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Abstract. Field ionization propedies of shallow carbon acceptors in MBE GaAs, where thermai
lattice vibrations have an effect on the hole emission rate, are presented. The excited energy
levels of the carbon atom are relatively far from the ground level; therefore, it appeared possible
to observe pure phonon-assisted tunnelling of 2 hole from 2 single (ground) level over a wide
temperature range, from 4.2 K to 22 K. Experimental results are interpreted using a multiphonon
field jonization model that takes into account the interaction of acoustic phonons with a localized
centre via deformation and piezoelectrc potentials. [n the temperature range considered, the
influence of the deformation potential 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-carrier interaction with lattice vibrations,
enhancement is usually observed [1-9]. On the other hand, in a current-biased Josephson
Jjunction shunted with a normal-metal resistor, reduction of the tunnelling rate by a factor of
about 300 due to effect of dissipation is observed [10, 11]. 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~
8]. Earlier investigations [2-8] 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 cne 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
‘mechantsm 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
potentjal 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 [9, 12}, 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 (levef 2} energy levels if the PACT process predominates.
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Figure 1. Phonon-assisted («) and phonon-activated ¢5) 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 final energy may increase or decrease, as shown by the
horizontal arrows.

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 GaAs:Ca, is expected to become important at
lattice temperatures of about 28 K or higher. This investigation may be considered as a
continuation of [13], where we studied pure acceptor—valence-band tunnelling dynamics in
GaAs:Cay.

2. Experiment

The samples were fabricated from the same MBE wafer whose growth procedure was
described in [13]. The (100)-oriented wafer consisted of heavily doped n*-type substrate,
a 13 pm thickness layer of the p-GaAs being investigated, and a 0.9 pm p¥-type gate cap
layer for contact. The samples used in this study were prepared in a different manner and
were of different configurations. Afier suitable metallization of both wafer faces, mesas
of area 0.12 mm?* were etched out on the p* side, and then the substrate was cleaved to
samples of about 1 mm? 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 5x10'* cm—7.

The influence of acoustic phonons on the accepior 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
1in [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 platelei-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,, 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 compiex d, [15] that is frequently encountered in MBE-grown layers.
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Figure 2. A typical transient curfent density through  Figure 3. Evolution of the current spectrum with the
and voltage ramp over the mesa-shaped p-GaAs sample  lattice temperature for mesa-shaped sample Bla-1, The
Bla-3 (see the inset) at 42 K. The vertical arrow  upper scale shows an average electric field in the p
indicates the moment when F = 6 kV cm™!. region. 1: T=42K;2: I5K; 3 22K; 4: 2T 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 < 7 < 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 7 > 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
pat junction during the voltage ramping. As shown in [9] and especially in [16] 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

2
s yofdd_lay N
2%,

where ¢ is the elementary charge,  is the total width of the p region and [ is the width
of depletion layer caused by pn* junction. N° s the neutral carbon concentration. It
should be noted that in (1) the tunnelling time 7 is a function of instantaneous electric field
strength 7. 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 7;) with the lattice temperature,
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the transient tunnelling spectrometer [14] 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 possibie to detect very small changes in the tunnelling
current J, = J — J¢ when the sample temperature was raised or lowered.
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Figure 4. The current density versus the lattice temperature at three electric field values:
F=65kV cm~!, 7.1 kV em~!, and 7.5 kV em™L,
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Figure 5. The current density versus the lattice temperature at F = 6.7 kV cm™! and three DC
bias values: —1 V, 0V, and 2V,

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™!, 7.1 kV em™' and
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7.5 kV cm~!. Similar dependencies have been observed for all three samples studied.
Since the capacitive current Jo practically does not change with lattice ternperature, 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,
is applied to the n* electrode. V), increases or decreases the initial width [ of the depletion
layer in the p region. When V;, > 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 icnization [2, 17} 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 [2])

1 eF {_i‘:wgm}

% 2@mEYR P\ T3 e

A pihen(g)
Ry (q) [exp(" eFR )_1]]

A [ pihw,(q) pihews(Q)
20 [Tory (22D . (222D s
2)

Here, p; = 2(2m*E;}'/?, E, is the ionization energy of the impurity atom considered, and
m* is the effective mass of an electron (hole). w,{q) = v, - ¢ describes the dispersion law
of acoustic phonons with wave vector g and velocity v, where v = [ for longitudinal and
v =1, or ty for two transverse phonon polarizations. 7.4 is the average phonon number:

-
g = [exp (’“’;C”T(_")) - 1} . 3)

Ay (g) describes the interaction of the bound carrier with the acoustic mode (vg) in the
adiabatic approximation [2]. The electron—phonon interaction is characterized by the
Hamiltonian

W=

mplz

ug

X eXp {Zﬁvq

vg

Hy = 3 (0gbug@®” + atfybite ") : )
vg

where b4 (qu) is the annihilation (creation) operator of the (vg)-type phonon and @, is the
electron—phonon interaction constant. The electron—phonon interaction in (2) is described
by

|A@I? = [augP1{€97 52 ' )

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

(97, = f dr [py(r) e, 7 _ ()
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Two extreme forms of ¢, are assumed below. In the first, we shall use the wave function
that corresponds to deep 8-type impurity:

gk V2exp(—xr) _ J2m*E; _ )
wn=(p) = = @

Such a wave function has been used by Lucovsky [18] 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:

1
pu(r)= m exp(—r/ag) (3)

where ap is the Bohr radius. The form (8) is more appropriate for shallow impurities. In
the latter case the factor e F/2(2m*E;)!/* before the exponents in (2) is to be replaced by
16E,?/eFT:a3.

3.1. Piezoelectric interaction

In crystals with zincblende structure the interaction Hamiltonian (4} is [19]
- 7 12
-5 )
o E0&; ; N Mo, (q)
.1 ig-
* {217""_2 (@v2dyd: + QuydxGs + Qur@rqy)buge®” + CC} . )
q°+q5

Here, & is the charge of an electron or hole with a suitable sign, e;4 is the piezoelectric
coefficient, g is the electrical constant, &, is the relative lattice permittivity, N is the number
of elementary cells, M is the mass of the elementary cell, go is the inverse screening radius,
and a,; 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

('97)s = (2« /q) arctan(g/2«) | "
(€97 g = 1/(1 + q%a% /4). (h

By taking into account (3)-(6) and (9)—(11), it is easy to find the quantity [A,(q)/hw.(q)|*.
After insertion of the latter into (2) and changing summation to integration in spherical

coordinates:
N v 2 1
Z — u—f g° dgf dqp[ dcos# (12)
7 Q5 Jo 0 -1

one will finally find the tunnelling rate. In (12) €25 is the volume of the first Brillovin zone,
and ¢p (the Debye wavevector) is defined by %an’j = £25. In the calculation the quantity

Iy = (avxq}-q&, + auydrg: + auquqy)z (13)

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

I =47 (3q.4,4.)* (14)
and

L =qlq} +¢q? +42a} — a*Caetyq)”. (15)
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Then, after integration over ¢ and cos &, the final expression for the rate of tunnelling out
of the &-type centre becomes

F 4 Qm*y 1P E}"
WwPA— " _Flem) 5
8 2(2m*E)2 o*p |: 3 eFh

40 k2 arctan® (g /2«)
X exp [ f dgZ > zq; (Asi D+ Ag Dy + As s Q1 + Ase Q:)]
(q +£Ig)
(16)
and that out of the hydrogenic centre becomes
16E2 4 2m12gY? an 3
Wit = — L exp _dem) " E exp [[ dg 5 g 3
eFhag 3 eFT 0 (g% + g5)*(1 + agq?/4)*
X(AgiDi+ A D + A Qi + Ags Q:)] an
where
D, = exp(—=¢/qrv) =1 (18)
Qv = [exp(g/gr.v) +exp(—g/qr.u) — 2)/[explg/qr.) — 1] (19
eFh kT
= — = — = l, t 20
‘-IF 2(2m*El‘)1/271U1; qu‘ T’IUV v ( )
75 el 96 128
Agy = ——ov= 14 == == 21
5. (anr)zh UEMQB ﬁsf 35 ﬁE.f 35 ( )
7Bu.vE e, 24 32
A = — = — = — 22
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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]:

. h 2 ig-r
q

where E| 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 &-like
centre:

wor e —F _i_(z_m*)'ﬂgfﬂ
8 2(2m*E;)1/2 3 eFh

qp
X exp [ fo d?q arctan’(g /2«)(Bs, Dy + By Q:)] , (24)

where

Bs, = SmEN? [hv] MS2p. (25)
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The rate of tunnelling out of the hydrogenic centre is

DA 16E7 x [_i (2m*)\/2 Ef/z]

# ™ ¢Fhag 3 eFh
qn q
X ex dg ——=———(BysD1+ B 26
P|:j; g (1+a§q2/4)4( w1 Dy H.IQI)] (26)
where
By = 4n E? fhvi MQp. (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 @, take into account the
dependence of the tunnelling rate on the lattice temperature. Note that the ¢, -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 suitabie for the description
of shallow-acceptor ground states. Measured emission rates will be compared with the
normalized theoretical ones (17) and (26)

WPA(T) ('-J/T 0 x3

RP4 = A f v 28
WA T OF [_Z“ Ho G+ D21 + a5l XA (28)
WoA(T) o Qux

RPA= —_H " ° —exp| By g% f dx } 29
70 N RN SR P 7T

Here, x = ¢/gr.. The integrals are not sensitive to the upper bound; therefore gp was
approximated as k® /hiv,, where @ 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 ap of the ground-state wave function are
mainly determined by the heavy-hole mass mj, 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 mj:

ap=n/[mE ' (30)

while g7, in (20) is calculated using m}. This is in agreement with our conclusion in [13],
where the pure quantum mechanical tunnelling dynamics is found to be better described
using my.

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 GaAs:C4, have been used [22]: @ = 300 K, E|; = 8 &V,
e =016Cm™2, e =125 1 =52x100ms), 5, =3x10ms™), p =531 gecm™
(Mg = 2r)p), E; = 26 meV. my, = 0.59my, m; = 0.0905mp. The value of m}
corresponds to the direction of the electric field: F' || {100). The screening wave number
is taken as go = 0.
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Figure 6. The normalized tunnelling rate, equation (28), for piezoelectric PAST at the electric
field values indicated on cutves.
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Figure 7. The normalized tunnelling rate, equation (29) for deformation potential PAST at the

electric field values indicated on cuypves.

Some comments concerning the deformation potential value £ 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 = =17 eV and 4d = =53 eV.
In the present theory, the hole is assumed to interact only via dilation deformation. In
real III-V compounds the interaction is also mediated by shear deformation. A necessary
combination of &, » and d constants that describes an effective deformation potential E; has
been derived by Lawaetz (see [24, 25]} 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 @, b and
d may enter the tunnel emission expressions (28) and (29), some uncertainty remains in
selecting the £;-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 eleciric field ranges considered; thus, the
predominance of the deformation potential interaction over the piezoelectric one is mainly
determined by coefficients before the integrais. For our parameter values the ratio of the
coefficients is B

Buiqr,/Any = (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 GaAs:C,,, practically pure quantum mechanical
tunnelling occurs at T = 4.2 X; 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 E| and ap. 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.

lnR
GaAs :CAS
1,¢ 65KV/em 2
2,8 71K¥cm o
10

3,0 75kV/cm

0.5+

@
0 I l I
0 5 10 15 20 25

TEMPERATURE (K)

Figure 8. The normalized tunnelling rate versus temperature at three electric field values.
The points show experimental values from figure 4, while the lines show the results from the
calculation with equation (29). Note that the vertical scale is logarithmic,

In [13] we have been able to detect field emission of electrons from the compensating
donors to the GaAs conduction band at about 500 V em~!. Qur PAST model is well adapted
to this case. Using the donor activation energy E; = 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:Ca, is found to be
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 PAST process 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, 5], 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.
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