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Deep-level transient spectroscopy has been applied to the study of deep localized levels in a series

of uniformly n-type-doped GaAs-Ga& Al„As superlattices having various periods. Using defects

introduced by electron irradiation whose characteristics are well known in bulk GaAs and

Ga& Al„As, we demonstrate that their characteristics in these superlattices (energy-level position
and majority-carrier capture cross section) can be reasonably predicted. We also show how the lo-

calization, which can be induced by the electric field, can be used to characterize native defects and

eventually recognize them.

I. INTRODUCTION

Point defects play a leading role in semiconductor ma-
terials: they compensate and scatter the free carriers,
shorten their lifetime, and introduce spurious e6'ects.
This is the case, for instance, of the famous EL2 defect in
GaAs (for a recent review see Ref. 1) and DX center in
Ga, Al, As (for a review see Ref. 2); the EL2 defect,
commonly used to obtain semi-insulating materials, in-
duces metastable e6ects at low temperature; as for the
DX center whose presence is directly related to the n-
type-doping impurity, it is at the origin of a persistent
photoconductivity phenomenon. In heterostructures,
which, in addition to point defects located in the layers
contain interface defects between layers, the role of de-
fects should be at least as important as in bulk materials.
However, until now, practically no study has been per-
formed in order to characterize these defects and to un-

derstand their behavior.
The aim of this study is to describe the electronic

characteristics of point defects giving rise to deep levels
in heterostructures. In particular, we shall examine how
the defect characteristics, namely its associated electronic
level(s) located in the forbidden gap, its carrier capture
cross sections, and the optical cross sections from which
all defect properties cari be derived, can be deduced from
the characteristics the same defect possesses in bulk ma-
terial.

Actually, the case of simple heterostructures is not
very interesting because the extension in space a ' of the

wave function of a deep defect is very small, namely of
the order of 1 interatomic distance; defects located at a
distance larger than o. ' from an interface are not per-
turbed. Consequently, their energy levels remain located
at the same energy position in the layer as in the bulk ma-
terial. This can be easily demonstrated using a first-order
perturbation treatment (3). The shift s in the energy level
Ez- of a defect located at a distance z from an interface
characterized by a band offset 6 is

1+cxz
c, =h

2
exp( —2az ),

where the defect wave function decreases with increasing
distance r as exp( ar ). Typically slh—is of the order of
10 for hz=2. These results, namely that the energy
level remains unperturbed when it is away from an inter-
face, as well as the order of magnitude of the shift c., have
been veri6ed using luminescence for the case of Mn in
GaAs. '4

Very recently Ren et al. proposed a calculation of lo-
calized levels of impurities and defects in superlattices us-

ing a classical tight-binding approach with the aim of
describing these level variations with the parameters
which characterize the superlattice (the period and the al-

loy composition in the barrier) for Ga, Al As-GaAs
structures. Unfortunately, they did not realize that (i)

deep levels remain fixed within the original band struc-
tures of the materials which compose the superlattices,
and their variations correspond directly to the changes in
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the miniband structure, and (ii) each impurity or defect
gives rise to two levels, one associated with the well, the
other with the barrier. Moreover, because of the highly
localized character of its wave function, a defect is not
influenced by being embedded in a layer (except when it
lies within o. , typically one interatomic distance, from
an interface) and, consequently, is not sensitive to the
new symmetry axis introduced by the superlattice period-
icity. Their results should therefore be considered with
caution since the nearest-neighbor tight-binding Hamil-
tonian they use cannot correctly describe the conduction
band. This is well illustrated by the fact that they can ob-
tain a deep level for the substitutional Si impurity which
experimentally gives rise to a shallow level (otherwise Si-
doped superlattices would not be n-type doped as demon-
strated in this study).

The fact that a defect level remains unchanged, except
for the defects located at one or two atomic distances
from an interface, in the gap of the material which com-
pose the layer, is very interesting when the band structure
of the heterostructure is no more the band structure of
the material which compose it. Indeed the defect can
then play the role of a probe to study the new material.
This new material is a superlattice in which the electrons
can tunnel through the barriers resulting in a series of
minibands in the direction perpendicular to the layers.
We shall therefore concentrate our study on the case of
superlattices.

We shall introduce defects, whose characteristics are
known in the materials which compose the superlattice,
in this superlattice in order to characterize it, namely to
determine the band o5'set b, and the band structure (the
position of the bottom of the first miniband 6 relative to
the bottom of the well). We shall then investigate to
what extent some of the characteristics (such as the car-
rier capture cross section) the defect has in the superlat-
tice can be deduced from its characteristics in the origi-
nal material which composes the well or the barrier. For
this we have chosen the GaAs-Ga, Al As system and
we introduce the defects by electron irradiation. Indeed,
electron irradiation allows us to introduce simple point
defects in a controlled way, i.e., they are uniformly distri-
buted and their concentration can be adjusted at mill.
Moreover, the characteristics of electron-induced defects
in GaAs and, to some extent in Ga& Al As, have been
extensively studied ' and are reasonably. well understood.
In addition, because n-type-doped Ga& Al As contains
the DX center, superlattices containing doped
Ga& Al„As barriers will allow us to study the effect of
the band structure on the characteristics of this defect.

Only when this understanding is obtained does it be-
come possible to characterize the native defects, i.e., the
defects introduced during the growth or by technological
processes. This will be done in Sec. VII.

respectively, (2,2), (3,3), (4,4), (4,2), and (5,5). The Al
fraction in Ga& „Al As is x =0.3. Their thickness is 1

pm which means that they contain from 100 to 250 lay-
ers. The growth temperature is 600 C; however, since
the temperatures necessary to obtain the best quality
GaAs and Ga& „Al As layers are different, this tempera-
ture has been sometimes modified to 650'C in order to
see its possible effect on the electrical properties of the
structures. These structures are uniformly Si doped in
order to provide a free-carrier concentration of the order
of 10' cm . The growth is performed on n+-type
GaAs substrates in order to be able to make a good ohm-
ic contact in the back of the structures. This contact is
made by Ge- Ni deposition followed by a 450'C anneal
for 5 min. The top of the structure is a GaAs layer on
which Schottky contacts are made by Al or Au deposi-
tion. In some cases Al Schottky barriers have been ob-
served to co@tain interface states which have to be taken
into account in the analysis of the C-V characteristics
and of the deep-level transient spectroscopy (DLTS) spec-
tra,

The C-V and C -Vcharacteristics at 300 K are given
in Figs. 1 and 2 for all the structures studied. They pro-
vide uniform free-carrier concentrations n, typically
equal to 2.5X10' cm [(2,2)], 3X10' cm [(3,3)],
1.5X10' cm [(4,4)], 3X10' cm [(4,2)], and 1X10'
cm [(5,5)] for the structures which will mainly be used
in this study. The measurements are performed with re-
verse biases in the range 0 to 5 V and thus allow us to ob-
tain n in a depth ranging from 0.1 —0.2 pm to 0.5—1 pm.
These values of n are close to the values expected from Si
introduction during growth.

The capacitance varies little with temperature (it de-
creases by about 20%%uo from room temperature to 10 K),
I.e., the carriers are not frozen up to 4 K because the ca-
pacitance measurements are performed at 1 MHz. This
is also the case after electron irradiation, which is adjust-
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II. THE HETKROSTRUCTURKS

The structures studied are periodic GaAs-Ga& Al„As
0

layers having the following well-barrier widths: 20-20 A,
30-30 A, 40-40 A, 40-20 A, and 50-50 A, grown by
molecular-beam epitaxy. In the text they will be labeled,
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FIR. 1. Capacitance-voltage characteristics of the Schottky
barriers made on the various structures.
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FIG. 2. Characteristics C -V of the various structures
showing that the doping concentration (provided by the slope of
the characteristics) is uniform in the space-charge region.
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FIG. 3. C-Vand C -Vcharacteristics of a 500-500 A struc-
ture, from which the free-electron concentration vs depth is de-
duced.

ed to remove —10 jo of the free carriers for all the struc-
tures except the (5,5) one in which the carriers appear to
be frozen below -30 K.

III. TECHNIQUE OF STUDY

The most effective spectroscopic technique to study
deep levels in compound semiconductors is a technique
based on the analysis of capacitance transients called
deep-level transient spectroscopy. Indeed, luminescence
applies mostly to the case of shallow donors and accep-
tors and radiative recombination is usually destroyed by
the presence of deep levels which provide an effective
nonradiative path for the recombination of electron-hole
pairs. As to infrared absorption, it suffers the drawback
of presenting large bands because deep defects in these
materials are subject to strong electron-phonon interac-
tion. As a result, DLTS, although limited in accuracy be-
cause it is a thermal spectroscopy, is the most effective
and the most sensitive technique.

When a Schottky barrier or a junction is built on a
doped superlattice with the electric field perpendicular to
the layers, band bending occurs as in an homogeneously
doped material siqce the band structure ig this direction
is made of minibands. Consequently, capacitance-voltage
(C-V) measurements can be performed and analyzed as
they are in the case of a bulk material, and it is possible
to get the free-carrier density n as a function of the depth
x from the slope of the C -V curve. This is illustrated
in Figs. 1 and 2. This technique is also able to evaluate
the localization of the carriers as illustrated in Fig. 3. In

0
periodic 500-500 A quantum wells, again uniformly
doped with Si, the C- V characteristics exhibit oscillations
which reAect the oscillations of the free-carrier concen-

tration with the periodicity of the structure. Of course,
because there is a transition region between a neutral
zone and a depleted zone of the order of the Debye length

LD =(ekT/q n)' (2)

(where e is the dielectic constant of the material and q the
electron charge), a change of n with x cannot be mea-
sured accurately when it occurs over a length sma11er
than I.D. In the case of Fig. 3 the Debye length is 400 A
at 300 K, i.e., of the same order of magnitude as the
width of the wells. However, I.D can be substantially de-
creased by lowering the temperature (LD =50 A at 4 K).

The electric field F varies linearly in the space charge
region from zero at x = 8' the limit of the space charge
region, to typically 10 V cm ' at x =0, the barrier inter-
face (reverse biases are of the order of 1 V for space
charge region of the order of 1 pm, with the doping con-
centration used, n —10' cm ). Therefore it can induce
electronic localization when qI'd (d is the period of the
superlattice) is larger than the width of the miniband.
This can be put in evidence using DLTS because the car-
riers localized in the wells can then be emitted above the
barriers, giving rise to a series of peaks in the DLTS spec-
)rum. Because the barrier for the emission is (see Fig. 4)

6 qrid/2 ((i is the en—ergy—position of the miniband
measured from the bottom of the well), there is a se-
quence of peaks of energies separated by q dF d, dE being
the change of F from one well to an adjacent one. This
phenomenon has been observed clearly in structures (5,5)
(Fig. 5) and can also be apparent in other structures [such
as the (4,2) one] in which the widths of the first miniband
are smaller than in the (2,2), (3,3), and (4,4) structures (see
Table I). A detailed interpretation of these spectra is
given in Ref. 9. We shall see in the last section that one
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ed at Ez- below the conduction band 'of the original ma-
terial, is in the well

E; =E~+6 .

When it is located in the barrier

E,,=E,—6+6 .

FIG. 4. Schematic representation of the emission of an elec-
tron localized on the level 5 of a well of depth 6 placed in an
electric field F.

can take advantage of this phenomenon to identify native
defects since, in the region of the space charge region
where the localization occurs, the miniband being des-
troyed, the original band structure of the materials which
compose the layers is restored and the defects exhibit the
same DLTS spectra as in the bulk material.

This localization effect does not perturb capacitance
measurements. They are performed by a small modula-
tion of the reverse bias (usually few meV at 1 MHZ), i.e.,
of the edge of the space charge region. Since the electric
field in this region is extremely small, the carriers remain
delocalized.

In a superlattice carrier emission occurs from the local-
ized state into the bottom of the first miniband. DLTS
provides the variation of the emission rate versus temper-
ature from which one gets the ionization energy E; of the
defect, i.e., its location compared to the bottom of the
first miniband 5. Thus (see Fig. 6), when the level, locat-

The emission rate contains the carrier capture cross
section o., in the preexponential term. Because, for deep
levels, the capture occurs through multiphonon emission,
it can happen that in the temperature range where the
measurements are performed, a, varies as

o, =o „exp( —8/kT)

and the ionization energy

E; =E~+8
must be corrected for the existence of the barrier 8 in or-
der to get Ez. This can be done by independently
measuring o., and its variation with temperature through
a study of the filling kinetics.

Finally, one must take care of the fact that the emis-
sion can be enhanced by the electric field. This
phenomenon is due to the fact that, when the electron-
phonon interaction is strong enough, emission can also
occur by phonon assisted tunneling. This phenomenon
results in a distortion of the DLTS peak providing an ap-
parent ionization energy and defect concentration lower
than the real ones. Its existence can be checked by look-
ing at the variation of the emission rate of the defects
placed in different parts of the space charge region. In
the case of the superlattice studied here, this effect has
been looked for on all the defects observed in all the
structures but found to be negligible.

For all the reasons described above the characteristics
of a defect cannot be extracted directly from the DLTS
spectrum and the few DLTS studies which have been de-
scribed so far' '" should be considered with caution.

10 30 50 70 IV. CHARACTERIZATION OF
KI.KCTRON-INDUCED DEFECTS

Irradiation is performed at room temperature. The
electron beam is scanned over an area which is large
compared to the sample surface in order to insure a

V
Z

O

'U

Jjll/XA'XXA VY/Xi
j(

FICz. 5. Low-temperature (4—100 K) DLTS spectrum ob-
served in a (5,5) structure.

FIG. 6. Electron emission (E, and E,b ) from a level, located,
respectively, at E& and E&+6 below the conduction bands of
the materials which compose the well and the barrier, into the
bottom of the superlattice miniband (situated at 5 above the
bottom of the well band).
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FIG. 8. Variation of the emission rate e„vs the inverse of the
temperature for the four peaks (SE1—SE4) introduced by the
irradiation in the various structures: 0, (2,2); 0, (3,3); 6, (4,2);
o, (4,4); x, (5,5).
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mined by monitoring the amplitudes of the peaks (pro-
portional to the concentration n, of filled traps) as a func-
tion of the filling pulse duration t . Typical examples are
shown in Fig. 9. The capture kinetics are given by

n, =Nr[1 —exp( C„t~)] . —
0 I

10-4
I

10-'

tp (s)

I

2&10

TABLE II. Ionization energies (me V) for the electron-
induced traps observed in the various structures.

Structure SE1 SE2 SE3 SE4

The plot of ln[(N7 n, )IN—&] should be linear with t
and the slope can provide the capture rate C„ from which
one can deduce the capture cross section o.„. The total
concentration of traps N~ is given by the saturating value
of n, ( t~ ) for long times. In most cases, the plot
ln[(N& n, )/NY—] versus t~ is not linear (see typical ex-
amples in Fig. 10) because, for long times, the capture
rate reAects the filling in the Debye tail at the edge of the
space charge region. For this reason we have calculated
o.„using the data corresponding to low values of t . The
variations of o.„with the inverse of temperature, given in
Figs. 11(a)—11(c), are then determined by changing the
value of the emission rate at which the variations A (t~ )

are recorded. Owing to the small temperature range in
which the peaks can be observed, the activation energy B
associated with this capture cross section [see expression
(4)], measured from the slope of ln(cr„) versus T ' (Fig.
11) often cannot be determined with good accuracy. The
results are given in Table III. When a capture cross sec-
tion is too small to be measured, i.e., when it gives rise to

FIG. 9. Variations of the concentrations n, of the filled SE3
and SE4 traps in arbitrary units vs the filling time t~ in a (4,4)
structure (emission rate 53.3 s ').

a capture time constant smaller than, typically, 10 ps in
the whole temperature range, we have taken B=0 since,
if B is not zero, it remains nevertheless small, of the order
1ower than the accuracy of the measurements. Indeed, if
B were larger it would give rise to a measurable capture
time constant in the high-temperature range. Finally,
Table IV summarizes the concentrations of the diferent
traps, as measured from the amplitude of the correspond-
ing peaks, obtained for an irradiation dose equal to 0.1n.

V. DEFECT CHARACTERISTICS —DISCUSSION

A. Energy levels

We obtain the location of the energy level of the defect
Ez below the minimum 5, of the first miniband from in-
dependent DLTS measurements of the ionization energy
E; and of the barrier height B& associated with the cap-
ture cross section, through an expression similar to (6):

(2 2)
(3,3)
(4 4)
(4,2)
(5,'5)

91+4
118+5
88+4
77+4

101+4

243+5
223+5
208+15
154+6
179+4

354+19
372+4
366+18
321+28
368+12

519+48
505+27
461+50
465+4
465+ 14

Es Es

As to the energy position within the original band struc-
ture, it depends if this defect lies in a barrier or in a well.
It is deduced using expressions (3) or (4), once the quanti-
ties 6 and 5& are known.
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TABLE III. Activation energy 85 (meV) associated with
electron capture cross section for the electron-induced traps in
the various structures.

Structure SE2 SE3 SE4

x 44
/

/
/

X/

/

SE4
33

I

/

44

~ 33

I I

&0-4

t) (s)

FICi. 10. Variation of the logarithm of the fraction of filled

traps vs the filling time t~ for the SE3 and SE4 traps in the (3,3)
and (4,4) structures.

Fortunately, because the energy positions of the
electron-induced defects are known in GaAs (Ref. 6) and
Ga, Al As, ' as well as the corresponding barriers for
electron capture (see Table V), it is possible to ascribe
each of the ET values for the defects to the well or the
barrier and thus to deduce both the values of 6 and 5&.

Indeed, the energy difterence between two defect levels
(El to E3 in GaAs and E'1 to E'3 in Ga, „Al„As, for
instance) are the same in the original materials and in the
superlattice. According to expressions (3) and (4) we can,
in principle, deduce the energy levels in the superlattice
from the energy levels the same defects have in GaAs and
Ga, Al As, from an energy shift 6I or 6—6„respec-
tively. This has already been done in the case of the (2,2)

(2,2)
(3,3)
(4 4)
(4,2)
(5,5}

44+14
269+80
265+80
265+80
298+90

26+6
61+13
58+12
62+ 13
52+10

structure. ' Here we perform the same analysis but for
all the structures and we compare the values we deduce
for 5, and b with the calculated values of 5, versus b.
(Fig. 12) in order to get a consistent picture for all these
structures. The calculation of the superlat tice band
structures is made using the Kroening-Penney model de-
scribed in Refs. 4 and 14. The way we proceeded to ob-
tain the fit is the following. First, 5j is calculated for
di6'erent values of 6 and the expected energy levels of the
di6'erent defects in the superlattices are calculated using
expressions (3) and (4) using the values of the defect ener-

gy levels in GaAs and Ga, Al As. These calculated
values are then compared with the experimental ones.
The comparison provides the value of b, which fits the set
of data. This way the fit is automatically in agreement
with the theoretical values for 5I. In Table VI we show
the calculated energy levels which best fit the experimen-
tal values given in Table VII for 6=280 meV. It can be
shown that SE1 corresponds to E1, SE2 to E2, SE3 to
E'2, and SE4 to E3; E'1 is not observed because it is res-
onant in the miniband or very close to the band edge (in
which case the emission proceeds below the minimum
temperature we used). The fit is good for the SE2 and
SE4 levels which presumably involve E'3 in addition to
E3. It is reasonably good for SE3 except in case of the
(2,2) structure; obviously the reason is that the experi-
mental value of 85 taken to deduce ET from the ioniza-
tion energy is too small in this case (it is between 255 and
300 meV for the other structures).

In conclusion, one can reasonably well fit the experi-
mental results observed, which means that the picture we
have assumed, namely that the energy levels of the de-
fects remain linked to the original band structures of the
materials which compose the superlattice, is verified.
The fit is in agreement with the band structure calcula-
tion used. This provides a measurement of the band

TABLE IV. Introduction rates (cm ), i.e., defect concentrations divided by the irradiation dose of
the defects in the various structures induced by 1 meV electron irradiation.

Structures

SE1
SE2
SE3
SE4

(2,2)

0.5
0.5
0.02
0.1

(3,3)

0.22
0.43
0.26
0.13

(4,4)

0.67
0.73
0.08
0.23

(4,2)

0.57
0.43
0.05
0.22

(5,5)

0.004
0.04
0.13
0.60
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FIG. 11. Variations (logarithmic scale) of the capture cross sections (cm ) of the SE3 and SE4 traps vs the inverse of the tempera-
ture in the (a) (3,3), (4,2), and (4,4), the (b) (2,2), and (c) (5,5) structures.

offset, here 70%, a value in agreement with other deter-
minations which vary between 60% and 75% (a full dis-
cussion of the electrical methods for band-offset deter-
mination will be developed elsewhere).

B. Introduction rates

The introduction rates of the four traps observed in all
the structures are given in Table IV. They have been
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TABLE V. Energy levels ET (meV), associated barriers B
(meV), Franck-Condon shift dFc (meV), and introduction rate R
normalized to E2 or E'2 for the defects induced by electron ir-
radiation in GaAs (E;,B;) and Ga&, Al As (E,B ), respective-
ly. In the case of GaAs the E and B values have been deter-
mined from a study of GaAs layers performed exactly in the
same conditions as for the superlattices, with a material having
a similar free-carrier concentration (1X10' cm '). For this
reason the (apparent) ET values given are different from the ex-
act values given in Ref. 6. In the case of Ga& Al As the values
have been taken from Refs. 6 and 11, using, when necessary, a
linear extrapolation vs alloy composition x between two values
of x (0.25 and 0.35) adjacent to x =0.3.
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FIG. 12. Variation of the position of the bottom 6& of the
first miniband above the energy of the well vs the well depth A.

since not detected on the variation of the emission rate
with temperature but which can be sufFiciently high to
decrease the apparent concentration) the introduction
rate data can be considered as being in agreement with
the assignments between the SE defects and the E and E'
ones, deduced in Sec. V A.

measured using the same emission-rate window (42.6 s )

and a pulse width t~ equal to 10%%uo of the period (t~ =5
ms). For these values all the traps are practically filled.
The fact that the SE1 and SE2 defects exhibit the same
concentration [except in the (5,5) structure, presumably
because of the localization induced by the el'ectric field],
verifies the correspondence deduced above since the E1
and E2 levels are two charge states of the same defect.
The introduction rates of the SE1, SE2, and SE4 defects
are, within 100go accuracy, those expected, i.e., 0.5 times
[0.66 for the (4,2) structure] the El, E2, and E3+E'3
concentrations, respectively, except for the (5,5) struc-
ture. However, the concentration of SE3, i.e., in
Ga& Al„As, is smaller than expected. Once again, it is
not surprising that the order of magnitude of the intro-
duction rates in the (5,5) structure are not those expected
since, as discussed in Sec. III, a localization is induced by
the electric field in a large part of the space charge re-
gion.

Thus, owing to the inaccuracy introduced by several
e6'ects, such as partial localization, uncomplete filling of
the traps and perhaps others such as the enhancement of
the emission by phonon assisted tunneling (which is small

C. Capture cross sections

E,'~'=-,'kQ' —(E,—d„,)
—IQ, (10)

where k is a local force constant, dpc the Franck-Condon
shift, and I the electron-phonon interaction. The barrier

Nonradiative capture on deep levels occurs via the
multiphonon emission process characterized by the ener-
getic barrier 8 in expression (4). In classical terms this
energy can be viewed as the barrier an electron in the
conduction band must overcome in order to get trapped
on the defect site. This is commonly represented in the
configuration coordinate diagram (see Fig. 13) represent-
ing the variation versus a configuration coordinate Q of
the total energy (the sum of the electronic and vibrational
energies) of the defect when it is filled E&(Q) and empty
E,(Q), i.e., with the electron in the conduction band.
These energies can be written

E(g) —& kQ2f Y

TABLE VI. Calculated values of the ET energy levels (meV) in the structures studied for a band
ofFset of 70go ( 5=280 meV).

Structures

E'1
E'2
E'3
E1
E2
E3

(2 2)

28
118
538
160
222
441

(3,3)

13
103
522
135
207
426

(4 4)

4
86

506
117
190
409

(4,2)

69
489
101
173
394

(5,5)

64
484

96
168
387
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TABLE VII. Experimental defect energy levels ET in the
various structures as deduced from the difFerence between their
ionization energy E; and the barrier for capture B& given in
Tables II and III, respectively.

Structure SE2 SE3

(2,2)
(3,3)
(4 4)
(4,2)
(5,'5)

91
118
88
77

101

243
223
208
154
179

310
103
101
56
70

493
444
403
403
413

B is then the value of Ef at the abscissa where both
curves cross. It is given by

8 =— (dFc ET)—k
(11)

2I
When the conduction band of.the material in which

the defect is embedded is replaced by a miniband, the en-
ergy of the free electron is shifted from a value K equal to
5 for a defect in a well and to —5+5 for a defect in a
barrier. The defect total energy is in that case

Bs
8
lO—

5) /KT- JF,)

EsL(Q)= —,'kQ +K (12)

k
Bs= (dFc —ET—K )

2I
(13)

because, the defect being localized, the local force con-
stants are not perturbed by introducing the defect in a
layer. Consequently, the capture barrier height in the su-
perlattice becomes

I

(5-5))/(ET- dFc)

FIG. 14. Variation of the ratio B&!Bvs K/(ET —dFc) for a
defect (a) in a well (K =5&) and (b) in a barrier (K =6—5&).

~SL

lK
jI(

„B

Bs

FIG. 13. Configuration coordinate diagram of a defect exhib-
iting a non-negligible electron-phonon interaction whose ampli-
tude is given by the Franck-Condon shift dFc. E„E&,and ESL
represent the defect total energy with the electron, respectively,
on the defect site, in the conduction band of the material which
composes the well or the barrier, and in the superlattice mini-
band. The barriers for the recombination of an electron situat-
ed in the material band and in the superlattice miniband on the
defect level (ET ) are B and Bz, respectively.

Eliminating k/I between expressions (10) and (12), one
obtains the following simple relation between 8& and B:

2Bs K
ET dFc—

whose variation versus the ratio K/(ET dFc) is depict--
ed in Fig. 14.

Since some of the barriers B for the various electron-
induced defects are reasonably known, it is possible to
verify if the above considerations apply and consequently
if the correspondence between the E, E' and the ET de-

fects we have determined is correct.
Consider first the SE1 and SE2 defects, which we

determined to originate from the E1 and E2 defects in
GaAs. For these defects B=0 and we indeed find experi-
mentally B~=0. In the case of SE3, originating from the
E'2 defect in Ga& Al As, B is unknown. Finally, in the
case of SE4, 8& values are lower than the B value of the
E3 defect which implies that expression (13) cannot be
applied using K =5&. However, if the SE4 defect also in-

volves the E'3 defect in Cxa, „Al„As (as suggested in
Sec. V A) then, one must use K = —5+5, since only the
larger barrier, giving rise to the longest filling times,
should be observed experimentally. In that case ET, but
not d„c, is known and one must use 8Fc as a fitting pa-
rameter. As shown in Fig. 15 a reasonable fit of the ex-
perimental data is obtained using d„c= 160 meV.
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FIG. 15. Comparison between the expected variation (solid
line) of the ratio B&/B and the experimental data for the SE4
defect, assumed to correspond to the E'3 defect located in

Ga& Al As barriers.
FIG. 16. High-temperature (100—350 K) DLTS spectrum in

an unirradiated (5,5) structure (emission rate 106.5 s ).

In conclusion, the variation of the barrier height versus
the superlattice band structure can be understood using
the simple considerations developed above. However,
owing to the low accuracy of the experimental data and
the lack of determination of some of the parameters used,
this picture cannot be verified quantitatively. For one de-
fect (SE4) the expected variation of Bs versus band
structure can be verified.

VI. NATIVE DEFECTS

Native defects have been 1ooked for in unirradiated
structures using DLTS in the range 4—300 K. This study
has not been performed above room temperature because
of the therma1 stability of the contact. No defects have
been detected in the (2,2), (3,3), and (4,4) structures for
this temperature range. Thus, if the EL2 defect, a native
defect in a11 GaAs materials, is present it cannot be
detected. Indeed, its energy level being 0.75 eV below the
conduction band in GaAs, giving rise to a DLTS peak
around 400 K, its thermal emission in superlattices is ex-
pected to occur at a considerably larger temperature
since its ionization energy will then be 0.75 eV+5&
-0.85 —0.9 eV.

In the (5,5) structures DLTS detects, in addition to the
series of peaks associated with emission of electron local-
ized in the wells, three large peaks above 100 K, which
we labeled A, B, and C (see Fig. 16). A similar structure
is observed in the '(4,2) structure but with a lower ampli-
tude [for a comparison between the spectra obtained in
the (5,5) and (4,2) structures see Fig. 17]. As discussed in
Sec. III the minibands are destroyed by the electric field
and thus these peaks should be related to localized levels
situated in the wells or in the barriers which emit elec-
trons in the corresponding conduction bands. The peak
amplitudes in the (4,2) structure are smaller than in the
(5,5) structure for two reasons: first, the width of the
miniband being larger, the localization is weaker; second,
the fraction of Ga, „Al As over GaAs layers is two
times smaller. For instance, the 8 peak occurring around

77
I

TEMPERATURE { K )
140 200 250

I J

300
I

42

OX

FIG. 17. Comparison between the high-temperature DLTS
spectra in unirradiated (4,2) (emission rate 42.6 s ) and (5,5)
(emission rate 21.3 s ') structures.

220 K has a similar shape and the same signature (see
Fig. 18), corresponding to an ionization energy of 465
meV, as the DX center in bulk Gai Al As. It should
therefore be ascribed to this defect and is consequently
located in the Gai „AI„As barrier. We shall see else-
where that this observation allows us to study the effect
of the nature of the band structure on this defect. As we
shall see below, peak C is associated with an ionization
energy of -0.80 eV and thus must be related to the pres-
ence of the EL, 2 defect in the wells. Finally, peak 3 ex-
hibits an ionization energy of 290 meV. In principle, it is
not possible to identify their nature as well as their loca-
tion in wells or in barriers. However, since all the struc-
tures have been grown in an identical way, it is natural to
think that the defects we observed in the (5,5) structure
are also present in the (2,2), (3,3), and (4,4) structures.
The fact that they are not observed when electrons are
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delocalized, i.e., when minibands exist, therefore implies
that in this case the corresponding energy levels are
deeper, i.e., that they lie in the GaAs wells. Indeed, the
ionization energies are increased by 5i ( —100 meV). As
to the DX center, as we shall develop elsewhere, it is not
detected in superlattices because its presence is directly
linked to the I. band and to the fact that this band con-
tains four valleys, whose energy is shifted in the superlat-
tice."

These three peaks have already been observed: A at
0.28 (Ref. 16) or 0.35 eV (Ref. 17), B at 0.48 (Ref. 16) or
0.41 eV (Ref. 17), and C at 0.82 (Ref. 16) or 0.80 eV (Ref.
17) in the same type of superlattice (5,5) but with an alloy
composition of 0.5 in the barriers. However, they have
been interpreted assuming that there is no electric field
induced localization.

As to the DLTS spectrum of the (4,2) structure it ex-
hibits a structure similar to the (5,5) one but with a con-
siderably lower amplitude presumably because the elec-
tric field induced localization is much weaker, the width
of the first miniband being larger than in the (5,5) struc-
ture (see Table I).

7

6 ~

3.5

In teniT$

VII. CONCLUSION

We have studied electron-induced defects in n-type-
doped GaAs-Ga& Al As superlattices. We have
demonstrated that deep defects have energy levels and
capture cross sections which can be deduced directly
from the energy levels and capture cross sections the
same defects have when they are in bulk GaAs and
Cxa, „Al As, in agreement with simple theoretical con-
siderations. This shows that the electrical characteristics
of point defects in superlattices can be predicted once the
characteristics of the defects in the bulk materials which
compose the wells and the barriers are known thus pro-
viding the necessary understanding for the characteriza-
tion of native defects. We have also briefly described the
behavior of a superlattice in a variable electric field which

FIG. 18. Variation of the emission rate vs the inverse of the
temperature for the B peak observed in a (5,5) structure.

gives a possible way to induce carrier emission from a de-
fect into the superlattice miniband or into the original
band minimum by varying the degree of localization of
the carriers in the wells. This allows the study of possible
band structure e6'ects on deep levels.
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