥’ In this quasistatic regimey7,<1, the  low a potential barrier if the process of tunneling is induced
electron tunnels at the momentary magnitude of the electriby a high-frequency alternating electric field. The absorption
field in a time shorter than the period of the oscillation. Thusof energy is controlled by the electron tunneling time i.e.,
the electric field acts like a static field and the ionizationthe Biitiker-Landauer time. In the case of phonon-assisted
probability does not depend on frequency. The observed exunneling the energy of the electron under the barsegy,
ponential rise of the ionization probability with the square offollows from the condition that the electron tunneling time
electric field strength corresponds to the phonon-assisted tulye equal to the defect tunneling tinrg, which is determined
neling regime which is described by Eq26) and(27). The by the tunneling reconstruction of the defect vibration sys-
characteristic fieldEX?, which can be determined experi- tem, Eq.(30). Thus in the case of phonon-assisted tunneling,
mentally, is given byEX?=(3m*#)/(753%?) with 75=7, the Bitiker-Landauer time of electron tunneling can be var-
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FIG. 7. Logarithm of the normalized ionization probability vs

FIG. 5. In(oi/og) for Alg3Gay esAs: Te as a function oE® for  E2 calculated for different frequencies used in experiment. Calcu-
different frequenciesw at liquid helium temperature. The inset |ations are carried out for 4.2 K using the parameters of
shows the low-field behavior. Alg 3 Gay gAs: Te taking into account phonon-assisted tunneling

and direct tunneling.

ied by the temperature and can be measured by the field
dependence of ionization probability. strengths is even stronger. For a given constant signal, a

Further decrease of the temperature increases the tU””QJhange of six orders of magnitude Bf requires a factor of
ing time and leads to a much stronger frequency dependenqechange in frequency.
of the ionization probability. Figure 5 shows measurements At higher field strengths the field dependence of the emis-
carried out at 4.2 K on AlGaAs:T&.In order to display in  sjon probability gets much weaker and the frequency depen-
one figure the total set of data covering eight orders of maggence practically disappears. The transition to frequency-
nitude in the square of the electric field strengthEfj(has  independent probability at higher field strength occurs at
been plotted on the abscissa. To make an easy comparisonfigyher fields for DX centers in AlGaAs:Te than for Ge:Cu.
the expE%/EZ) dependence af; /a4 possible, a log-log pre- The weak increase of the frequency-independent carrier
sentation has been used for the ordinate. In the low-fielémission at high electric fields cannot be attributed to emp-
range the characteristie expE%/E;?) field dependence of tying of the impurity states. This has been proved by one-
phonon-assisted tunneling is observed. This is shown in adgshoton ionization of Ge:Cu using a GQaser radiation of
dition in the inset of Fig. 5 in a log-In plot. The frequency »=200 THz. The saturation level of photoconductivity
dependence in the field range of phonon assisted tunneling ighere practically all impurities are ionized lies well above
so strong that a change of three orders of magnitude?of the far-infrared datdsee Fig. 6.
needs only a sixfold change in frequeney Similar results This complex dependence of ionization probability on
have been obtained for substitutional impurities having dield strength and radiation frequency is a result of the tran-
smaller binding energy and showing larger tunneling timessition from phonon-assisted tunneling at low field strengths
7, (see Ref. 18 Figure 6 shows experimental results for to direct tunneling without phonons at high fieltlee Sec.
Ge:Cu atT=4.2 K in the frequency range between 3.4 andll C). The emission probability for phonon-assisted tunneling
25 THz. Here the frequency dependence at low fieldas a function of the electric field strength given by E2p)

was obtained in the limit that corrections to thermal emission

; resulting from electron tunneling are small; i.e., the energy of
Ge:Cu S electron tunnelinde | is much smaller than the defect tun-
r=4zK 0 s neling energyt,,,. In the opposite limite ;| =&, direct car-
0 e =% : D',.'?’i C‘Iw rier tunneling from the ground state into the continuum,
-~ 5 e o ow‘;&% o without participation of phonons, becomes domirabirect
° [ & o=34TH i electron tunneling occurs at the crossing of thg. (x) and
B [V w=45TH2 4§ v U,(x) potential curves, where an electronic transition is pos-
= r g ijfTT]iZ o« )/ sible without any change in the configuration coordinate.
- F e weaTH, ¢/ IO This effect, leading to a weaker field dependence of the ion-
O oe=2TH. S 1 L ©=68THz ization probability in comparison to that of phonon-assisted
T Rl IO AT tunneling, dominates the ionization process at very high
10" 10' 10° 10° 10’ fields.

E? (V?/cm®)

Figure 7 shows the result of the calculations using param-
eters of DX centers in AlGaAs:Te. The calculations, which
take into account both phonon-assisted tunneling and direct

FIG. 6. In@;/og) for Ge:Cu as a function oE? for dif-
ferent frequenciesw at liquid helium temperature. Lines show tunneling processes, are carried out for several field frequen-
calculations after Eqs(26)—(28) for the three lowest frequencies cies used in the experiments. The calculations are performed
used in experiment. for the Huang-Rhys adiabatic potential modérthe prob-
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1.0 ergye. Due to this,w 7, becomes smaller than 1 and thus the
Y Sy ~ < R frequency dependence vanishes.
o’ e N\, ¢, =40 meV The fact that the exponential dependence on the square of
P Y . Ae =8 meV the electric field strength changes to a weaker field depen-
Z s N dence at higher fields for AlGaAs:Te compared to Ge:Cu is
~ 05 ’ caused by the difference of the binding energies. The transi-
W @ = static field N . . . . .

. o= 3.4THs . tion from phonon-assisted tunneling to direct tunneling de-
o ©=4.5THz pends substantially on the value of the binding energy, Eq.
s —rm0=6.7TH: (33). For smaller binding energies it occurs at lower fields,

—-e—- =13 THz . . .
00 L yielding weaker field and frequency dependences.
10" 10' 10° 10°
EZ(Vi/em®) IV. SUMMARY

FIG. 8. The tunneling timer,,(¢,,&y) Vs E? calculated for In_ summary, tunneling i_onizat_ion of _deep impurities in _
different frequencies used in experiment. Calculation are carried oi@€miconductors has been investigated in theory and experi-
phonon-assisted tunneling and direct tunneling but ignoring Couby apP'YmQ very short high power pulseg of V|.S|b|e lasers,
lomb interactions. tunneling ionization of atomlike centers in solids strongly
depends on the electron-phonon interaction with the thermal
ability of tunneling ionization has been calculated by usingP@th over a wide range of electric field strength. Only at very
Eq. (14). For the calculations the defect tunneling times, andi9h €lectric fields does tunneling occur as in the case of
the electron tunneling time, and the values of optimal defecoms directly without involving phonons. Due to the recon-
and electron tunneling energies are needed. The defect tuftruction of the vibrational system by tunneling detachment
neling timesr,, andr,, as a function of the defect energy of a carrier, the electron-phonon interaction determines the
and the electron eneargy have been calculated after Eq. tunneling time. Hence the tunneling time can easily be varied
(16). The electron tunneling time as a function of electron®Y crr:angtl)ng thedtemrﬁ)erature. ‘h i babil
energye, electric field strengtli, and radiation frequency T e observed enhancement of the tunneling probability
has been obtained using E@4) for E,=0 and E,=E by increasing the frequency gives evidence that the tunneling
which corresponds to linearly polarized radiation. OptimalCarrler can absorb energy dqrmg tunneling under the barrier.
electron and defect tunneling energies and £ have been The enhancement of tun_nellng occurs_whe_:n the f_reque_n_cy
obtained using Eqg15) and (18) becomes larger than the inverse tunneling time. This limit is
The theory qualitatively describes all the features of theapproached in the 'gerahertz regime where high eleciric fields
tunneling ionization probability as a function of frequency can easily be applied In a contactles§ manner by powerful
and electric field strength. The experimentally observeJar"nf.rared lasers. Apply_lng a magnetic field normal to the
weaker frequency dependence of the ionization probabilit)}alec’[rIC field vectc_)r, an Increase of temperature and/or an
of AlGaAs:Te compared to Ge:Cu is caused by the smalle crease of electric field leads to a shift of the boundary
values of7, in the first case. The disappearance of the fre- etween the quasistatic and frequency-dependent regime to
guency dependence at very high fields is caused by the rg_lgher frequencies.
duction of the tunneling timer,, with rising electric field
strength. In Fig. 8 the electric field dependencergf is
shown, calculated with the parameters for Ge:Cu for 4.2 K We thank Elke Ziemann for helpful discussions. Financial

and various electric field frequencies. The physical reason cdupport by the DFG and the RFFI is gratefully acknowl-
the drop ofr,, is the increase of the electron tunneling en-edged.
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