[ AIP | icsrmse

Dipole relaxation current in ntype Al x Galx As
L. V. A. Scalvi, L. de Oliveira, E. Minami, and M. SiuLi

Citation: Applied Physics Letters 63, 2658 (1993); doi: 10.1063/1.110795

View online: http://dx.doi.org/10.1063/1.110795

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/63/19?ver=pdfcov
Published by the AIP Publishing

AP Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2079205716/x01/AIP-PT/APL_ArticleDL_1213/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=L.+V.+A.+Scalvi&option1=author
http://scitation.aip.org/search?value1=L.+de+Oliveira&option1=author
http://scitation.aip.org/search?value1=E.+Minami&option1=author
http://scitation.aip.org/search?value1=M.+SiuLi&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.110795
http://scitation.aip.org/content/aip/journal/apl/63/19?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

Dipole relaxation current in n-type Al,Ga,_,As

L. V. A. Scalvi
Departamento de Fisica, Universidade Estadual Paulista Jilio de Mesquita Filho-Baury,
Caixa Postal 473, Bauru-SP 17033, Brazil

L. de Oliveira, E. Minami, and M. Siu-Li
Departamento de Fisica e Ciéncia dos Materiais, Instituto de Fisica e Quimica de Sdo Carlos,
Universidade de Sao Paulo, Caixa Postal 369, Sao Carlos-SP 13560, Brazil

(Received 14 June 1993; accepted for publication 31 August 1993)

We report for the first time the thermally stimulated depolarization current (TSDC) spectrum
for a direct band-gap AlGaAs sample, where the presence of DX centers is clearly observed by
photoconductivity measurements. A TSDC band is obtained, revealing the presence of dipoles,
which could be attributed to DX~ -d* pairs as indeed predicted by O’Reilly [Appl. Phys. Lett.
55, 1409 (1989)]. The data are fitted by relaxation time distribution approach yielding an
average activation energy of 0.108 eV, This is the most striking feature of our data, since this
energy has approximately the same value of the DX center binding energy.

Self-consistent total energy calculations were per-
formed by Chadi and Chang’ to show that the DX center is
just another state of the substitutional donor itself which
traps two electrons and moves along a (111) direction
towards an interstitial site. Although the hypothesis of mi-
gration was first proposed by Morgan,? the striking feature
of Chadi and Chang’s model is the trapping of two elec-
trons by the same center becoming negatively charged. At
low temperatures the concentration of neutral impurities is
negligible since the DX center state of the substitutional
impurity is much more stable."? Charge balance assures
that the creation of a certain number of DX~ centers gen-
erates the same amount of d* centers. DX and d represent
threefold (interstitial) and fourfold (substitutional) coor-
dinated states of the same atom, respectively. In such a
picture DX has a negative-U effective interaction with
strong electron-phonon coupling. Although Chadi and
Chang’s model has been accepted by most DX center re-
searchers, Maude ef al.*’ have used mobility data to sup-
port a positive-U model. These data show increasing mo-
bility as the free carrier density decreases with pressure in
highly doped GaAs. In a positive-U model trapout occurs
as impurity donors become neutral, so the number of ion-
ized scattering centers decreases with decreasing free car-
rier concentration. In the negative-U Chadi and Chang’s
model, the number of ionized impurity is essentially un-
changed since the donor exists either in a d* state or DX
state. In both models, scattering centers are isolated ion-
ized impurities since the donors are uniformly distributed
throughout the sample.

O’Reilly® has argued that there is another important
point which should be taken care of: d* and DX~ centers
will be strongly correlated and a dipole-like picture should
be used to describe scattering by DX~ -d* pairs. In order
for the DX ~-d* be considered as a dipole, the d* center
should be located close enough to the DX~ center such
that it may be a perturbation in the DX potential. If impu-
rity donors are randomly distributed in the GaAs sample,
the probability that d* and DX~ are first neighbors is
negligibly low. However, the extra electrostatic energy
gained by placing a d* center close to a DX~ center is of
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significant magnitude at a large fraction of sites.® Then it is
energetically very favorable to a DX~ center be created
close to a d* center. This behavior is quite different from
conventional samples, where charged defects are intro-
duced during growth, usually at high temperatures.

DX centers are present in n-type Al Ga,_,As with x
higher than approximately 0.22 with no need of applying
pressure. Our measurements are carried out in a Si-doped
(=1x10"® cm™3%) molecular beam epitaxy (MBE) grown
Al Ga;_,As sample 2 pm thick. Care was taken to avoid
the formation of a two-dimensional electron gas (2DEG)
using the following sample structure: a 0.25 um undoped
GaAs buffer layer was grown on the semi-insulating sub-
strate followed by a 0.25 um of undoped Al,Ga,;_ As that
is compositionally graded from x=0 to x=0.32, 2 0.25 um
layer of undoped Al ;,Gag ggAs and the 2 um active layer.
The photoconductivity spectrum at 10 K is shown in Fig.
1. The wavelength is scanned from higher to lower value.
The wavelength scanning speed is 50 nm/min. At about
640 nm there is a sharp increase in the conductance which
ends at about 620 nm. Using the equations given by Adachi
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FIG. 1. Photoconductivity spectrum for the Al Ga,_ As sample at about
10 K. Inset—illumination of this sample proceeds until 600 s with a 560
nm monochromatic light, then light is turned off and the conductance
remains steady (7T=10 K).
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FIG. 2. Thermally stimulated dipole current for the Al,Ga,_,As sample.
Solid line—experimental data. Dashed line—Havriliak-Negami fit (see
Ref. 10). Dotted line—single relaxation time approach.

and an average wavelength (630 nm) the band gap is es-
timated, considering the temperature corrections for the I'
valley:’

EL(10 K)=E} (300 K)+(—3.95—1.15x)107*AT, (1)
where
EL (300 K)=1.42441.247x, (2)

resolving Egs. (1) and (2) for 630 nm, it is found that
x=x0.32. In this composition, it is expected that DX center
dominates the transport properties, since DX energy level
is located below the conduction band. There are two fea-
tures in Fig. 1 which confirm this behavior: When the
monochromatic light energy is around the forbidden gap
transition, there is a slow increase in the photoconductivity
which is a DX center characteristic. Above this transition
the electrons do not return to the nonconductive state,
trapped at DX centers. Besides, the inset in Fig. 1 shows
that after illuminating the sample with a monochromatic
light of 560 nm the resistance decreases slowly to a steady
value, close to its value at room temperature (=1 k). In
this figure we have measured the current with 50 mV of
applied voltage. Then the illumination is removed and the
resistance remains unchanged for an unmeasurable time.
This is a well-known property related to DX centers and
called persistent photoconductivity (PPC). So we can de-
duce from Fig. 1 that the Al,Ga;_,As sample has a direct
forbidden band-gap transition (x=0.32) and shows PPC,
a property related to DX center in bulk AlGaAs and fur-
thermore, it shows no 2DEG conduction since the resis-
tance does not reach a value lower than at room tempera-
ture.

Figure 2 shows the experimental TSDC spectrum
(solid line). In this measurement the sample is biased at
room temperature (2.5 V). Then the temperature is low-
ered down to liquid He temperature in the dark. The ap-
plied bias is removed and the temperature is allowed to
increase at fixed rate (0.081 K/s), always in the dark,
when the depolarization current is measured with an elec-
trometer and recorded. In other words, no illuminatipn is
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done on the sample during the whole measurement. As the
temperature goes down in the dark an electron freezeout at
the DX centers occurs. Considering that there is no light on
the sample, no electron is photoexcited to the conduction
band and, moreover, the electron thermal energy is not
enough to overcome the emission barrier. The only way to
explain the current peak seen in Fig. 2 is by a dipole re-
orientation current. The dipoles, originally randomly dis-
tributed throughout the sample, are biased with the applied
voltage at room temperature. When the applied bias is re-
moved at liquid-helium temperature, the oriented dipoles
are frozen at a metastable state. Then, the temperature is
allowed to increase at a fixed rate and the dipoles relax to
their equilibrium positions generating a depolarization cur-
rent shown in Fig. 2, with a peak at 39 K. A strong evi-
dence that it is indeed, a dipole reorientation current is the
order of magnitude of the experimental curve. Comparing
the values calculated from Fig. 1 (inset) using 50 mV of
applied voltage, and values from Fig. 2 it is clearly seen
that the electronic photoinduced current is about five or-
ders of magnitude higher than the TSDC spectrum cur-
rent. There is no known process which could be responsi-

‘ble for releasing a few electrons and trapping them back at

39 K in the dark, under such experimental conditions,
since there is not enough thermal energy to overcome the
DX center thermal emission barrier.

The TSDC curve is usually fitted by a single curve,
showing Debye behavior®® with a single relaxation time
and activation energy. However, our data are better fitted
by an asymmetric relaxation time distribution, the type of
distribution first proposed by Havriliak and Negami.'©

By using their equations, where the dimensionless pa-
rameters a and S evaluate the shape of distribution, the
best fit to the TSDC experimental curve is obtained with a
continuous distribution of activation energies. The average
activation energy is about 0.108 eV and the constant relax-
ation time is 9 10~ s, with a peak at 37 K. It is shown
in Fig. 2 by a dashed line. The other curve (dotted line) in
Fig. 2 is another attempt to fit the experimental data with
similar parameters, but by using a single relaxation time
approach. With the same parameters as the average ones
used for the distribution we get a curve with the same
shape as the dotted line, but with a peak at 41 K. In order
to obtain the dotted line of Fig. 2 we use a single constant
relaxation time of 2.3 10™!® s with the same activation
energy (E,=0.108 eV) and get a peak at 39 K. As it can
be seen the results are poor compared to the one obtained
with the Havriliak—-Negami relaxation time distribution
approach. Fitting of experimental data with single relax-
ation time gives quite unreasonable parameters and must
be discharged.

The TSDC spectrum reported here is strong evidence
that the electron freezeout, which occurs when tempera-
ture is lowered, leads to charged localized states, since neu-
tral impurities would not be responsible for an ionic dipole
current. Such a current takes place when the biased dipoles
are relaxing to more stable states, returning to their ran-
dom distribution throughout the sample. It is very impor-
tant to notice the dipole current magnitude because it as-
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FIG. 3. (a) Si placed at a normal substitutional site in GaAs. (b) DX~
center [according to Chadi and Chang’s model (see Ref. 1)] and d*
center placed at first neighbor sites. The @ symbols represent the three
equivalent positions for dipole relaxation.

sures that there is no electronic current, which means the
strongly localized DX center does not release electrons to
the conduction band. The question which arises from these
data is whether or not d*-DX ™ is close enough to be con-
sidered a dipole. In Chadi and Chang’s model, shown in
Fig. 3, there are three equivalent first neighbor positions
for the d* state, which could be responsible for dipole
reorientation. Although it is energetically very favorable to
a dT center to be formed close to a DX~ center, the ran-
domly distributed impurities are placed at their sites dur-
ing growth and the probability that two impurities are first
neighbors is negligibly small. However, the reported data
shows that if the measured current comes indeed from the
d*-DX~ pair there is a non-negligible fraction of d* cen-
ters located as close to the DX ™ center as to be considered
a perturbation in the DX~ screening potential.

Another strong point to support his hypothesis is the
fact that no single relaxation time approach can be used to
fit satisfactorily the experimental data. Good fit is only
obtained with activation energy distribution. This is quite
consistent with at least two major points.

(1) The random distribution of d* center around the
DX~ impurity (generation of a dipole length distribution).

(2) The random distribution of Al atoms around both
charge states should also contribute to the local field po-
tential. The DX center has different energy levels depend-
ing on how many Al atoms are first neighbors. "2

Another striking feature of our results is that the av-
erage activation energy obtained is E,=0.108 eV which is
the same value of the dominant donor level binding en-
ergy,'® which coincides with the DX center binding energy
in this Al composition. It suggests another possibility for
the dipole relaxation: The extra electron trapped at the DX
center could be donated to a d* center and the interstitial
donor atom migrates back to its normal substitutional site.
This migration is responsible for the TSDC signal as re-
corded.
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If the extra electrostatic energy gained by placing a d™
center close to a DX~ center is of significant magnitude,
there is a tendency for the electrons to be trapped at a Si
donor located close to another Si donor. Moreover, the
way the TSDC measurement itself is carried out adds an
external factor to this picture: The temperature is de-
creased with an applied voltage to the sample. As the tem-
perature gets lower, more electrons are trapped at DX cen-
ters. So the most stable situation corresponds to the
creation of oriented dipole states. Even with such a favor-
able picture it is still hard to believe that all the measured
dipole currents of Fig. 2 come from first neighbors relax-
ation alone, but a similar picture can be drawn for atoms
located at farther apart sites. The idea will remain essen-
tially as the one shown in Fig. 3.

Our conclusion is that a dipole relaxation current oc-
curs in a Si-doped Al Ga,_,As sample where the presence
of DX centers is clearly evident. We interpret such a dipole
current using the Chadi and Chang’s DX model, and
mainly the dipole scattering effects present in this alloy as
predicted by O’Reilly. The most interesting data obtained
from our calculation is that the activation energy for dipole
relaxation is about 0.108 eV, approximately the same value
as the binding energy of the dominant impurity state in
AL Ga;_,As (DX center). Further work is needed to
clearly determine whether this dipole is the d*-DX~ pair
or some other kind of dipole is present in this sample.
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