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Abstract. Field ionization properties of shallow carbon acceptors in MBE G a s ,  where thermal 
lattice vibrations have m effect on the hole emission me, we presented The excited energy 
levels of the carbon atom are relatively far from tha ground level; therefore, it appeared possible 
to observe pure phonon-assisted tunnelling of a hole from a single (ground) level over a wide 
temperahre range. from 4.2 K to 22 K. Experimental results are interpreted using a multiphonon 
field ioniwtion model thar takes into account the interaction of acoustic phonons with a localized 
centre via deformation and piezoelectric potentials. In the temperature range considered, the 
influence of the deformtion potennal is found to predominate over the piezoelectric one. 

1. Introduction 

Dissipation may either suppress or enhance the quantum mechanical tunnelling rate. 
In semiconductors, due to intense charge-canier interaction with lattice vibrations, 
enhancement is usually observed [1-9]. On the other hand, in a current-biased Josephson 
junction shunted with a normal-metal resistor, reduction of the tunnelling rate by a factor of 
about 300 due to effect of dissipation is observed [IO, 111. Most of the results on tunnelling 
in semiconductors published hitherto are concerned with optical-phonon-assisted tunnelling 
(PAST) through potential barriers formed by p n  junctions, heterobarriers or oxide layers 
[l]. The PAST mechanism is important in the field ionization of point centres too [2- 
81. Earlier investigations [ Z S ]  were devoted to deep impurities, in which the energetic 
distance between the ground and excited impurity levels is much larger than the optical 
phonon~energy. It was found that the ionization of such centres could be explained by 
interaction of charge carriers with optical lattice vibrational modes. However, in the case 
of shallow impurities and low lattice temperatures one expects that coupling to acoustic 
vibrational modes will predominate, especially when the ionization energy of the impurity 
centre is much smaller than the optical phonon energy. In our earlier investigations of silicon 
doped with shallow phosphorus impurities [9], instead of the PAST we observed a different 
 mechanism associated with acoustic phonons, namely, acoustic-phonon-activated tunnelling 
(PACT). In the PACT process the phosphorus atom at first absorbs acoustic phonon(s), and 
as a result becomes excited. Only then does it emit an electron through a more transparent 
potential barrier (see figure 1). The PACT predominates over the PAST if the combined 
probability of excitation~and tunnelling is larger than the probability of tunnelling out of the 
ground level, level 1. As shown in 19, 121, the slope of the logarithm of the emission rate 
as a function of the inverse temperature yields the energetic distance between the ground 
(level 1) and the excited (level 2)  energy levels if the PACT process predominates. 
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(Q 1 0) 
Figure 1. Phonon-assisted ( U )  and phonon-activated (h) mechanisms of tunnelling of the 
charge carrier from ground level 1. The carrier tunnels through the thermally vibrating barrier 
represented by three lines: as a result its f ind energy m y  increase or decrease. as shown by the 
horizontal mows. 

Below, we present experimental data and theory on the acoustic PAST process. For this 
purpose we measured the field ionization of shallow carbon acceptors in GaAs as a function 
of lattice temperature. In carbon atoms the distance between the ground and the first excited 
levels is large enough that over a wide temperature range only the ground level is populated 
by holes. According to [12], the PACT in G~AS:CA,~ is expected to become important at 
lattice temperatures of about 28 K or higher. This investigation may be considered as a 
continuation of 1131, where we studied pure acceptor-valence-band tunnelling dynamics in 
G~As:CA,~. 

2. Experiment 

The samples were fabricated from the same MBE wafer whose growth procedure was 
described in 1131. The (100)-oriented wafer consisted of heavily doped n+-type substrate, 
a 13 fim thickness layer of the p-GaAs being investigated, and a 0.9 fim p+-type gate cap 
layer for contact. The samples used in this study were prepared in a different manner and 
were of different configurations. After suitable metallization of both wafer faces, mesas 
of area 0.12 mz were etched out on the p' side, and then the substrate was cleaved to 
samples of about 1 mm2 area (see the inset in figure 2). A whisker lightly applied to the 
metallized p+ cap layer served as a gate electrode. The acceptor concentration in the p 
layer was about 5x1OI4 

The influence of acoustic phonons on the acceptor field ionization dynamics was 
investigated with the help of a transient tunnelling spectrometer [14]. The reverse-biased 
pn+ junction served as a blocking contact while the heavily doped p+ region served as a 
collecting contact. The acceptor-valence-band tunnelling occurred in the p layer (see figure 
1 in [13]). 

In figure 2 there is shown a fast (lying in a nanosecond time-range), ramped voltage 
over the sample and the resulting transient current at liquid helium temperature. The current 
spectrum observed with the present mesa-shaped samples coincides with that observed in 
[13] for platelet-shaped samples; the area of the latter was larger by nearly an order of 
magnitude. The similarity of the spectra means that in all cases surface effects are negligible 
and that the sample geometrical capacitance and spectrometer response time do not influence 
the experimental results. In figure 2 the plateau in the current density is due to charging 
to about 1 pF sample geometrical capacitance. The tunnelling current density J I ,  which is 
superimposed on the plateau current J,, consists of two peaks. As demonstrated in [13], 
the first peak is associated with field ionization of the substitutional carbon acceptor CA.~ 
and the second, not so well-resolved peak at about 25 ns is associated with field ionization 
of the acceptor complex d, [I51 that is frequently encountered in MBE-grown layers. 
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Figure 2. A typical transient current density through 
and voltage ramp over the mesa-shaped p-GaAs sample 
Bla-3 (see the inset) a[ 4.2 K. The vertical armw 
indicates the moment when F = 6 kV cm-’. 
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Figure 3. Evolution of the current specmm wilh the 
lattice temperature for mesa.shaped sample Bln-i. The 
upper scale shows an average electric field in the p 
region, I: 7 = 4.2 K 2 15 K; 3: 22 K, 4 21 K. 

Figure 3 shows a typical overall view of the current spectrum in mesa-shaped samples 
at four fixed lattice temperatures. At higher temperatures, in the range 4.2 < T < 22 K, 
the leading edge is initiated by ionization of carbon atoms and shifts to earlier times, or 
equivalently to lower electric fields, when the lattice temperature is raised. This is associated 
with the participation of phonons in the tunnelling process. In the above temperature range, 
thermal free holes are absent in the valence band. At T t 22 K the presence of thermal 
holes in the valence band and on the upper acceptor levels (in the spectrum such holes give 
rise to a narrow peak at the beginning of the ramp and excess current in the interval 0-10 ns) 
severely distorts the shape of the main tunnelling pulse. In this study all measurements are 
limited to the temperature range where the influence of thermal free and excited holes on 
the hole tunnelling dynamics from the ground level is unimportant. 

The overall shape of the spectrum depends on the space charge that develops near the 
pn+ junction during the voltage ramping. AS shown in [9] and especially in 1161 at the 
leading edge, where the current is rising exponentially, the distortions of the electric field 
due to space charge in the p region are small and can be neglected. Then, the tunnelling 
current in the leading edge can be described by the formula 

where e is the elementav charge, d is the total width of the p region and 1 is the width 
of depletion layer caused by pn+ junction. N o  i s  the neutral carbon concentration. It 
should be noted that in (1) the tunnelling time r, is a function of instantaneous electric field 
strength F .  Since our measuring time-scale is long in comparison with the internal atomic 
time-scale (the Bohr period), adopting the instantaneous electric field approximation in (1) 
is fully justified. Experimentally, this point has been considered in [13], where it is shown 
that the critical electric field, at which the fast leading edge appears, is independent of the 
ramp rate. 

To find a variation of the tunnelling rate (the inverse of rt) with the lattice temperature, 
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the transient tunnelling spectrometer 1141 was set in the following measurement regime. The 
sweeping mode of the sampling oscilloscope, on whose screen the total transient current J 
is usually observed, was switched off, and the current gating was fixed at the beginning of 
the leading edge of the tunnelling current pulse, as shown by the vertical arrow in figure 2. 
Then, the sample temperature was raised slowly by passing a DC current through a sample 
heater. In this regime it appeared possible to detect very small changes in the tunnelling 
current Jr = J - Jc when the sample temperature was raised or lowered. 

1 1- 6.5kVkm 
h 

2-Zl kV/cm 
3- %5 kV/cm 

0.5 
Qc 
3 
U 

JC 

0' 
4.2 10 15 20 

TEMPERATURE (K) 
Figure 4. The curreni density versus lhe lattice temperature ut Wee electric field values: 
F = 6.5 kV cm-'. 7.1 kV cm-', and 7.5 kV cm-'. 

Bla-3 - 1 c 1-+2v F=6.7kV/cm 
^. 

$ 1  , , I J c ,  
2 

0 
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Figure 5. The cumni density versus the lnttice lempenlure a1 F = 6.7 kV cm-' and three DC 
bias values: - I  V, 0 V, and 2 V.  

Figure 4 shows typical dependencies of J on T at three fixed gating moments, or 
equivalently three fixed electric field values F = 6.5 kV cm-I, 7.1 kV cm-' and 
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7.5 kV cm-'. Similar dependencies have been observed for all three samples studied. 
Since the capacitive current Jc practically does not change with lattice temperature, the 
observed increase of J is associated with an increase of the tunnelling rate with T .  

Figure 5 shows J versus T when an additional positive or negative DC bias voltage v h  
is applied to the n+ electrode. Vh increases or decreases the initial width I of the depletion 
layer in the p region. When v h  z 0, the number of neutral acceptors in the p region becomes 
smaller; as a result, the tunnelling current is proportionally smaller. 

3. Theory 

Below, we shall calculate the field emission probability when a localized carrier interacts 
with acoustic vibrations through piezoelectric (PA) and deformation (DA) potentials. Results 
from the general theory of multiphonon field ionization [Z, 171 will be used for this purpose. 
Within the spherical-energy-band approach, the field ionization rate of the neutral centre is 
(see formula (26) in [Z]) 

Here, pi = 2(2m*E;)1/2, E ,   is the ionization energy of the impurity atom considered, and 
m* is the effective mass of an electron (hole). w,(q)  = vu . q describes the dispersion law 
of acoustic phonons with wave vector q and velocity vu, where v = 1 for longitudinal and 
v = t l  or tz. for two transverse phonon polarizations. iv, is the average phonon number: 

A,(q)  describes the interaction of the bound carrier with the acoustic mode ( v q )  in the 
adiabatic approximation [2 ] .  The electron-phonon interaction is characterized by the 
Hamiltonian 

where b,, (b$ is the annihilation (creation) operator of the (up)-type phonon and wu9 is the 
electron-phonon interaction constant. The electron-phonon interaction in (2) is described 
by 

lA,(q)12 = I~ ,q lz I~e ivr )h12  (5)  

where the term with the exponent is the coherence length of the bound electron (hole) that 
is characterized by the wave function ( P ~ ( T ) :  

(eiqr)h = / d r  l~~(r)izei4".  (6) 
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Two extreme forms of (oh are assumed below. In the first, we shall use the wave function 
that componds  to deep &type impurity: 

Such a wave function has been used by Lucovsky [I81 to obtain the photoionization cross 
section for deep impurities and by one of us [2] in the study of the optical PAST process. 
A more general form of (7) was also used by Makram-Ebeid and Lannoo in optical PAST 
studies [5]. In the second, the impurity wave function is assumed to be hydrogenic: . 

where as is the Bohr radius. The form (8) is more appropriate for shallow impurities. In 
the latter case the factor eF/2(2m*E;)’ /2  before the exponents in (2) is to be replaced by 
IdE?/eFhas. 

3.1. Piezoelectric interaction 

In crystals with zincblende structure !he interaction Hamiltonian (4) is [ 191 

Here, i? is the charge of an electron or hole with a suitable sign, e14 is the piezoelectric 
coefficient, EO is the electrical constant, sr is the relative lattice permittivity, N is the number 
of elementary cells, M is the mass of the elementay cell, qo is the inverse screening radius, 
and a,i is the projection of the unit polarization vector, due to displacement of the lattice, on 
the ith crystallographic axis. Then, the coherence length (6) for deep and shallow impurities 
becomes 

(eiqT)a = ( 2 x / q )  arctan(q/Zx) (10) 

(eiqr)H = I / ( I  +q2a;/4)’. (11) 
By taking into account (3)-(6) and (9)<11), it is easy to find the quantity lAv (q ) / fmu(q)~z .  
After insertion of the latter into (2) and changing summation to integration in spherical 
coordinates: 

one will finally find the tunnelling rate. In (12) Ss is the volume of the first Brillouin zone, 
and q~ (the Debye wavevector) is defined by $cqi = QB. In the calculation the quantity 

L = (auxq,qz + auyqrqr + aU,qxq,Y (13) 

i, = q-2(3q,q,q:)2 (14) 

i, = &,2 + 4;q: +&I,’ - q-%?,q,q,) . 

from the Hamiltonian (9) appears. We shall use the same average polarization vectors as in 
1193. Then, for longitudinal and transverse phonons one has, respectively, 

and 

(15) 2 . ~  
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Then, after inte,-tion over (o and cos 8, the final expression for the rate of tunnelling out 
of the 8-type centre becomes 

eF 
w~ - 2 ( 2 m * ~ ~ ) ' / z  1 4 (2m*)'IzE!I2 

exp -- 
3 eFE 

(16) 
1 (As.rDi +&.ID,  + As.iQl + As.tQt) 

(q2 + q p  

[ P A  - 

exp [ ~ q D d q q ~ 2 ~ c t a n Z ( q / 2 ~ )  

and that out of the hydrogenic Centre becomes 

] e x p r r d q  4" 
( q 2 + q i ) 2 ( 1  +aiq2 /4 )4  

16E,' 
eFfiaB 

w,'" = - 

where 

eFh kT 
qr.. = - U = I ,  t 

2(2m*Ei)'/2hu, f i  U" 
4 F . u  = 

3.2. Deformation potential interaction 

For simple energy bands characterized by spherical energy surfaces, only longitudinal 
phonons give contributions to the deformation potential interaction [20]: 

where El is the acoustic deformation potential constant. In exactly the same manner as in 
section 3.1, one can find the following expression for the rate of tunnelling out of the Mike 
centre: 
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The rate of tunnelling out of the hydrogenic centre is 

1 16Ef 4 (2m*)1/ZE;!/2 
exp -- D A  - 

w H - -  eFfias [ 3 eFfi 

where 

BHJ = 4?rE:/hv:MQ~. (27) 

In the above-obtained final expressions (16), (17), (24) and (26) the first exponent 
describes bare tunnelling. Only the second exponent takes into account the electron-phonon 
interaction. Here the terms associated with D, are corrections due to the dressing of the 
centre with a phonon field. Only the terms associated with Q. take into account the 
dependence of the tunnelling rate on the lattice temperature. Note that the Q,-terms, apart 
from the lattice temperature, also depend on the electric field. 

4. Comparison between experiment and theory; discussion 

The formulae obtained with the hydrogenic wave functions will be used in the analysis of the 
experimental data, because the hydrogenic functions are more suitable for the description 
of shallow-acceptor ground states. Measured emission rates will be compared with the 
normalized theoretical ones (17) and (26): 

Here, x = q/qT.. . The integrals are not sensitive to the upper bound: therefore q D  was 
approximated as kO/fiv, ,  where 0 is Debye temperature. Our simple theory neglects the 
fact that the valence band of GaAs is characterized by two light- and heavy-hole effective 
masses. The binding energy and Bohr radius a B  of the ground-state wave function are 
mainly determined by the heavy-hole mass m;, whereas the asymptotic behaviour of the 
wave function is determined by light-hole mass m; [21]. For this reason the Bohr radius is 
calculated using m;: 

while qF,” in (20) is calculated using ml. This is in agreement with our conclusion in [13], 
where the pure quantum mechanical tunnelling dynamics is found to be better described 
using mi.  

In figures 6 and 7 there are shown normalized emission rates as a function of lattice 
temperature calculated using (28) and (29) at various electric field values. The parameter 
values that are typical for G~As:CA,? have been used [22]: 0 = 300 K, El = 8 eV, 
eI4  = 0.16 C m-2, E, = 12.5, U, = 5.2 x 10’ m s-l, U, = 3 x IO’ m s-I. p = 5.31 g cm-3 
(Maa = (2n)’p), E; = 26 meV. m; = 0.59m0, m; = 0.0905mo. The value of mr 
corresponds to the direction of the electric field: F 11 (100). The screening wave number 
is taken as qo = 0. 
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Figure 6. The normalized tunnelIing rate. equation (28). for 
field values indicated on curves. 

piezoelectric PAST at the electric 

TEMPERATURE (K) 

Figure 7. The normalized tunnelling rate. equation (29). 
electric field values indicated on cuTyes. 

for deformation potential PAST ' U  the 

Some comments concerning the deformation potential value El are indicated. In cubic 
semiconductors the effect of. the deformation potential is described with three constants a ,  
b. and d .  According to [23], in GaAs a = -6.9 eV;b = -1.7 eV and d = -5.3 eV. 
In the present theory, the hole is assumed to interact only via dilation deformation. In 
real In-V compounds the interaction is also mediated by shear deformation. A necessary 
combination of a, b and d constants that describes an effective deformation potential El has 
been derived by Lawaetz (see [24, 251) in the case of free-hole transport. In calculating the 
acceptor-valence-band tunnelling the effective deformation potential deduced by Lawaetz 
has been used. Since in the case of field ionization a different combination of a, b and 
d may enter the tunnel emission expressions (28) and (29), some uncertainty remains in 
selecting the El -value. 

As seen from figures 6 and 7 the interaction of thermal acoustic phonons with the point 
centre enhances the emission rate in all cases. The ratio of the integrals that appear in (28) 
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and (29) does not exceed 3 in the temperature and electric field ranges considered; thus, the 
predominance of the deformation potential interaction over the piezoelectric one is mainly 
determined by coefficients before the integrals. For our parameter values the ratio of the 
coefficients is 

B!f.!4?.1/Ax.! (T (K)/3)*. (31) 

In figure 8 some of the experimental results from figure 4 are plotted as points 
and corresponding theoretical curves. Only the strongest-i.e. deformation potential- 
interaction is taken into account. In G~AS:CA,~ ,  practically pure quantum mechanical 
tunnelling occurs at T = 4.2 K; thus, comparison of the experimental values normalized to 
T = 4.2 K with the theory is justified. Although experiment and theory give similar trends 
and order, the measured values are found to be higher in all cases, especially at high lattice 
temperatures. This may be caused by uncertainties in El and aB.  For example, reduction of 
the Bohr radius by 10% increases the tunnelling rate by roughly 25%. The same conclusion 
is drawn from the comparison of experimental and theoretical results, when a DC bias is 
applied to the sample. 

GaAs :CAS 

1, 6.5 kV/cm 

TEMPERATURE (K) 
Figure 8. The normalized tunnelling rate vmus temperature at three electric field values. 
The points show experimentnl values from figure 4. while the lines show the results from the 
calculation with equation (29). Note thai the vertical s a l e  is logarithmic. 

In [I31 we have been able to detect field emission of electrons from the compensating 
donors to the GaAs conduction band at about 500 V cm-'. Our PAST model is well adapted 
to this case. Using the donor activation energy Ei = 5.7 meV we have calculated that at 
F = 500 V cm-' the contribution of the PAST to the tunnelling rate makes up about 5% 
at 4.2 K and 65% at 10 K. 
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5. Conclusions 

The acceptor-valence-band field emission rate in the system GaAs:c~,~ is found to he 
enhanced by interaction of the carbon acceptor with acoustic thermal vibrations. A 
comparatively large energetic distance between the ground level (26 meV) and the first 
excited level (10.8 meV) allowed us to observe a pure PASTprocess over a wide temperature 
interval and to neglect the PACT process altogether. Contrary to what is found for the 
optical PAST process, where the rate of tunnelling emission of a charge carrier out of the 
deep impurity is observed to increase by many orders of magnitude due to participation 
of optical phonons [4, 51, we found that the influence of acoustic phonons on the PAST 
process is comparatively weak. Theoretical analysis shows that at a fixed acceptor ionization 
energy the acoustical PAST rate is stronger when the wave function of the centre is more 
localized, i.e. when the Bohr radius is smaller and the centre potential is closer to Dirac's 
&function [17]. Of the two interaction mechanisms considered, we find that the acoustical 
deformation potential interaction with the carbon acceptor, rather than the piezoelectric 
interaction, predominates in the temperature range from 4.2 K to 22 K. 

Acknowledgments 

The authors are grateful to Dr'K Bertulis for growing p-GaAs epitaxial layers. The research 
described in this publication was made possible in part by grants LHRIOO and LHVIOO 
from the International Science Foundation. 

References 

[I] Wolf E L 1985 Principles r,fEiecfecinm Tunnelling Spectrmcopy (Oxford: Clarendon) 
[2] Kudhauska  s 1976 Liefuvos Fir. Rinkinyr 16 549 (En& Tnnsl. Sow Phys. Cdlection 16 3 1 )  
[3] Dalidchik F I 1978 Zh. Ekvp. Teor. Fiz. 74 472 
141 M a h - E b e i d  S 1980 Appr. Phyr. Lett. 37 464 
151 Makran-Ebeid S and Lannoo M 1982 Phy,v. Rev. B 25,6406 
[6] Pipinys P 1985 Liefuvor Fk. Rimkiny.9 25 3 (Engl. Transl. Sov. P h y .  Cr,llecfion 25 I )  
[7] Karpus V and Perel V I 1986 Zh Ekp.  Terr. Fii. 91 2319 (Engl. Tnnsl. Sov. Phys.-JETP 64 1376) 
[SI Abakumov V N. Kwpus V, Perel V I and Yarsievich I N 1988 Fiz. Tuerd Telu 30 2498 (Engl. Transl. Sov. 

[9] D q y s  A. hauskiene N and tunuskas S 1990 Phyr. Sfutur Solidi b 162 183 
Phys.So1id State 30 1437) 

[IO] Cleland A N. Maninis J M and Clarke I 1988 Phys. Rev. B 37 5950 
[I l l  Esteve D. Martinis I M. Urbina C, Turlot E and Devoret M H 1989 Phys. SEI. T 29 121 
[I21 hauskient N, Dargys A and Zunuskar S 1995 Lietuvos Fiz. Zumulus 35 206 
[I31 Dargys A and tumuskas S 1995 J. Phys.: Condens. Mmer 7 2133 
[I41 Dargys A. hauskas S and hrauskiene N 1991 AppL Phys. A 52 13 
[IS] Szafranek I, Plan0 M A, McCollum M J. Stockman S A, Jackson S L, Chsng K Y and Stillman G E 1990 

[I61 i?unuskas S nnd Dargys A 1992 Liefuvii,~ Fir. Rinkirryr 32 135 (Engl. Transl. Lithuuniun J. Phy.7. 32 77) 
[I71 Kudfmauskas s 1994 Lietwos Fiz i u r n o l u  34 519 (Engl. Tnnsl. Lithuuniun J. Phyr. 34 445) 
[I81 Lucovsky G 1965 SolidSfute C,nNnun. 3 299 
1191 Ridley B K 1982 Quantum Pn,ce.sses in Semieonducnrrr (Oxford Clarendon) ch 3 
[20] Bonch-Bruevich V L and Kalarhnikov S G 1977 Semicr,nducmrPh~.~i=.r (Moscow: Nauka) ch 14 
[ZI] Shklavskii B I and Efros A L 1979 Electronic Proper&T .fDoped Semicwductorr (Moscow: Nouka) ch I 
[22] Dargys A and Kundrotas I 1994 Hondbook on Physicol Pmperties of Ge, Si, CaAE und InP (Vilnius: Science 

[23] Pfeffer P, Gorczyca I and Zawadzki W 1984 Solid State Commun. 51 179 
[24] Lawaetz P 1968 Phyr. Rev. 174 867 
[25] Wiley J D 1975 Semicond. Semirner. 10 91 

J. Appl. P h p  68 741 

and Encyclopedia) 

I 


