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Tunnel ionization of shallow acceptors and donors in GaAs

A Dargys and S Zuravskas ‘
Semiconductor Physics Institute, A Gostauto 11, ET-2600 Vilnius, Lithnania
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Abstract. Experimental smdies on shallow acceptor and donor field ionization dynamics in
mBE-grown GaAs epitaxial layers are presented. The experiments have been carried out with
2 new non-resonant spectroscopic technique, transient tunnelling spectroscopy. 1t has been
found that intense hole tunnelling from shallow acceptors begins at electric fields higher than
6000V em~!, while electron tunnelling from shallow compensating donors to the conduction
band occurs at much lower electric fields, of the order of 500V cm~', The dependence of the
acceptor to valence band tunnelling time on the electric field strength has been measured for the
first time. From the analysis of the experimental resulis it is concluded that initially the acceptor
to valence band tunnelling dynamics is dominated by a light-hole mass.

1. Introduction

Extremely high electric field intensities, in the range of megavolts per centimetre, are
required to field ionize an atom in a vacuum. If the atom is in a semiconductor lattice,
due to atom-lattice interaction, its ionization energy is reduced greatly. Especially drastic
reduction occurs in case of the so-called shallow donors and acceptors. Since field ionization
probability is an exponentia! function of atom ionization energy, a drastic reduction of a
threshold electric field value for field ionization to begin is expected too. In spite of
this fact, the quantum mechanical process of field ionization of donors and acceptors still
remains poorly investigated, largely because other competing ionization mechanisms come
into play long before impurity field ionization becomes important under normal experimental
conditions. For example, impact ionization [1, 2, 3] by hot electrons and holes is rather
strong at low lattice temperatures and moderate electric fields, firstly due to large donor and
acceptor Bohr radius and secondly due to relatively large impurity atom concentrations, even
in pure semiconductors, in comparison with atom concentrations used in experiments with
atomic beams in a vacuum. Only recently, since the development of transient tunnelling
spectroscopy (TTS), has it become possible to demonstrate unambiguously a manifestation
of pure tunnelling as well as the transition from pure to phonon-activated eleciron tunnelling
in doped semiconductors {4, 5]. In TTS the suppression of competing ionization mechanisms
is achieved by using lightly doped samples, fast-ramped electric fields and reduced sample
dimensions along the field direction.

In this paper we present the first experimental investigation on hole tunnelling from
shallow acceptors to the valence band as well as electron tunnelling from shallow donors
to the conduction band in GaAs under a variety of experimental conditions, for example, at
various lattice temperatures and in the presence of either DC or pulsed free carrier injection.
The electron injection into p-type material has allowed us to observe field ionization of
compensating donors as well as field ionization of the main acceptor in the same sample.
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The TTS technique has been described earlier [4]. However for better understanding of the
present results we shall first summarize the principle of TTS and then describe the samples
and experimental results.

2. Experimental procedure and samples

It is vseful to draw a paraliel between TT5S and the well known deep-level transient
spectroscopy (DLTS) [6]. TTS is based on tunnel rather than thermal ionization of impurities in
semiconductors. In TTS, instead of lattice temperature, the voltage over the sample is
scanned periodically. In contrast to DLTS, TTS is very fast. Its typical scanning time lies in
the nanosecond time scale. The fast scanning at low temperatures allows us to eliminate all
thermal ionization effects, and enables observation of pure quantum mechanical tunnelling.
The equivalent measuring circuit is sketched in the upper part of figure 1. The p-type
sample has the form of a thin platelet with two electrical contacts on the large faces. To
exclude an injection of external carriers into the investigated volume of the sample during
the scanning period, at least one of the contacts should be blocking. For measurement of
the transient current the sample is connected in series with the load resistor Ry. In the
present experiments the input impedance of the signal cable, Z = 50 §2, served as the load
resistor Ry. In figure 1{b) the ramped gate voltage V; over the sample and the total transient
current flowing through the sample, described as a ratio of the voltage drop Vi to the load
resistor Rp, are drawn in the case of single impurity species. The total current consists of
two parts, of the current plateau due to the charging of the geometrical capacitance of the
sample and of the superimposed tunnelling current pulse I, due to acceptor field ionization
and subsequent hole drift to the collecting electrode. Figure 1(c) shows the energy diagram
at some fixed moment. The reverse biased pn® junction (the gate voltage V, is considered
to be positive in this case) serves as a blocking contact with the heavily doped p* region as
a collecting contact. The hole tunnelling from the acceptors to the valence band occurs in
the p region. The drift of holes to the collecting electrode induces the transient current in
the external circuit. To reduce distortions of a tunnelling spectrum it is important that the
free carrier transit time through the p region be short in comparison with the characteristic
tunnelling time. Then, the tunnelling current pulse shape will be dominated by acceptor to
valence band tunnelling dynamics. The moment when the tunneliing pulse in the transient
current appears is related directly to the acceptor level ionization energy and effective mass
of the hole: the larger the ionization energy and/or effective mass are, the higher the electric
field needed to ionize the acceptor and, consequently, the tunnelling pulse will appear at a
later moment.

The studied ntppt samples were grown in a standard three-chamber molecular beam
epitaxial system (MBE) with a semihorizontal arrangement of the sources. The heavily
doped, (100)-oriented nt-type GaAs wafer was precoated with a 0.7 um thick nt-type
(GaAs buffer layer and then the investigated 13 um thickness layer of undoped p-GaAs was
grown at the rate of about 3 umh~! at substrate temperature 600 °C. Finally the heavily
doped 0.9 um p*-GaAs gate cap layer was grown for ohmic contact, From the earlier
growth experience with the MBE apparatus, the prevailing residual acceptor is known to be
the carbon which is a dominant residual acceptor in high-purity MBE samples. The samples
of an area less than 1 mm? weze cleaved from the wafer. The indium used to mount the
wafers 1o the sample holder during the MBE growth was not removed and served as an
ohmic contact to the n* substrate. An indium pin mildly pressed over the p™ cap layer
served as a gate electrode. Table 1 lists the parameters of samples used in the present
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Figure 1. The principle of Trs for measurement of the acceptor field ionization dynamics. (a)
Equivalent scheme: Ry, is the load resistor and R; is the generator equivalent output resistance.
(b) Voltage ramp applied to the gate electrode and the resulting transient cument, [t = VL/RL,
in the case of a single acceptor. {c) Energy band dizgram at a fixed moment.

3

work. The hole concentration, which varied from 2 to 4x 10" cm™3; was determined from

C-V curves at room temperature.

3. Experimental results

In all cases the voltage drop over the load Ry, made up only a small fraction of the voltage V,
applied to the gate electrode, thus to  good accuracy one may assume that the voltage over
the sampie equals V,. The evolution of the tunnelling spectrum with increasing gate voltage
rate is shown in figure 2 for sample B1-8 at hiquid helium temperature. The capacitive
carrent is proportional to the slope of the voltage on the gate electrode. Its magnitude is
in a good agreement with that calculated from the sample capacitance and voltage time
derivative. In the spectra one can resolve two ovetlapping tunnelling peaks superimposed
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Table 1. Properties of the epitaxial p-GaAs samples. N, is the total acceptor concentration
found from C-V characteristics at 300K; § is the area and o is the thickness of the epitaxial
p layer; [ is the depletion layer width; @)/@> is an approximate ratio of areas under the first
and second acceptor tunnelling peaks; oe and £2¢ are the tunnelling parameters of the carbon
acceptor (see expression (3)). ¢ is carbon tunnelling dme calculated with (3} at the electric

field amplitude 6.5kV em=!.

N, 5 d i o Q¢ e
Sample  (10"em™) (mm® {(em) (um) Q/Q> &Vem™)  (10%s7h)  (10-%5)
B1-3 27 0.83 13 28 11 55 03 16
Bl4 3 0.5 13 27 1 73 4 19
B1-5 3 0.56 13 2.7 vl 60 0.3 34
Bl-6 4 0.6 13 23 0] 74 4 2
B1-7 2 0.75 13 33 172 59 0.7 58
BI-8 2 073 13 33 12 48 0.07 23

on the capacitive current. As the gate voltage rate is increased both peaks appear earlier
and become narrower which suggests that the acceptor to valence band tunnelling depends
on the instantaneous value of the electric field in the p region. As seen from the figure the
tunnelling becomes very efficient when average electric field F = Ve/d in the p-type region
reaches about 6kV cm™! (arrows in figure 2). The total number of acceptors in the p region
depends on the depletion layer width ! as shown in figure 1. The latter can be changed by
applying an additional DC bias voltage Vi on the gate electrode:

I {2506,(\4, + Eg)}”2 O
- eNy '

In (1) €y and & are the electrical constant and the lattice relative permittivity, respectively,
E; is the band gap energy in volts, N, is the ionized acceptor density. Figure 3 illustrates
the variation of the spectrum when either negative or positive DC bias is applied to the gate
electrode. The positive bias reduces the number of neutral acceptors in the p region, as a
result, the tunnelling pulse amplitude becomes smaller. An opposite situation is observed in
the case of a negative bias. However, a drastic transformation in the spectrum takes place
when the negative bias, as seen from figure 3(a), exceeds E,. In the latter case the leading
edge of the tunnelling pulse shifts to earlier times and a new pulse appears at ¢t &~ (. The
detailed structore of the new pulse is displayed in figure 4. Now, depending on the bias,
one can notice that the new pulse is made up either of one or of two peaks. The first peak is
associated with free carriers, i.e. with free electrons and holes injected into the p region from
p™ and n* contacts when |V,j > E;. The second peak is connected with field ionization of
shallow donors that have been neutralized by the injected electrons. The transition from one
peak to two peaks with the increase of the bias amplitude can be explained in the following
way. At small negative bias, when the pn™ junction just opens, the number of injected free
electron and holes in the p region is smafl. Most of them are trapped by ionized acceptors
and compensating donors. In this case one observes the growth of the second, i.e. donor
te conduction band tunnelling peak, with the bias amplitude. Since the ionization energy
of shallow donors is smaller than the acceptor ionization energy, the donor peak appears at
lower fields, 500Vem™ < F < 1000 Vem™, At high injection level the DC electric field
in the p region becomes high enough to ionize donors by impact ionization. As a result,
quenching of the donor peak is observed. At the same time with the increase of the injection
level the free carrier peak grows. Figure 5 shows the effect of lattice temperature on the
donor to conduction band tunnelling peak at the fixed bias V, = 2 V. The amplitude of the
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Figure 2. (z) The tunnelling spectrum for sample B1-8 at different voltage ramp rates; the
arrows indicate the moment when the electric field in the p layer reaches 6kV cm™!. (b} Time
dependence of the gate voltage; the numbering of curves is the same as in (a).

peak, as seen, decreases as the sample temperature is raised. The inset in the same figure
shows electron concentration on the donors, ng = 2Q/(ed ), deduced from the charge O
under the peaks as a function of inverse lattice temperature. The area under the peaks is
referred to the dashed line that represents a high-temperature limit. The solid line in the
inset has been calculated from a balance equation between emission and capture processes
discussed in more detail in the next secticn. An overall view of the tunnelling spectrum of
the sample B1-6 at zero bias and five fixed sample temperatures is shown in figure 6. The
spectrum changes insignificantly up to 20K. This indicates that phonon influence on the
tunnelling dynamics in the investigated material is insignificant in this temperature range.
At higher temperatures, in the range from 20 to 40K, the free hole pulse appears; as a
result, in between the free hole pulse and the tunnelling pulse a valley develops. The valley
narrows down with the lattice temperature. This can be explained in the following way.
The extraction of thermally generated free holes at the first moments of the voltage ramp
leaves ionized acceptors which results in an increase of the electric field value near the
pn junction. This and, probably, phonon participation in the tunnelling process at elevated
temperatures shifts the tunnelling peak to earlier times and narrows the valley. At T 2 40K
nearly all acceptors are already ionized by lattice vibrations. At these temperatures the shape
of the transient current is completely determined by the growth of the depletion layer due
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Figure 3. The tunnelling spectrum at different DC biases V, applied to the gate electrode of
sample B1-6 at T = £.2 K. (2) Accumulation bias. (b} Depletion bias,

to extraction of free holes by the ramp. The presence of two hole peaks in the spectra can
be associated either with the presence of two different impurity species having different
ionization energies or with the complex valence band structure characterized by light and
heavy hole masses. Below we shall describe an additional experiment that sheds light on the
origin of the second peak. The experiment makes use of the facts that (i) the thermalization
rate of hole population on the acceptor level after termination of a perturbation depends
on the acceptor ionization energy and (ii) the thermalization rate is slow in comparison
with the field ionization rate. Therefore, if two different acceptors have different ionization
energies then thermalization is expected to take place with different time constants. Figure 7
demonstrates such results. The sample temperature has been raised to 20K, so that the
energy level population associated with the first peak has enough time for thermalization.
Then, the sample has been shortly perturbed by applying & negative-polarity-injecting bias
pulse to the gate electrode. Finally, after some delay #, the voltage ramp has been applied
to the sample (sec inset in figure 7). From the spectra obtained in this way one can see
that for all delays the first peak remains unperturbed; however, the second peak slowly
relaxes to the unbiased value. This unambiguously indicates that in this case we have to do
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Figure 4. The detailed structure of the initial part of the spectrum in figure 3(a). Notice the
development and quenching of the second (donor) peak with the growth of the bias amplitude
W.

with two, different levels, which have different ionization energies. The low-temperature
photoluminescence spectrum obtained on the same wafer at liquid helium temperature has
confirmed the presence of two dominating accepfors in our samples [7]. The shallowest
acceptor has been found to be connected with carbon atoms while the second. deeper one
with the d, acceptor-like .“defect complexes’ [8], the concentration of which in MBE GaAs
is known to be comparable to carbon concentration.

4. Analysis of the results

4.1. Tunnelling from carbon acceptor

At the leading edge of the first tunnelling peak, where the tunnelling current increases
exponentially, the number of field-ionized carbon acceptors in the p region is smail. At
these initial moments space charge effects may be neglected, and as shown earlier by us [9]
the analysis greatly simplifies in this case. However, at later moments, when the growth
rate of the current slows down and finally the maximum is reached, the deviation from a
uniform electric field distribution due to ionized acceptor space charge becomes significant.
A full numerical analysis, including Poisson’s equation, should then be addressed [9]. In
the following the leading edge of the first tunnelling peak, where space charge effects are
unimportant, is analysed and the dependence of the tunnelling time on the electric field is
deduced. In the appendix it is shown that under our experimental conditions the impact
ionization by free carriers is unimportant during the fast voltage ramp.

In the limit of thin p region width, when the free hole transit time through the p region



2140 A Dargys and § Zurauskas

8 B1-6
5_
,4_
=<
E3F
— o~
= %
& o1 &
o f
3 =
i S 107} £
= 2
0 Ss"y
01 015 02 025
-1 | | | ! i UTQK )l
0 2 4 6
TIME {ns)

Figure 5. Evolution of the donor peak with lattice temperature at the fixed bias Vy =2V, The
dashed line is for reference. The voltage ramp is the same as in figure 4. The arrow indicates the
moment when electric field is 500 Vem™!, The inset shows the electron concentration on the
donors deduced from the area under the donor peaks as a function of the inverse temperature.
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Figure 6. Evolotion of the transient current pulse when the sample temperature is increased
from 4.2 10 40K,

is much shorter than the tunnelling time 7, and when the uniform electric field distribution
is only slightly perturbed, using the continuity and rate equations one can show that the
tunnelling current density is

R ——, (2)
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Figure 7. Dependence of spectrum on the delay time 73 between pulsed bias and leading edge
of the ramp (see the inset). The dashed spectrum corresponds to zerc bias.

Here p, is the concentration of holes on the acceptors {concentration of neutral acceptors).
Equation (2} has a very clear interpretation: dN,/17: is the number of free holes per unit area
and unit time that appears in the valence band. The factor % takes into account the average
free hole transit length in the p region. In the following analysis a standard exponential
dependence of the tunnelling time on the electric field F will be assumed

= exp(e/ F). &)

In the general case, the attempt to escape frequency 2 is a function of electric field. For
simplicity we shall assume that € is a constant. Then w1th (2) and (3) one can write with
respect to F an Arrhenius-type equation )

Inji=y—a/F @
where y = ed N,Q2/2. If depletion length I cannot be neglected then N, should be replaced
by N, = Ny(1 —1/d)%.

In figure 8 the Amhenius-type plots of the leading edges are shown for samples B1-
8 and B1-6. The electric field in the p region at the moment t has been calculated from
F(ty= Ve(£)/d. Different symbols correspond to different average electric field rates dF /d ¢
in the range from 2.5 x 10" to 10 Vem™'s™. Figure 8(a) and (b) corresponds to two
extreme cases, i.e. it represents the largest and the smallest divergence of the experimental
points from the Arrhenius line. No correlation has been observed between the points in
figure 8 and the rate of change of V;. The tunnelling parameters o and £ deduced from the
averaged Arrhenius plots are summarized in table 1. In finding £ the finite width of the
depletion layer has been taken into account (see text after (4)) and the acceptor concentration
has been used that corresponds to the first peak (see table 1). As can be inferred from table 1
there is a strong correlation between o and $ values deduced in the above-described way;
the larger @ is, the larger the corresponding §2 value is. However, as can be seen from
the last column in table 1, the scatter of the tunnelling times calculated with (3) and ¢ and
2 values in table 1 is smaller. Therefore, to minimize the error we have summarized the
dependence of 7, on F in figure 9 in the form of a hatched band using the corresponding
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Figure 8. Amhenius plots of the leading edges of the tunnelling pulses for two samples. Different

symbols correspond to different rates of the ramped gate voltage. The straight lines are calculated

with (4) and parameters in table [.

pairs of ¢ and Q values of six samples given in table 1. Theoretically hole tunnelling from
acceptors to the valence band has been considered in [10], where it has been concluded
that due to heavy- and light-hole subband mixing by the electric field the light-hole mass
basically will dominate the tunnelling process. In figure 10, curve 1 shows the transient
tunnelling current calculated with the help of Poisson, current continuity and rate equations
as described in detail in [5]. The acceptor to valence band tunnelling rate was taken from
[10] assuming that the parameter ¥ in formula (5.2) of [10] is equal to zero:

Tl = (%)hr_[ exp (-—%) ()

_ 1 2| E |

T T+ 1)2 R
_ 4@m)2E"

*=" 3

where

Q)

[43]

7

2 ®
* € m

= .
! dregeh \| 2E;

@

The following parameter values were used in (6)—(8). The light-hole mass m| was taken in
the direction of the electric field F* || {100}, m{ = 0.0905m,. E; was assumed to be equal
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Figure 9. Dependence of the carbon acceptor to valence band tunnelling time on electric field
strength, The hatched band is the present experiment. The solid line is the theory [10].

to the activation energy of the carbon, Ej = 26 meV. o2 is related to parameters which
characterize the valence band, o2 = 0.66. ¢; is the relative lattice permittivity, ¢ = 12.8.
"The other notations are standard. Curve 1 in figure 10 shows that efficient tunnelling begins
at an average electric field V,/d = F > 5kVom™, ie. at electric field slightly smaller
than that observed experimentally. For comparison, in the same figure we have also plotted
the transient current when in the calculation of the tunnelling rate, (5)~(8), instead of light-
hole mass, the heavy one (m) = 0.377mg) is inserted (curve 2). Now, the acceptor field
ionization begins at a threshold field that is much higher than that found in the experiment.
From expressions (6)-{8) one gets the following tunnelling parameters for carbon impurity:
w=18x10"s"!, @ = 86kVem™ and n} = 0.55. The solid line in figure 9 is calculated
with (5) and these parameters. In our case the factor (6cr/F)?™ ! in (5) is close to unity; for
this reason the above-calculated o and o values could be directly compared with ¢ and Q¢
in table I. As seen, the experimentally measured tunnelling parameters are systematically
lower than the calculated ones. The discrepancy between theory and experiment may be
conditioned by a number of factors, for example, by neglect of the splitting of the fourfold-
degenerate acceptor level and valence band edge due to either residual strains in the sample
or the Stark effect [11. 12}, or by neglect of admixture of the heavy-hole wavefunction in
the mnnelling rate [10]. At this stage it is difficult to assess the relative importance of these
additional factors. )

4.2. Tunnelling from shallow donors

The peaks in figure 5 appear at low DC injection current level and are associated with field
ionizatton of shallow compensating donors that have been partly neutralized by injected
electrons from n* contact. All peaks appear at electric field higher than 500V em™, the
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Figure 10. The spectra calculated with the MVB model when z single carbon acceptor level
is taken inlo account. Curves 1 and 2 correspond to light- and heavy-hole masses. The arow
indicates the moment when average electric field, F = V, /4, in the p layer reaches SkV cm—d,

threshold value which is expected from simple scaled hydrogenic’ model considerations.
Below we shall analyse the temperature dependence of the area under the donor peak.

In the intervals between field ionizing ramps the number of electrons trapped by donors
is determined by three processes: (i) electron capture by ionized donors with a characteristic
time constant tc, (ii) electron emission back to the conduetion band due to thermal ionization
with a characteristic time constant 77, and (iii) electron emission to the conduction band
due to the presence of the DC bias electric field, for example due to impact ionization, with
a characteristic time constant t7. If n and ny are electron densities in the conduction band
and on the donors, then in between the ramps the concentration ng changes according to

—_— - — ) g
dr ¢ Tr TF . ©)

Assuming that 7c and 77 are approximately related by the detailed balance equation, from
(9) it follows that in the steady state
_ n _ C] '
(Ne/gNa)exp(—Eg/kT) + tc/tr  Crexp(—Eg/kT)+ 1’
In (10) N, and Ny are the density of states in the conduction band and the compensating
“donor concentration, respectively. Eq is the donor activation energy. The solid line in
the inset of figure 5 is calculated with (10} and €, = ntr/7c = 5.74 x 10%cm™3,
Cy = (e N} /(tegNg) = 200 and Eq = 3.2 meV. ‘ ]
The shallow impurity ionization energy E4 depends on the impurity concentration. In
case of shallow donors in n-type GaAs, Ey4 is given by the approximate formula [13]:

E4 (meV) =6 — 2.2 x 107> (Ny (cm™N? | (11)

fid (10)
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Equation (11) is expected to remain a good approximation for donors in p-type GaAs
as well. Inserting Ny = 2 x 10 em™ (this value corresponds to compensation ratio
Ng/Ny = 0.5) in (11) one obtains that By = 4.7meV. This value is somewhat higher
than Ey found from figure 5. From C; one can estimate that the ratio 77/7c is about 16,
and then from C| calculate the injected free electron concentration: # = 3.5 x 101 ¢m—3.
This value is consistent with the value found from DC injection current Jiy; in figure 5 at
t < 0, if a reasonable value of drift velocity, v = 108cms™!, is used: n = Lgj/(evS) =
2.6 x 104 em—3,

5. Conclusions

The tunnelling of holes from acceptors to the complex valence band of p-type GaAs has been
observed for the first time. Undoped, 13 pwm thickness MBE-grown epitaxial layers, thinner
by nearly an order than in our previous experiments with n-type Si and Ge [4, 5], have
been used for this purpose. This has allowed us to eliminate compietely the interfering
effect of impact ionization by hot carriers [3]. The acceptor to valence band tunneiling
process in p-GaAs is found to predominate at electric fields higher than 6kVem™!, The
characteristic behaviour of the tunnelling spectra with DC bias and lattice temperature
indicates unambiguously that we, indeed, observe pure quantum mechanical tunnelling from
acceptors to valence band. The tunnelling process is dominated by light holes. No specific
structure associated with the complex valence band could be resoived in the hole tunnelling
spectrum. From the analysis of the leading edge of the tunnelling spectra, where influence
of the field distortions in the sample are unimportant, the hole tunpelling time from carbon
acceptor to valence band has been measured. The second hole tunnelling peak, which
appears at higher electric fields, has been found to be associated with a deeper acceptor.

By using double injection from electrical contacts we have managed on the same samples
to observe electron tunnelling from shallow compensating donors into the conduction band
at electric fields that are lower by an order than those needed for acceptor field ionization.
In earlier experiments [3] we have observed that under normal experimental conditions, i.e.
in comparatively long and moderately doped n-type GaAs samples, the donor avalanche
breakdown due to impact ionization of neutral donors sets up at lower electric fields, of the
order of 10Vem™. In the present samples the donor impact ionization does not develop
since, first of all, the samples are short and, secondly, only a small fraction, about 3%, of
the compensating donors has been neuvtralized and then field ionized.
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Appendix

Impact by a free hot carrier is one of the important mechanisms by which an impurity
can be ionized at high electric fields and low lattice temperatures. This mechanism is very
effective in Jong samples doped with shallow impurities. For the full development of impact
ionization the distance between the contacts must be larger than some characteristic length,
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called the impact ionization length:
I = v/(AN,) . (A1)

Here A; is the impurity impact ionization coefficient. The dependence of A; on electric field
strength for n-GaAs as well as for other materials has been measured in [3]. For p-GaAs the
dependence of A; on the electric field strength is unknown. Usually Ay is a strong function
at low electric fields and saturates at high fields. According to [3] for shallow impurities a
typical saturation value of Ay in various semiconductors in the high-electric-field range is
10~5cm™3s~!. Then, assuming that N, =2 x 10" cm™3, v = 2 x 107 cms™!, from (A1)
it follows that 4 = 100 um. Thus, the impact ionization length in our samples is larger
by an order than the p region length, The unimportance of the impact ionization in our
experiments can also be noticed from figure 3: the variation of the neutral layer width by
the DC bias voltage affects only the amplitude of the tunnelling peak, and not the location of
the peak on the time axis. Similar considerations also hold for the neutralized compensating
donors in our samples. Thus, we conclude that under our experimental conditions the impact
ionization i$ unimportant. '
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