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Monochromatic light excitation in conjunction with thermally stimulated depolarization
current measurements are applied to indirect bandgap Al,Gaj_,As. The obtained average
activation energy for dipole relaxation is in very close agreement with the DX center binding
energy. Monochromatic light induces state transition in the defect and makes possible the
identification of dipoles observed in the dark. Charge relaxation currents are destroyed by
photoionization of Al 5Gag sAs using either 647 nm Kr™ or 488 nm ArT laser lines, which
are above the DX center threshold photoionization energy. It suggests that correlation may
exist among charged donor states DX~-d*. Sample resistance as a function of temperature
1s also measured in the dark and under illumination and shows the probable X valley effective
mass state participation in the electron trapping. lonization with energies of 0.8 eV and 1.24
eV leads to striking current peak shifts in the thermally stimulated depolarization bands.
Since vacancies are present in this material, they may be responsible for the secondary band
observed in the dark as well as participation in the light induced recombination process.
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I. Introduction

The striking properties of the well-known DX cen-
ter in Al,Gaj;_,As has led many scientists to spend a
good deal of work in its investigation in the past two
decades. Although most of physics of this deep level
has already been established, the peculiar situation by
which the defect most likely presents a non-neutral
ground statelll has provided explanation for some new
phenomena in Al,Ga;_,As based structurest?3!. The
presence of electric dipoles in Al,Ga;_,As has recently
been demonstrated in direct bandgap sample!] as well
as indirect bandgap materiall® by using thermally stim-
ulated depolarization current measurements (TSDC).
The close agreement of dipole activation energy with
the DX center binding energy and the use of asym-
metric distribution of energies and dipole lengths has
led us to associate them with DX centers (impurity

donor placed at interstitial site and negatively charged).

O’Reillyl] stated that mobility data in GaAs under hy-
drostatic pressure can only be explained if DX~-dt cor-
relations are taken into account, where d* means the
substitutional impurity donor after releasing one elec-
tron. Preliminary measurements using TSDC in combi-
nation with monochromatic light excitationl™ indicates
that this DX ~-d* interaction can actually be the case,
but there 1s also some possibility of carrier trapping
by vacancies, which becomes very important in creat-
ing another dipole system, since vacancies do exist in
Al Ga;_,As as assured by Van Vechten[®!. In this pa-
per we present results of thermally stimulated depo-
larization current in conjunction with monochromatic
light of several wavelengths in an indirect bandgap
Al,Gaj_,As sample. Monochromatic light excitation
does not produce persistent photoconductivity (PPC)
in this material. Then it is expected that no electronic
current is photoinduced, due to absence of PPC, and
moreover, TSDC bands obtained in the dark should
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vanish because DX center-related dipoles are destroyed

by this experimental procedure.

II. Light induced dipole relaxation in indirect
bandgap Al,Ga;_,As

The sample used in this work has been described

elsewherelt7]

and it is basically a molecular beam epi-
taxy (MBE) grown Al,Ga;_;As structure on a semi-
insulating GaAs substrate. The active layer has 2 pm
of Al,Gai_yAs where z & 0.50, doped with 5 x 107
em™3 Si.

In usual TSDC experiments, a voltage is applied to
the sample at room temperature in the dark. It is used
an electric field of 15.7 V/cm. Then the temperature is
decreased to about 10 K, where the polarization voltage
is removed and the temperature is allowed to increase
at fixed rate. Using the same contacts where the volt-
age 1s applied, the current is now measured with an
electrometer. Electric dipoles are polarized during cool
down and relax to their original random distribution as

Since in usual TSDC

procedure no light is shined on the sample, there is

the temperature is increased®l.

no photoionization of electrons to the conduction band
when the temperature increases.

Fig. 1 shows recorded TSDC bands for
Aly 5GagpsAs. The inset in Fig. 1 1s the usual TSDC
procedure for this sample, where all the data is recorded
keeping the sample in the dark The measured cur-
rent is clearly not electronic, considering its low mag-
nitude and because no voltage is applied to the sam-
ple when the temperature is increased. No known pro-
cess could be responsible for releasing a few electrons
to the conduction band at low temperature and re-
capture at higher temperature in the dark. Our in-
terpretation is that observed current is due to elec-
tric dipole reorientation!*%l. In order to fit the data
we use Havriliak-Negami relaxation time distribution
approachl®l which is shown in the inset in Fig. 1
by the continuos line. A distribution is needed since
we have dipole-length distribution and Al atoms are
randomly distributed around the defect!¥], which sug-
gests distinct activation energies due to distinct neigh-
borhood.

1, reproduced by stars in the main figure. The ma-

There i1s two bands in the inset of Fig.

jor one has average activation energy F, ~ 0.132 eV
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and the other current peak with lower intensity has
E, = 0.165 eV. Although both peaks have activa-
tion energy value very close to the DX center bind-

ing energy for this Aluminum composition['‘]

, our re-
sults with direct bandgap materiall and the prelimi-
nary investigation with monochromatic light excitation
in dipole relaxation!” indicate that the main peak is
the DX center related one. We also expect a nega-
tively charged DX center ground state, since no neutral
state could be responsible for the obtained dipole re-
laxation current. Since there are many vacancies in the
Al,Gai_,As samplel®] we believe that they could trap
electrons to become V.. The V4, unoccupied level
is resonant with the conduction band, while the occu-
pied level relaxes to a bound state in the gap['']. Vs

2] and

presents a Jahn Teller distortion in its position
could be responsible for the dipole system that gen-
erates the lower TSDC band shown in Fig. 1. This
figure also shows the effect of monochromatic light of
two distinct wavelengths in the TSDC band, that we
call modified TSDC. This procedure can be shortly ex-
plained as being the same of usual TSDC with the only
modification that when the temperature is at its min-
imum value (& 10 K), monochromatic light irradiates
the sample for some time. The sample is returned to
darkness and the electric field 1s removed. Then, the
temperature is increased at fixed rate. We use A = 488
nm from an ArT laser line, which is above the bandgap
transition or A = 647 nm from a K% laser line, which
is below the bandgap energy but well above the DX
center threshold photoionization energy (about 0.8 eV
independent of aluminum mole fraction[l?’]). The irra-
diation time is 5 minutes. Either laser line destroys the
TSDC bands shown in Fig. 1. This is the expected be-
havior for a dipole system DX center-related. The cur-
rent peak at 62 K is also destroyed by each laser lines.
The same effect is obtained using a tungsten lamp and

a monochromator.

In Fig. 11t is also presented the effect of illuminat-
ing the sample with A = 1.55um, the DX center thresh-
old photoionization energy, for different exposure times.
This 1s obtained from a monochromator with a tung-
sten lamp source and a filter which cuts off wavelengths
below a2 800 nm. This light does not destroy the TSDC

bands but induces a shift of the main current peak from
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50 K (regular TSDC) to another temperature, which is

the lower the longer the exposure time.
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Figure 1. Thermally stimulated depolarization current in
the darkness for Alp5GagsAs and influence of monochro-
matic light in TSDC bands for ArT laser excitation line
(488 nm), Krt laser excitation line (647 nm) and TSDC
bands after irradiating 1.55 pm excitation line for 5 to 15
minutes. Inset - TSDC obtained in the dark and data fitting
using Havriliak-Negami approach.

We chose an indirect bandgap sample because when
monochromatic light is used to excite electrons from DX
centers to the X valley conduction band, below ~ 60 K,
the sample does not show PPC, because electrons are
immediately trapped metastably by the X valley effec-

tive mass statell14=16],

Fig. 2 shows the resistance as
a function of temperature for this sample in the dark
and under illumination with A = 488 nm Ar% laser line
and with A = 1.55um. In the dark, the resistance in-
creases as the temperature 1s lowered down, which is a
expected behavior in Al,Ga;_,As of any Al composi-
tion, due to electron freezeout at DX centers, which is
more effective above 150 K to about 60 K, when the
resistance becomes practically constant. The tempera-
ture lowering is slow enough (=2 5 hours) to prevent any
sort of metasbility. Keeping the laser line illuminating
the sample during the cooling, electrons remain in the
conduction band, mainly due to photoexcitation of DX
centers. The increase in resistance, starting about 60 K
is a very good indication of the participation of the X
valley effective mass state in the recombination process.
Results of transient decay of persistent photoconductiv-

ity presented earlier!*”]

show the existence of this type
of trapping. The illumination with A = 1.55pm has
an intermediate photoexcitation, as expected, since 0.8
eV is too low to completely photoexcite the DX center,
particularly in this composition where the photoioniza-
tion cross-section increases over 6 orders of magnitude

when the excitation light energy goes from 0.8 eV to
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2.0 eV [13]. Therefore, below = 60 K, indirect bandgap
Al,Gaj_,As is suitable for testing the origin of TSDC
bands, since no electronic current is photogenerated
in this sample. It assures that even after monochro-
matic light excitation, the measured thermally stimu-
lated current comes from relaxing dipoles. The X-valley
effective mass state after trapping electrons metastably,
does not induce a new TSDC band because it 1s a neu-

tral state (d°) placed at a substitutional site.
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Figure 2. Resistance as a function of temperature in the
dark and under constant illumination of Art laser excita-
tion line (488 nm) and 1.55 pm excitation line.
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Figure 3. Influence of irradiating A = 1.0pm excitation line
in TSDC bands for Alg 5 Gag 5 As, for 5 to 20 minutes. Inset-
main peak temperature for several exposure times for 1.55
pm and 1.0 gm excitation lines.

Fig. 3 shows the effect of illumination with an-
other wavelength, A = 1.0pm, which is above the DX
center threshold energy, but not yet in the saturation

[13.18]  The results are similar to those obtained

region
for illumination with A = 1.55pum, where the main
current peak is shifted to a lower temperature. The
results obtained from numerical simulation of TSDC
bands shown in Figs. 1 and 3 are summarized in table

I. The illumination with 5 minutes of monochromatic
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light of 1.55 pm induces a shift ofthe main peak from
50 K, obtained in the dark to 39 K, corresponding to an
average activation energy for dipole relaxation of 0.121
eV. There remains some dipole relaxation current with
average activation energy of 0.132 eV, but this dipole
system has lower concentration. For A = 1.55um the
main peak becomes narrower and higher, meaning that
the dipole distribution is not as wide as in the dark-
ness, but concentrated around a specific dipole system.
As shown in Fig. 1 and table I, the longer the illumi-
nation time, the lower the peak temperature and the
lower the average activation energy of the main peak.
No matter how long the exposure time with 1.55 pum
illumination, there is always a remaining peak in posi-
tion very close to the TSDC band obtained in the dark,
which means that the original dipole system has not
been completely destroyed even after 15 minutes of il-
lumination. It is also interesting to notice that 7, the
average constant relaxation time has the same order of
magnitude (~ 10712 sec) for the TSDC band obtained
in the dark and for all the secondary current peaks after
illumination. This is clearly described in table I. Main
bands obtained after 1.55 pum light irradiation for dif-
ferent exposure times also have 7y with the same order
of magnitude (7 5 x 107 15sec), which is more than two
orders of magnitude lower than the band obtained in
the dark. Also in table I are the results of exposure to
A = 1.0pm at 10 K. The bands are in very good agree-
ment with results obtained for A = 1.55um, since the
main peak for illumination with 1.0 pm is shifted to a
lower temperature and the average activation energy is
even lower than those obtained from data fitting of the
main peaks shown in Fig. 1. Tt is expected since 1.24
eV is fairly higher than the DX center threshold pho-
tolonization energy, but not in the saturation region.
Then the 1.0 pm excitation line drives the bands to
a lower dipole relaxation energy, but does not destroy
the band, unlike laser lines excitation. 7y has a value
(= 5 x 1071 sec) between the value calculated for the
main band and the values for the secondary bands of
Fig. 1. In the case of 1.0 um we still have secondary
peaks with activation energies and average constant re-
laxation time coincident with the main peak obtained in
the dark. It means that the dipole system with F, =
0.132 eV is not completely destroyed by illumination

with this wavelength, a similar result to what happens
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when the monochromatic light has A = 1.55um. There
is a tendency for driving the main peak position to lower
temperature as the exposure time gets longer, either for
1.0 pm curves or 1.55 pum curves. This is seen in the in-
set of Fig. 3. It seems that the temperature is going to
steady at some limiting value, since the peak position

seems to have exponential-like behavior.

Our interpretation for the recorded shifted bands
is as follows: in indirect bandgap Al,Gaj_;As, there
are three states responsible for trapping the electrons,
the X-valley effective mass state, the DX center and
the As vacancy, the occupation obeys some statistical
distribution. The first is a neutral state (d°) which
can not generate a TSDC band. DX and V) are neg-
atively charged and could be responsible for the two
peaks obtained in the dark and seen in Fig. 1. This
is quite consistent with the much lower dipole current
magnitude recorded in this sample, if compared to di-
rect bandgap Al,Gai_,As*5] which does not present a
double TSDC band. The DX~ ground state can be pho-
toexcited, releasing electrons to the conduction band.
When excited with 0.8 eV, the DX is taken to an acti-
vated state which can release electrons to the X valley
due to parabolic potential [7]. The same behavior is ex-
pected for illumination with 1.24 eV, the excited state
being located higher than in the case of Fig. 1, but still
not crossing the parabolic X valley potential. Some
electrons can populate the conduction band and be
metastably trapped by the X valley effective mass state.
Both wavelengths, although not enough to deplete the
DX~ related dipole system, destroy the peak obtained
at 62 K. Lang et al'™ suggest a Franck-Condon shift of
about 0.8 eV for the vacancy transition between occu-
pied and unoccupied states. We believe that the peak
at 62 K is destroyed by the V,, transition to an un-
occupied vacancy level. In both cases, of illumination
with 1.55 pgm and 1.0 gm, there is generation of a much
more defined dipole system, concentrated around a spe-
cific system, after some exposure time. The excited DX
level is able to give electrons to vacancies located close
to dt center, since there is a tendency for a V4, to be
formed close to a Si donorl®. Then a more localized
dt — Vv, dipole system is generated. This is observed
in Fig. 1 with 5 minutes of illumination. This assump-

tion is reinforced by the fact that light is applied in
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Table I - Parameters for TSDC data fitting in Aly 5GagpsAs using Havriliak-Negami assymetric relaxation time

distribution approach.

Temperature | E, (eV) T (107" sec) Temperature E, (eV) |t (107 sec) OBS.

main peak (K) sec. peak (K)
49.8 0.132 92 62.1 0.165 97 dark
394 0.121 0.5 48.6 0.132 97 A=1.55um - 5 minutes
37.7 0.114 0.75 52.7 0.143 97 A=1.55um - 10 minutes
34.6 0.110 0.59 47.7 0.129 97 A=1.55pm - 15 minutes
38.3 0.104 30.0 — — — 2=1.0pm - 5 minutes
382 0.109 6.0 48.5 0.133 97 A=1.0pm - 10 minutes
35.6 0.102 5.0 46.3 0.132 97 2=1.0pm - 15 minutes
355 0.102 4.5 48.7 0.133 97 A=1.0pum - 20 minutes

conjunction with the electric field, which could drive
the electrons from DX centers to vacancies. There is
another kind of V4, related dipole, since the occupied
Vas 1s subject to a Jahn-Teller distortion.

For excitation with 0.8 eV, as the illumination
time gets longer than 5 minutes, electrons populate
more vacancies leading to the broader TSDC band ob-
served, since the dipole length distribution and alu-
minum neighborhood widens the distribution. For ex-
citation with 1.24 eV after 15 minutes of illumination
the secondary peak becomes fairly high, reaching al-
most half of the main peak height. When the expo-
sure time i1s 20 minutes, the secondary peak becomes
very low and the main peak is the highest recorded for
this excitation line, the area under the curve remain-
ing practically constant. Once again the more localized
dipole d* — V1, system is generated and the number of
similar pairs seems to increase with the exposure time.
There is also the possibility that the excited DX cen-
ter state has negative charge and could form pairs with

vacancies(7].

Conclusion

Electric dipoles present in Al,Gaj_;As have re-
laxing characteristics strongly influenced by the wave-
length of irradiation light. The way wavelength affects
TSDC bands is in close agreement with measurements
of resistance as a function of temperature, under in-
fluence of A = 488 nm Art laser line and A = 1.55um
monochromatic light. In the saturation region of DX

[13]

center photoionization!™! light destroys the dipole cur-

rent, which does not happen when the excitation en-

ergy 1s about the DX center photoionization thresh-
old energy, neither higher than this energy, since it
is still below the saturation region. The presence of
the X-valley effective mass state is also verified in the
curve of resistance under illumination. Results pre-
sented here, reinforced by results obtained for direct
bandgap Al,Ga;_,As[*%] strongly suggests that a DX
ground state is related to TSDC bands obtained in the
dark. This dipole system could be DX™-d* pairs as
predicted by O’Reillyl®l. The presence of vacancies in
these samples is also verified, since a secondary peak
is always present in the TSDC spectrum, either in the
dark or after illumination with 0.8 eV or even with 1.24

eV monochromatic light.
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