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Electron and hole capture cross-sections at deep centers in gallium arsenide

A. Mitonneau, A. Mircea, G. M. Martin and D. Pons

Laboratoires d’Electronique et de Physique Appliquée, 3, avenue Descartes, 94450 Limeil-Brevannes, France

(Reçu le 22 janvier 1979, révisé le 18 juin 1979, accepté le 20 juin 1979)

Résumé. 2014 Nous présentons une méthode, combinant l’excitation optique et le remplissage électrique de niveaux
profonds, qui permet la mesure de la section de capture des pièges de minoritaires pour les porteurs majoritaires :
par exemple 03C3n pour un piège à trous dans un matériau de type n. Cette méthode a été utilisée pour caractériser
plusieurs centres profonds dans l’arseniure de gallium. Les résultats suivants ont été établis : le principal piège à
électrons « EL 2 » n’est pas un tueur de durée de vie; le coefficient de température de l’énergie d’ionisation de
plusieurs niveaux, y compris le niveau du chrome utilisé pour l’obtention des cristaux semi-isolants ; de très grandes
(10-15 cm2 ou plus), et de très petites (10-21 cm2) sections de capture pour les électrons pour deux des niveaux
étudiés ; des mécanismes de capture envisageables sont mentionnés dans ces demiers cas.

Abstract. 2014 A method is presented, which combines optical excitation and electrical refilling of deep levels,
allowing one to measure the majority carrier capture cross-section for minority carrier traps : e.g., 03C3n for a hole
trap in n-type material. This method has been used to characterize many deep levels in gallium arsenide. The
following results are obtained : the main electron trap « EL 2 » is not a hole lifetime killer; the temperature coef-
ficient of the ionization energy for several levels, including the Cr level used for compensation in semi-insulating
crystals ; very large (10-15 cm2 or more), and very small (10-21 cm2) electron capture cross-sections for two of the
levels ; possible capture mechanisms for these last cases are mentioned.
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Introduction. - The increasing interest for the

compound semiconductors, together with the refi-
nement of the characterization methods, such as

Deep Level 1 Transient Spectroscopy [1] (D.L.T.S.),
has led to a better knowledge of the many different
deep levels which one can find in the forbidden band
gap of the semiconductors. In the particular case of
gallium arsenide numerous traps have been classified
by several authors [2-6] ; nevertheless, their origin is
known only for a few of them which have been volun-
tarily introduced in the material during the growth [2]
and then characterized. The influence of these traps
on the optical and electrical properties of the semi-
conductor depends mainly on three characteristic

properties of the level : its activation energy, concen-
tration and capture cross-section for the free carriers.
Some traps, such as the level due to the presence of
chromium in the material, are very deep ; they are
then used for compensating the semiconductor in

order to get the semi-insulating substrates needed
for the realization of some devices. A detailed know-

ledge of their properties is then of first importance.
Another important stimulus for the study of deep

(*) This work was partly supported by D.G.R.S.T. (Contract
number 77-7-0085.)

levels is the search for recombination centres respon-
sible for the discrepancy [7] between the measured
diffusion lengths and those expected in pure GaAs,
and actually observed in the best L.P.E. crystals [8].

In this paper, many measured carrier capture cross-
sections are given for levels occurring in GaAs. The
following informations may be deduced from these
measurements : about the activation energy of the

traps, the variation of the activation energy with
temperature, the possible influence of the levels on the
electrical and optical properties of the material and
of the device, and finally about the capture mecha-
nisms. We shall show in addition that the measurement
of the capture cross-section is a way to separate levels
for which the thermal emission rates are very similar
at a given temperature.

In the following, we deal with many different levels
appearing in gallium arsenide, and therefore in order
to avoid confusions, we shall use the nomenclature
given in references [3, 4 and 5] and just recall in brackets
the label given by different authors.

1. Background. - In an effort to identify the cap-
ture mechanisms, C. H. Henry and D. V. Lang have
studied in GaAs and GaP the variation of electron
and hole capture cross-sections of some traps with
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temperature [2, 9]. The studied levels are either un-
identified traps arising in the as-grown material

(HL 5 and HL 2 in L.P.E. layers and EL 2 in V.P.E.
ones), or traps due to the presence of a given impurity
in the material (mainly transition elements have been
characterized : Cu, Fe, Cr). They have found that
both the order of magnitude and the variation of the
electron capture cross-sections with temperature agree
with a theory where multiphonon emission mechanism
(M.P.E.) plays a leading role. Nevertheless, in the

particular case of gallium arsenide none of the cha-
racterized traps appears to be able to really act as a
recombination centre, that is to say, a centre having
large capture cross-sections (10-16 cm2 or larger)
for both free electrons and free holes. Indeed, the
transition elements Cr, Fe, Cu, have large Qp values,
but the un’s are small, in the (10-19, 10-2°) cm2
range.

Nickel has been reported [7] to reduce the carrier
lifetime, but as yet, a detailed electrical characteri-
zation of Ni-related deep levels has not been carried
out.

Among the defects related to a given growth process,
both Un and ap are known only for the traps HL 5 and
HL 2 (respectively A and B in reference [2]) which
are typical of L.P.E. material. Roughly speaking,
the electron and hole capture cross-section for HL 2
are similar to those of the above mentioned transition

elements, but the level HL 5 has an electron capture
cross-section which is nearly 3 orders of magnitude
larger at room temperature, so that, due to its hole
capture cross-section [2] which is also very large
(10-15 to 10-14 cm2), it could act in some cases as a
recombination centre.

Nevertheless, the generally held view is that the best
carrier lifetimes and diffusion lengths are obtained in
L.P.E., and the worst one in melt grown material [10].
More effective recombination centres are then expected
in this last material.

As a matter of fact, it is now well known that the
upper half of the forbidden band-gap of GaAs can
accommodate many different discrete levels which

probably arise from various complex defects [11].
These levels are electron traps, characterized by
relatively large values of their electron capture cross-
section Un, and it would not be surprising if they had
large up s too since they are very deep. They exist
mostly in melt grown material, have smaller concen-
trations in vapour phase epitaxy (V.P.E.) ones, and
are entirely absent in liquid phase epitaxy (L.P.E.)
layers. This may be correlated to the above mentioned
variation of the dif’usion lengths in these materials,
and in fact, a tentative correlation was made recently
[12] between the excess hole lifetime and the presence
of a level which might be called the main electron trap
of GaAs crystals, that is EL 2 ; this level also called 0
in many papers [2, 13], has been related to oxygen
impurity in the past [14].

In part 2, we describe the technique, based on

ODLTS [ 15], which has been used in order to determine
the majority carrier capture cross-section for minority
carrier traps (for instance a. for a hole trap in n-type
material), and which can be applied to p-n junctions as
well as to Schottky barriers. The way used to analyse
the data is briefly described in the same paragraph.
The results are given in part 3. In part 3.1., we present
the results obtained in as-grown material : ap for the
electron trap EL 2 has been determined at 320 K,
and this is the first report of an experimental 6p value
for an electron trap in as-grown GaAs. The Un of this
trap has been reported previously [2, 16] ; however,
since more recent investigations [17] have shown that
the data should have been analyzed more rigorously,
we have found different and more accurate a. figures
up to very low temperatures. Both Un and Qp have also
been determined as a function of temperature for the
chromium level. These results have already been
published previously in the literature [2], but our data
about or for chromium are quite different. From the
comparison of capture with emission results, we
deduce a rough estimation of its temperature coeffi-
cient. Finally, three results of electron capture cross-
sections are given : two of them are the largest electron
capture cross-sections which have ever been found in
GaAs crystals, the third one shows that the corres-
ponding level can act as an effective recombination
centre. Part 3.2. is devoted to the study of traps arising
in V.P.E. electron irradiated layers : the Qp of one
electron trap and four hole traps have been measured
for the first time, three of them having never been
reported as yet [18]. Part 4 is the conclusion.

2. Experimental. - 2.1 PRINCIPLE OF OPERATION.
- Our method combines the optical excitation and
the electrical refilling of the traps : a short light pulse
of high intensity is first sent on the sample, inducing
the excitation of the traps. A OV bias pulse is then
applied to the diode, inducing the refilling of the traps

Fig. 1. -Timing of the sequence showing the capacitance variations
during and after the light and bias pulses ; the dashed lines indicate
the capacitance variations without any bias pulse.
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with majority carriers. Figure 1 shows the timing of
the sequence together with the capacitance variations
of the sample ; figure 2 is an example of resulting
D.L.T.S. spectra obtained in varying the duration of
the OV bias pulse.

Fig. 2. - ODLTS spectra recorded on a Cr-doped n-type L.P.E.
GaAs sample, for various values of the refilling OV bias pulse.
Emission rate window : 0.88 s-’ ; reverse bias : 10 V.

This method has the advantages of optical D.L.T.S.
in that it allows an assessment of the minority carrier
traps in Schottky barriers as well as in p-n junctions ;
in addition, the optical excitation of the traps with
sub-band-gap light ensures an uniform refilling of
the traps in the whole depleted layer, which is seldom
the case, when electrical injection is used with asyme-
trical p+-n junctions. Finally, it allows a precise

Fig. 3. - D.L.T.S. spectra recorded on a chromium doped p-type
(p = 1.1017 cm-3) bulk GaAs sample. The emission rate window
is 0.88 s- 1 and the reverse bias 4 V. Positive peaks are due to

majority carrier traps and negative peaks to minority carrier ones.
Curve (a) is obtained with optical excitation alone, curve (b) with
electrical one alone, and curve (c) when combining both. Curve (d)
is obtained in substracting (b) from (c) and then includes only
the contribution of EL 2.

determination of the cross-sections for the carriers,
even in the complex case where the peaks due to seve-
ral traps are partly mixed ; figure 3 is such an example
in p-type material, where the negative peak due to
EL 2 is partly superimposed to the positive peak due
to the chromium level HL 1 : curve (a) is obtained
with the light pulses applied alone, curve (b) with a
200 ns bias pulse applied alone, and curve (c) is
obtained when the same bias pulse is applied after
the light pulse. The negative peak of spectrum (a)
is mainly due to EL 2, the (positive) peak of spectrum
(b) is due to HL 1. Spectrum (c) includes contributions
from both HL 1 and EL 2 ; however, this difficulty
is overcome by substracting curve (b) from curve (c).
In this way we get the differential spectrum (d) in
which the HL 1 contribution has been eliminated.
From the dependence of the peak height (curve (d))
versus bias pulse duration, the up of EL 2 can be
determined. For the majority carrier traps cross-

section measurements, the same technique as to the
one described by D. V. Lang in reference [1] bas been
used.

2.2 EXPERIMENTAL SET-uP. - Our set-up, based
on the use of a programmable calculator has already
been described [19]. For the capacitance measure-
ments, we use a Boonton 72 B capacitance meter ;
however, in order to be able to apply very short and
clean bias pulses, we devised a special arrangement
using reed relays which connect the sample alterna-
tively to the capacitance meter and to a pulse generator.
The pulse generator has a d.c. offset which is exactly
equal to the reverse bias applied through the capa-
citance meter. Switching the sample from the capa-
citance meter to the pulse generator, and vice-versa, is
controlled by the calculator and follows the close-
before-open principle, so that the sample sees the same
reverse bias all the time, except during the bias pulses
when it goes to zero. The timing of the whole sequence
is repetitively generated by the calculator.

2.3 RESULTS ANALYSIS. - The use of a YAG laser
of about 200 mW at 1.06 p to get the light pulse allows
us to reach the saturation in a few ms ; a given level
is then filled according to the ratio : e’l(e’ + ep),
where e0n(e0p) is the optical emission rate toward the
conduction (valence) band.
During the OV bias pulse, the traps refill with

majority carriers with a time constant

in n-type material z = (pGp  V ~)-1 in p-type mate-
rial), where n(p) is the doping level, On(7p) the electron
(hole) capture cross-section of the traps for the carriers,
z v ~ the mean square thermal velocity of the carriers.
From the slope of the variation of the D.L.T.S. peak
height with the bias pulse duration, we deduce u.

It has been shown, recently [ 17], that special care
must be devoted to the analysis of the carrier capture
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Fig. 4. - Schematic band diagramm showing the part of the
depleted layer where the majority carrier traps are filled and empty
alternatively (active layer), together with the refilling time constant
as a function of the distance x from the barrier.

cross-sections data. This is mainly due to a zone band
edge 03BB, and to a remaining depleted layer xo during
the refilling bias pulse (Fig. 4) ; inside À, the majority
carriers traps never empty, and inside xo, their refilling
time constant varies exponentially with (xo - x)2.

Bias pulse duration (s)

Fig. 5. - Peak height versus bias pulse duration for the hole trap
due to the chromium level in p-type material. p = 1 x 1016 cm-3 ;
T = 356 K ; V = - 10 V.

We have therefore used a reverse bias as large as
possible (10 V in most cases) in order to minimize
these effects, and the value of Q was deduced using
only the first points which are aligned (Fig. 5). (They
generally represent at least 50 % of the whole ampli-
tude of the signal.) It is worth noting that, in the case
of a minority carrier trap (e.g. a hole trap in n-type
material), at the edge of the depleted layer, the elec-
trons (or holes) recombine with the trapped holes
(electrons). The thickness of the layer involved :

03BBmin , depends on both n and 6n (or p and (lp) and may
then be small in some cases since we are concemed
with a minority carrier trap. A good fit with the

exponential law can therefore be obtained in that case,
since the contribution of the traps inside xo to the

capacitance variation, varying as x.dx, is small.

Figure 6 is such an example, obtained for the hole
trap due to the chromium level in n-type material
showing the nearly ideal exponential variation of the
refilling rate as a function of the OV bias pulse dura-
tion.

Fig. 6. - Peak height versus bias pulse duration in the case of
a minority carrier trap : the chromium level in n-type material.
Bias Vi = 10 V ; T=393K;n=6.2 x 1014 cm-3.

These features : uniform refilling inside the depleted
layer, reverse bias as large as possible, measurement
of the refilling time constant using only the first

points aligned, are of first importance for the accuracy
of the results. Given our experimental conditions, an
uncertainty by about a factor of 2 can be accounted
in most cases for the values of 6 given in the present
work.
The range of capture cross-sections that we can

measure depends on the doping level of the material
and on the value of the shortest pulse which can be
applied to the sample (about 30 ns in our case). For
example, with a carrier concentration of 1 x 1015 cm - 3,
we are able to measure capture cross-sections as large
as about 5 x 10-16 cm2.
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The minority carrier traps that can be assessed
using the optical method are only those which give
rise to a peak in the O.D.L.T.S. spectrum : the ratio
e0n/(e0n + ep) must not be too small, as it is the case
for example for the iron level [3].

It has been shown [20] that, assuming a linear depen-
dence of the ionization energy E; of a bound state
with the températures = E; - oe T, the temperature
coefficient a may be deduced from the knowledge of
emission rate data : en, together with the variation of
the capture cross-section a with the temperature.
If we assume for the latter an exponential dependence
with 1/T :

en can be written :

where k is the Boltzmann constant and y a numerical
constant depending on the effective density of states
in the conduction or valence band, and on the effective
mass of the carriers.

Emission rate measurements yield (rez + EH) toge-
ther with (a 00 exp 03B1’/k). Capture cross-section measu-
rements yield EH and 03C3~. The temperature coefficient a
may then be deduced from these complementary
measurements, and it will be given below for some of
the studied traps. We recall that ce§ = an + k In g
for electron traps, and that ap = 03B1p - k In g for hole
traps, g being the degeneracy factor of the trap.

3. Results. - 3. 1 AS-GROWN MATERIAL. - 3. 1. 1

EL 2. - In order to obtain an estimation of the

influence of the trap EL 2 on the properties of the
crystal, we have used the above method to determine
its hole capture cross-section ; p-type bulk material

(p = 1 x 10 17 cm-3) has been assessed ; an n+

epitaxial layer of about 2 03BC was deposited to get a
diode. At the temperature T = 320 K, the hole

capture time constant we found is about 180 ns,
which leads to the value up 

= 2 x 10-18 cm’. The

minority carrier lifetime rpl in the case where it is

govemed by a recombination centre, is given by the
relationship : i 1 /ip = Cp nT. If we introduce the

measured value of Cp = Qp ( v ~, as the minority
carrier lifetime is 2 x 10- 8 s or less, in pure n-type
GaAs [10], the recombination due to EL 2 would

become important if its concentration was larger than
1018 cm - 3. Such a high concentration of traps has
never been observed in as-grown GaAs crystals, and
we can then conclude that the suggested correlation
between the concentration of the trap EL 2, and the

minority carrier diffusion length in reference [12]
is accidental and that the level EL 2 doesn’t affect
the hole diffusion length in n-type gallium arsenide.

The electron capture cross-section of the trap EL 2
has been determined as a function of temperature
from 273 K to 52 K. As pointed out before, special
care has been taken to avoid erroneous measurements :
we used a Schottky barrier (gold evaporated) made
on a low doped sample (n = 1.3 x 1015 cm - 3) and
the applied bias was 10 V. Only the trap EL 2 was
present in this sample. The values of Qn deduced of our
measurements are therefore expected to be more
reliable than previously published one [2, 17], and
they extend the temperature range until 50 K. They
are intermediate between the values of reference [2 and
17], but we find also that they are thermally activated
until about 80 K with an activation energy

and a preexponential factor 03C3~ = 6 x 10-15 cm2.
This result is displayed graphically on figure 7. Our
values for 03C3~ and EB are slightly different of those
given in the literature [2]. Emission rate measurements
yield for (J 00 exp u’Ik = 8.8 x 10- Il cm2, and we can
therefore deduce : a = 2.9 x 10 - 4 eV K -1 (taking
gn = 1 /2 as suggested in [20]).

Fig. 7. - Electron capture cross-section as a function of tempe-
rature for the studied levels. The dotted curves are Lang’s results
(ref. [2] and [9]). Also mentionned is the EL 2’s excited state capture
cross-section (ref. [24]).

3 .1. 2 Chromium. - The electron and hole capture ,

cross-sections have also been determined for the
chromium related level HL 1 as a function of tempe-
rature and are quite different of those reported in the
literature [2]. An important point is that we have not
been able, using DLTS or ODLTS, to detect any
electron trap, having a concentration of the same
order of magnitude than HL 1, in the chromium

doped layers, whether they are n- or p-type, and
whether they are bulk, V.P.E. or L.P.E. ones : we
always find for chromium a single hole trap at about
0.9 eV. Its electron capture cross-section is thermally
activated with a slope E9 = 0.117 eV and a preexpo-
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nential factor (Joo = 1.3 x 10-17 cm2 (Fig. 7). For
the hole capture cross-section, we find that o-p is

slightly increasing above room temperature, leading
to (J 00 = 1 x 10-16 cm2 (see Fig. 8). The temperature
coefficient of the chromium level can thus be estimated
to be about : a = 5.2 x 10-4 eV K-1, which is

nearly the temperature coefficient of the GaAs band-
gap. The important conclusion is then that the chro-
mium related trap is pinned to the conduction band.

Fig. 8. - Hole capture cross-section as a function of temperature
for the studied levels. The dotted curves are Lang’s results (ref. [2]
and [9]).

3.1.3 Other levels. - Iron has been observed to be
a systematic contaminant of V.P.E. layers ; the values
we find for the activation energy of its level HL 3 in
the band-gap scatter from sample to sample from
(Ev + 0.56) eV to (Ev + 0.59) eV. The electron and
hole capture cross-section we measure for its level are
not very far from the values given in ref. [2] (Figs 7
and 8), although the activation energy we find for Un
is smaller.

Finally, three electron capture cross-sections have
been measured : those of the traps HL 10 [3], EL 5
and EL 11 [4], which exhibit very large a. values :
HL 10 is a hole trap lying near the mid-band gap
and we find that it has a thermally activated electron
capture cross-section with an activation energy
EB = 0.054 eV and a preexponential factor

03C3~ = 3 x 10-15 cm2, so that its Un at room tempe-
rature is as large as 4 x 10-16 cm2. Nevertheless,
this trap acts as a hole trap, and D.L.T.S. data yield
Ei = 0.83 eV and u. exp a’/k = 1.7 x 10- 13 cm2.
Hence the lower limit of its 6p can be estimated, assum-
ing that it does not vary with temperature (which
is the case for most of the studied hole traps) and that a
is the same for this trap that for the band gap (which
is the largest reasonable value) ; we find :

It appears then that this trap could be in some cases
an effective recombination centre, in view of the large
values of its 6n and up.
The electron capture cross-section of EL 5 and

EL 11 have been assessed in a low doped material
(n = 1.2 x 1014 cm - 3 ) using a Schottky barrier

(gold evaporated), but we have been able to really
determine 6n only for EL 11 : 6n = 2 x lO-15 cm2
at T = 100 K, since essentially no change in the peak
height of EL 5 occurred with pulses as short as 50 ns.
We can therefore estimate its an to be larger than
5 x 10-15 cm2 at T = 200 K, which is the largest
value ever observed for an electron trap in GaAs
crystals. The result for EL 11 is striking because
the 03C3n we measured is larger than the value deduced
from emission rate measurements :

and it follows that either 6n decreases with increasing
temperature, or that the temperature coefficient of
this trap is negative : in that case, assuming that Un
is constant with temperature, we find

At the opposite, the value of (J 00 exp a’/k calculated
for EL 5 is about 10-13 cm2 : the level probably has
a zero temperature coefficient and it follows the
conduction band. This trap is definitively not the same
as the level E 3 as previously suggested [4] ; the latter,
created by electron irradiation is attributed by
D. V. Lang to a Ga vacancy [21 ] and has a much smaller
electron capture cross-section (1 x 10-16 cm2) at

the same temperature.

3.2 ELECTRON IRRADIATED MATERIAL. - Electron
irradiation at room temperature gives rise in L.P.E.
GaAs to a number of traps, which have been studied
and classified by D. V. Lang [21]. Mainly five electron
traps, labelled E 1 to E 5, and one hole trap H 1 have
been reported as yet. Electron irradiation defects
are also studied in our laboratory [22], in V.P.E. or
bulk material ; in addition to the levels studied by
D.V. Lang, we find some new ones which are likely
to be related to the presence of impurities in the layers.
They are labelled HL 13 (Ev + 0.96 eV), HL 14
(E, + 0.25 eV), which is the same as H 1, HL 15

(Ev + 0.56 eV) and HL 16 (Ev + 0.79 eV). Figure 9
is a typical example of a D.L.T.S. spectrum recorded
on a p-type V.P.E. layer annealed at 200 °C for 6 min.,
after having been irradiated with 1 MeV electrons at
a dose of 3 x 1016 cm2. We clearly observe the new
hole traps HL 13, HL 15, HL 16, and it must be
noticed that HL 16 appears at the same temperature
as the level HL 2 [3] characteristic of L.P.E. as-grown
layers, and that HL 15 appears at the same tempe-
rature as HL 3 often detected in V.P.E. layers.
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Fig. 9. - D.L.T.S. spectra recorded on a p-type (p = 7 x 1015cm-J)
V.P.E. layer irradiated at a dose 3 x 10’ 6 CM2 with 1 MeV electrons
and annealed at 200 °C for 6 min. The emission rate window is
7.5 s-’. The position of the peaks due to HL 2 (B) and HL 3 are
also indicated.

The electron capture cross-section of HL 16 has
been measured in a n-type layer (n = 2.1 x 1016 cm - 3),
irradiated in a modified Van De Graaf accelerator
with 1 MeV electrons at a dose 7 x 1015 cm2. The
sample has been then annealed at 300 OC for 15 min.
in order to get rid of some of the other levels which
were also created by the electron irradiation. The
electron refilling time constant has been found to be
almost constant from 290 K to 335 K, leading to
Un = 3 x lO-2’ cm2 : this suggests that M.P.E. [9]
doesn’t play an important role in the capture process,
as it is the case for the level HL 2 (see Fig. 7), and the
cross-section is appreciably lower at the same tempe-
rature : HL 16 is then different from the level HL 2

(labelled « B » in (1)) at Ev + 0.71 eV which is found
in as-grown L.P.E. layers. This is corroborated by the
measurement of up for this trap as shown below.
The hole capture cross-sections have been measured
in p-type, Zn doped, V.P.E. layers with a doping level
around 1.7 x 1016 cm - 3 ; for the traps E 5, HL 14
and HL 16, the electron irradiation dose at 1 MeV was
8 x 1015 cm-2, and the respective Qp’s are given in
table I. The hole capture cross-section for HL 16 is
2 orders of magnitude lower than for the level HL 2,
and they cannot be confused any more. The E 5’s Qp
is quite large for an electron trap, but certainly not
enough for making it a lifetime killer, whereas the
hole capture cross-section of HL 14, equal to

1 x 10-16 cm2, could make this trap a lifetime killer
in n-type material if introduced in sufficiently large
concentration.
The trap HL 15 has its D.L.T.S. emission peak at

nearly the same temperature as HL 3, but its o-p is
two orders of magnitude lower. Figure 10 gives the
spectra obtained with two différent durations of the
refilling bias pulse : the shoulder observed on the
low temperature side of the peak is due to an addi-
tional unidentified trap.

Finally, special mention must be devoted to the
trap HL 13 which is the deepest trap ever found in
gallium arsenide : D.L.T.S. measurements yield for
HL 13 : E; = 0.96 eV, 0’00 exp ce’/k = 6.7 x 10-15cm2,
and we have measured at

In spite of this low value for o-p and of the depth of the
trap in the band-gap, it acts as a hole trap : its an

TABLE 1
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Température (° C 1

Fig. 10. - D.L.T.S. spectra recorded on an irradiated p-type
V.P.E. layer using two different durations of the refilling bias pulse :
0.5 us for curve (a) and 10 ps for curve (b). Two different peaks are
clearly resolved in the case of the short duration bias pulse. Emission
rate window : 5.5 s-’, reverse bias : 10 V.

must then be extremely low, and in fact, if we do the
same calculation as for HL 10, we find

03C3n  5 x 10-19 cm2 ;

as for HL 16, it would be interesting in that case to
search for Auger effect.

4. Conclusion. - The measured capture cross-

sections are summarized in table I, and displayed
graphically on figures 7 and 8. The presented method
for the measurement of Un in n-type material (or of
(7p in p-type material) for the minority carrier traps,
combining optical and electrical refilling of the

traps, has allowed us to determine the minority
carrier cross-section of six levels appearing either
in as-grown or in 1 MeV electron irradiated V.P.E.
GaAs. Among all the levels which have been charac-
terized in gallium arsenide, only some of them are
expected to have an undesirable influence on device
operation, and we have tried to identify them : the
most common trap of GaAs : El 2 appears to be

harmless, but the hole trap HL 10, due to its large
electron and hole capture cross-sections, could be
in most cases an effective recombination centre.

In addition, special attention must be devoted to

the traps EL 5 and EL 11, for which the electron
capture cross-sections are already very large at low
temperature.

Electron and hole capture cross-section measure-
ments have appeared to be a good way to separate
levels which,have almost the same activation energy :
the level HL 15 created in V.P.E. GaAs by 1 MeV
’electron irradiation is different from the iron level
HL 3 which has nearly the same thermal emission
rate, but a larger Op ; in the same way, the hole trap
HL 16 created in 1 MeV V.P.E. or L.P.E. irradiated

GaAs, is different from the level HL 2 at Ev + 0.71 eV
which is typical of L.P.E. layers.
Our results about the hole capture cross-section

of the chromium level show clearly that it does not
vary with temperature and also that this level is

pinned to the conduction band whereas it is a hole

trap ; this determination of its position in the band
gap as a function of temperature is of first importance
for the understanding of the properties of the semi-
insulating substrates.

Finally, about the capture process, for at least
three of the studied electron capture cross-sections,
the value of Un or its variation with temperature
are not typical of M.P.E. mechanism [9] : the trap
HL 16, created by electron irradiation, has a very
small un, not thermally activated, and it would be

interesting to measure it with various doping levels
in order to search for Auger effect. For the traps
EL 5 and EL 11, already at low temperature, Qn is
in the calculated and extrapolated range of (J’ 00 :
there is no thermal activation, and therefore, either
there is no lattice relaxation, or it is very large so that
in the c.c. diagramm [9] the crossing point of ET
with Ec is at Q = 0. It is worth noticing that EL 11
looks in that case quite similar to the o DX »
centre [23] existing in GaAlAs layers, but in a very
much smaller concentration. This crucial point could
be assessed in studying its optical properties.
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