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We present preliminary results of a study of defects in GaAs-AlGaAs superlattices using deep-
level transient spectroscopy (IDLTS). A dramatic difference is observed between the DLTS
specira of two superlattices when the superlattice period is doubled. This is explained by the
presence of miniband conduction in the case of the smaller period and its absence in the case of
the larger, and by the consequent difference in the distribution of electrons in the superfattice.
(¥bserved activation energies must be reinterpreted for comparisons to bulk material.

Ever since the original proposal of supertattice struc-
tures by Esaki and Tsu' the prospect of engineering the band
structure of new semiconductor materials has inspired a
great deal of work in the field. Superlattices have been pro-
posed as substrates for integrated optoelectronics® and for a
variety of novel photodiode structures.? Studies of defects in
these structures have shown that, with suitable doping pro-
files, it is possible to reduce substantially the troublesome
persistent photoconductivity effect associated with the DX
center in the AlGaAs alloy.*® (The DX center is so named
after Lang and Logan’s original model of a donor D paired to
an unkni>wn defect X.°) Due to the importance of defects in
controlling electronic properties of materials and in limiting
the performance of devices, there is a need for studies of
electronic defects in these structures. We present here deep-
level transient spectroscopy (DLTS)’ studies of defects in
GaAs-AlGaAs superlattices which suggest that activation
energies measured in such structures must be interpreted
with care with regard to the method of conduction in the
structure.

The samples studied in the present work were grown by
metalorganic chemical vapor deposition. The sample con-
sists of a GaAs buffer layer grown on top of a conducting
GaAs substrate, followed by a superlattice consisting of al-
ternating layers of GaAs and Al,Ga, _,As (x =0.5). Two
wafers were grown, one with 100-A layers of each material
and one with 50-A layers. A total superlattice thickness of 2
4m was used in each case to avoid depleting into the sub-
strate in the course of the experiment. Both superlattices
were doped uniformly to 9 X 10'® cm ~*. Growth parameters
were identical for the two samples with the sole exception of
the layer thicknesses.

For diode fabrication, ohmic contacts were formed on
the backside by evaporation of Au-Ge-Ni contacts and alloy-
ing. After an HCl etch to remove any oxide, Au was evapor-
ated on the epitaxial side to form Schottky barriers defined
by photolithographic lift-off in a pattern of 8-mil dots. 12-
mil mesas were etched using a 5:1:1 solution of
H,80,:H,0:H,0, and diodes were cleaved and attached
with silver-filled epoxy to TO-18 headers. Contact was made
to the Schottky barrier using thermocompression wire bond-

*’ Present address: General Electric Electronics Laboratory, Syracuse, New
York 13221.
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ing. The diodes show a forward turn-on voltage of about 0.5
V and a reverse breakdown voltage of 6-8 V. C-V profiling
confirmed the doping level, but did not show any periodic
variation of the carrier concentration for either superlattice.
The room-temperature Debye length is about 140 A, which
is too large to permit resolution of the nonuniform carrier
concentration in even the 100 A superlattice.

Deep-level transient spectroscopy (DLTS) was per-
formed using a system described elsewhere.® Results for the
two samples described above are shown in Fig. 1. All of the
DLTS peaks shifted to lower temperatures as the reverse
bias was increased, indicating the presence of electric field
effects.® Thus, data cited were obtained with a quiescent re-
verse bias of 1 V in order to minimize these effects. From
integration of the C-V profile, we calculate an electric field in
these diodes of about 6.6 10* V/cm at this bias level. The
50-A superlattice shows three defect levels labeled A, B, and
C. The 100-A superlattice shows only one defect level, D,
which does not correspond to any of the levels observed in
the 50-A layers. Activation energies (E, ), capture cross sec-
tions (o), and defect concentrations (N, ) are summarized
in Table I. Capture cross sections were obtained from the
Arrhenius plot. Defect concentrations include a correction
for the edge effect® and are calculated assuming the observed
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FIG. 1. DLTS spectra of 100- and 50-A layer samples.
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TABLE I. Defect levels observed in two superlattices. Levels A, B, and C
occur only in the superlattice with 50-A layers, while level D occurs only in
the superlattice with 100-A layers.

Defect E, o N
level (eV) (10~ ¥ cm?) (10 cm~—?)
A 0.28 + 0.02 12 18.0
B 0.48 +0.02 14 27.0
C 0.82 4+ 0.03 420 8.8
D 1.30 4 0.13 9.3% 10° 54.0

uniform concentrations. In the event that a defect is charac-
teristic of only one of the layers (e.g., GaAs but not
AlGaAs) the defect concentrations in those layers would be
twice the value listed in Table I.

We do not expect dramatic variations in defect spectra
from variations in crystal quality between consecutive
growth runs in the same system, and we have not observed
such variations in previous studies. The only difference
between the two samples is, thus, in the layer thicknesses. In
the case of the 100-A superlattice, we do not expect mini-
band conduction normal to the layers. In the case of the 50-A
layer sample, however, the lowest miniband is considerably
wider, and miniband conduction is plausible. If this is the
case, the DLTS experiment will sweep detrapped carriers
out of the space-charge region by way of the superlattice
miniband in the case of the thinner layers, and the observed
activation energies will be with respect to the miniband,
rather than with respect to the bulk conduction band edges
of either the GaAs or the AlGaAs. In the case of thicker
layers, however, carriers emitted from defect levels must sur-
mount the AlGaAs barriers (or undergo tunneling with
rather long time constants) before they can be swept out of
the space-charge region and produce the observed capaci-
tance transients. The two cases are illustrated in Fig. 2. E,
and E,q, are the lowest miniband energies for the 50- and
100-A superlattice, respectively.
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FIG. 2. Ionization of defect levels in the presence and absence of miniband
conduction. (a) With a conducting miniband, trapped carriers emit to the
miniband level E,, and are swept out of the junction through the miniband.
(b) In the case of a nonconducting miniband £, carriers must surmount
the AlGaAs barriers before they can be swept out of the space-charge re-
gion.
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This raises the question of how defects and defect activa-
tion energies measured in bulk material will correspond to
those observed in the superlattice. Unlike shallow donor lev-
els, deep levels are determined by a central cell potential
which leaves the trapped electron tightly bound in real
space.'® For the layer thicknesses studied here, an electron
tightly bound by a central cell potential will “see” only the
layer in which it is located, either GaAs or AlGaAs. We
expect, therefore, that defects will remain at the same energy
with respect to the bulk band edges as observed in bulk mate-
rial, but that the activation energies measured in a DLTS
experiment may differ from the bulk activation energies de-
pending on the layer in which the defect resides and the band
into which it emits. In the limit of much thinner layers, deep-
level wave functions and activation energies will be deter-
mined by the band structure of the superlattice and may not
relate to observations in bulk material. It is not yet clear at
what layer thickness this transition will occur, but we expect
it to be much less than 50 A.

This picture forces a reinterpretation of our activation
energies, as shown in Fig. 3. The shaded bands represent the
defect energies with respect to the miniband level Esq in the
case of the 50-A superlattice { Fig. 3(a) ] and with respect to
the AlGaAs band edge in the case of the 100-A superlattice

[Fig. 3(b)]. The vertical height of the shaded bands repre-
sents the experimental uncertainty of the activation energy
in each case, as listed in Table I. We can make some tentative
assignments for which of the layers (GaAs or AlGaAs or
both) serves as the host of each of these defects by comparing
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FIG. 3. Reinterpretation of observed activation energies. (a) In the pres-
ence of a conducting miniband the observed activation energies are with
respect to the miniband level for the 50-A superlattice E,. (b) In the ab-
sence of conduction through the miniband at £, observed activation ener-
gies are with respect to the AlGaAs conduction-band edge. The vertical
height of the shaded bars reflect the experimental uncertainty of the mea-
sured activation energies.
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TABLE II Tentative defect assignments, including the layer of the super-
lattice in which each defect is believed to reside, and the band to which
emission of electrons is observed.

Defect EP™ Corresponds In Emitting
level (eV) to layer to
A 0.58 +0.02 see text AlGaAs Eg,
B 0.78 + 0.02 EL2 AlGaAs Eso
C 0.72 % 0.03 EL2 GaAs Ex
D 0.89 + 0.13 EL2 GaAs E.niGens

a recomputed activation energy with respect to bulk band
edges with defect activation energies observed in bulk
MOCVD GaAs and AlGaAs. To calculate an activation en-
ergy with respect to the bulk band edge E ®¥, we need values
for AE,, Esy, and E . We calculate the two miniband ener-
gies by a Kronig—Penney model, which gives us E;, = 0.10
eV and E, 4, = 0.039 eV. The choice of a value for the con-
duction-band discontinuity AE, is more problematic. We
have chosen the results of Wolford er al. who have per-
formed optical measurements under pressure which are like-
ly to be much more accurate and direct than many compet-
ing techniques.'"" This work cites AE,=0.7AE,
corresponding to 0.406 eV for these samples. A set of tenta-
tive identifications of each of these levels is shown in Table
IL

If level D observed in the 100-A layers is assumed to be
activated with respect to the top of the AlGaAs barriers,
within the accuracy of these data it lines up well with the
EL2 level in GaAs.'? We take the results of Gatos and La-
gowski'® as the most accurate measurements of activation
energy and capture cross section of EL2: 0.814 eV and
2.6X 10" cm?, respectively. The anomalously high cap-
ture cross section which we observe for our level D is ex-
plained by the highly nonuniform distribution of carriers,
which lie predominantly in the GaAs layers. In analogy to
the case of free carrier tails in an ordinary diode,' this non-
uniformity can result in a nonexponential transient, distort-
ing both the capture cross section and the activation energy
observed for this level. The distorted peak shape for level D
is consistent with a nonexponential transient. I, for exam-
ple, one assumes the true value of the capture cross section
for level D is the same as for level C, one obtains a corrected
value of 0.74 eV for the activation energy of level D. If one
further assumes activation with respect to the 100-A mini-
band, this results in a bulk activation energy E ™ of 0.70 eV
in the GaAs layers, a result very similar to level C. This is
still within experimental error of the EL2 leve! in GaAs, so
the only uncertainty is in the nature of the emission process.
Emission to the miniband does not necessarily imply mini-
band conduction, as the initial transition could be followed
by very rapid emission to the AlGaAs band edge. Analysis of
nonexponential transients requires a more sophisticated
analysis than that presented here, so these numerical correc-
tions are approximate and tentative. In accordance with this,
we have omitted the corrections for nonexponentiality in the
accompanying figures and tables. The importance of the
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nonexponential transients, however, is clear. The effect is
either less pronounced or completely absent in the 50-A su-
perlattice, where the carrier concentration is more uniform.
In accordance with the nonuniform carrier concentration in
the 100-A superlattice, there are few carriers in the AlGaAs
layers available for capture by AlGaAs traps. This explains
the absence of a corresponding peak for EL2 in the AlGaAs.
Eevel D shows a much stronger field effect than expected for
the high temperatures at which it is observed and higher
than observed for EL2 in GaAs.'>'® This is explained by the
presence of electric fields caused by the superlattice itself.
If we assume that activation energies observed in the 50-
A superlattice are with respect to the 50-A miniband, the
DLTS results for that superlattice are explained quite well.
Level B lines up well with the EL2 level in AlGaAs emitting
to the superlattice miniband. EL2 has been consistently ob-
served as a dominant level in Al, Ga, _,As for 0<x<0.5
with an activation energy which remains unchanged as the
alloy composition is varied and a capture cross section which
decreases with x.'” Miniband conduction leads to a higher
electron concentration in the AlGaAs and makes observa-
tion of AlGaAs defects possible, but this is still only a matter
of degree. Electron concentration is still nonuniform, and
the observed concentration of level B is probably lower than
the actual EL2 concentration in the AlGaAs layers. Level C
could be assigned either to EL2 in the AlGaAs emitting to
the AlGaAs band edge or to EL2 in the GaAs emitting to the
miniband. The latter is more likely, however, since, if mini-
band conduction is possible it provides a smaller activation
energy and higher emission rate which would dominate
emission to the higher AlGaAs conduction-band edge. This
leaves a poor lineup between level C and EL2 in the GaAs
which can probably be accounted for by field effects, errors
in the use of the Kronig-Penney model to calculate mini-
band levels for thin layers (L, <100 A), and variations in the
precise values of layer thicknesses used to calculate the mini-
band levels. Level A could lie in either layer. £ ™* corre-
sponds to 0.17 eV in the case of a GaAs trap or 0.58 eV in the
case of an AlGaAs trap. This level shows a very steep field
dependence, which is expected since field effects are much
stronger at low temperatures. At the low temperatures at
which level A is observed the electric field is more than
enough 1o give an apparent activation energy which is below
the true value.'® It is possible that this level’s absence in the
100-A superlattice is due to the presence of higher fields
raising the emission rate beyond that which the system can
detect. The system used in this work was not equipped for
temperatures lower than 77 K, so it was not possible to inves-
tigate this possibility. Assignment to an AlGaAs level would
provide a more convincing explanation of the center’s ab-
sence in the 100-A superlattice due to the difficulty of cap-
turing electrons into AlGaAs defects. The most likely as-
signment is to a defect with a larger activation energy such as
the 0.25 + 0.02 eV trap observed by Bhattacharya ez al.'**°
in GaAs, or, the 0.62-eV level observed by many workers in
AlGaAs.'>? We feel the AlGaAs level is more likely, since
defect concentrations are known to be much higher in
AlGaAs than in GaAs, and because its absence in the 100-A
superlattice is more easily explained without any assumption
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about field dependence in that superlattice.

In summary, we have presented the results of a study of
defects in GaAs-AlGaAs superlattices which suggest that
activation energies observed from defects in these structures
must be interpreted with care with regard to the method of
conduction in the structure in question. These data are con-
sistent with a picture of deep levels bound by central cell
potentials waich remain unperturbed by layer thicknesses as
small as 50 A. In analogy to defect studies in semiconductor
alloys, superlattices present a potential tool for studying the
physics of defect states by varying the host lattice.

This work was supported by the Office of Naval Re-
search under contract number N00014-76-C-0806 and by
the Army Research Office under contract number
DAAG29-85-K-0133.
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