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An ESR study performed on a thick Al,Ga,_, As epilayer with removed GaAs substrate is presented.
The measurements were performed on LPEE-grown Al,Ga,_,As (x =0.41) heavily doped with Te.
The detailed photo-ESR investigations of the light-induced conversion of the DX centers into the shal-
low Te donor states are presented. The mechanism of an enhanced photosensitivity of the Te-related
electron-spin-resonance signal in Al,Ga,_, As is discussed. The observed anisotropy of the signal allows
us to estimate the A4,-E valley-orbit splitting for Te donor. The ODMR experiment indicates that the
E-symmetry state of the Te donor participates in electron trapping to the 4, ground state.

I. INTRODUCTION

The so-called DX state of group-IV and group-VI
donors in Al ,Ga,;_, As and GaAs belongs to the most
studied deep impurity state in III-V semiconductors.’
The DX state is believed to have a negative-U property>*
and is diamagnetic, i.e., it cannot be studied with
magnetic-resonance techniques. However, it is accom-
panied by a metastable effective-mass-like shallow donor
state."* This state is paramagnetic and could be detected
with electron-spin-resonance® (ESR) and optically detect-
ed magnetic-resonance®’ (ODMR) techniques. Such ex-
periments are presented in the present work for tellurium
donor in Al Ga,;_,As samples. An ESR study of Te-
doped Al,Ga,_, As was performed by Bardeleben et al.®
The sensitivity of that experiment was, however, low due
to the thin metal-organic vapor-phase epitaxy (MOVPE)
samples used by the authors.® In our study we used uni-
form thick liquid-phase-electroepitaxy (LPEE) -grown
samples, which increased the sensitivity of the experi-
ment and enabled an ESR study of Al,Ga,_, As with a
removed GaAs substrate. The aim of our investigations
was (a) to confirm the previous identification of an ESR
signal as that of the shallow donor state of Te, and (b) to
describe its properties in carrier-trapping processes and
radiative recombination transitions. For the latter case,
we supplemented ESR by ODMR studies.

II. EXPERIMENTAL PROCEDURE

The ESR and ODMR experiments were performed on
conventional  X-band  spectrometers on  thick
Al,Ga,;_,As epilayers grown on semi-insulating (001)
GaAs:Cr substrates, by either the modified liquid-phase-
electroepitaxy method described elsewhere,” or by
liquid-phase epitaxy (LPE). Layers with an Al fraction
above 0.4 were used to study X-minimum conduction-
band (CB) states of the Te donor in Al,Ga,_, As.
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Two different LPEE epilayers were studied (E37/90
and E23/91). The sample E37/90 had 0.41 (£0.01) Al
mole fraction on the whole 190 pum thickness and
2.5X 10" cm™3 Te concentration. The sample E23/91
had 0.56(%0.01) Al mole fraction on the whole 200 um
thickness, the Te concentration was 2 X 10'® cm ™3,

The two LPE samples studied were 45 um thick, have
0.42 and 0.5 Al-mole fraction, respectively, and were rel-
atively lightly doped with Te to 10'® cm™>. The unifor-
mity of the LPE samples was worse than those grown by
LPEE. A small increase of the aluminum fraction to-
ward the Al, Ga,_, As/GaAs interface was observed.

III. MAGNETIC-RESONANCE EXPERIMENTS

The g =1.94+0.01 ESR signal observed for two LPE
and for E23/91 LPEE epilayers is shown in Figs. 1(a),
1(b), and 1(c), respectively. Due to a larger Te doping
level of the LPEE sample and only a partial freeze-out of
electrons to the deep DX state, the g =1.94 signal was
consistently observed prior to any illumination. This oc-
curred even for the sample cooled down in total darkness.
A similar situation occurred for the x =0.5 LPE sample
[Fig. 1(b)] if the cooling down was fast. A large thickness
of the LPEE epilayer enabled etching of the GaAs sub-
strate. The g =1.94 ESR signal was observed both be-
fore and after etching the GaAs substrate.

Some anisotropy of the g =1.94 ESR signal of the
x =0.42 LPE epilayer was observed. The ESR signal
varies between g =1.9475 for the [001] direction (normal
to the heterointerface) and g =1.9434 for the [110] direc-
tion (in the plane of the heterointerface). No signal an-
isotropy was observed for thick LPEE epilayers both be-
fore and after removing the GaAs substrate. In the form-
er case, the thickness of the LPEE epilayers was above
the critical one, i.e., the strain was relaxed by formation
of misfit dislocations.

A detailed photo-ESR investigation was performed on
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the E23/91 epilayer, but the same results could be ob-
served also for the second LPEE sample. The signal ob-
served for the LPE samples was too weak for such inves-
tigations. The spectral dependence of the signal pho-
tosensitivity was measured in the following manner.
First, the sample was cooled down to 4 K in complete
darkness. Next, the sample was illuminated with a low-
intensity monochromatic light of a given photon energy
for a fixed time. Then, the light was turned off and the
magnitude of the ESR signal was measured. After the
light was turned on, the intensity of the ESR signal was
decreased or even a complete quenching of the signal was
observed. The change of the ESR signal was persistent at
low temperatures. The sample during and after the il-
lumination was conducting. A carbon probe sample was
used to determine the influence of the decrease of the cav-
ity Q factor on the amplitude of the ESR signal. We
found that the observed decrease of the Al Ga,_,As
ESR signal is entirely caused by the decrease of the cavity
Q factor occurring when the Al _Ga,;_, As sample be-
comes conducting.

Sample heating up to liquid-nitrogen temperature and
then a subsequent cooling down to 4 K (in darkness) was
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FIG. 1. Electron-spin-resonance spectra of LPE-grown

x =0.42 (a) and x =0.5 (b) Al,Ga,_,As layers. The spectra
shown in (b) were measured before and after the illumination.
The ESR spectrum shown in (c) was measured for x =0.41
LPEE layer after removing the GaAs substrate. The ESR signal
shown was observed for sample cooled down to 4 K tempera-
ture in total darkness before and after 120 s of white-light il-
lumination.
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necessary to return to a similar starting magnitude of the
ESR signal. Next, another photon energy was selected to
measure the effect of the illumination on the ESR signal.
As shown in Fig. 2, the photoquenching process becomes
effective for the photon energy larger than approximately
0.6 eV. This value coincides very well with the photoion-
ization threshold derived from photoconductivity mea-
surements  performed on the tellurium-doped
Al,Ga,_,As.’ The kinetics of the ESR signal quenching
was measured. Selecting a different initial concentration
of the shallow donor center, we could have either pure
one-exponential decay or a clear two-exponential
behavior.

A tedious experimental procedure was necessary to get
the temperature dependence of the ESR signal recovery.
First, the magnitude of the ESR signal was measured at 4
K. Then, a white-light illumination was applied for a
period of 5 min. This time was selected to ensure that an
equilibrium signal magnitude is reached. Once a weak
white-light illumination was used, a total photoquenching
of the signal could occur after long illumination. Then,
the light was turned off and the sample temperature was
increased to a selected temperature. Then, after a fixed
time, the sample temperature was slowly decreased to 4
K, also at a fixed time. After each such cycle the magni-

1.0 ¢

o o °
S () oo
. .

PHOTOQUENCHING EFFICIENCY

o
o

0.0 — —
0.4 06 08 10 12 14 16 18 20 22

ENERGY [eV]

FIG. 2. Spectral dependence of the g =1.94 ESR signal pho-
toquenching observed for the x =0.41 Al,Ga,_,As LPEE epi-
layer under illumination. The sequence of steps of the experi-
ment is described in the text. 1 stands for total photoquenching
of the signal.
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FIG. 3. Temperature dependence of the ESR signal recovery
measured for the x =0.41 Al,Ga,_,As LPEE epilayer. The se-
quence of steps of the experiment is described in the text.

tude of the ESR signal was measured to determine the
fraction of the ESR signal which was recovered after the
annealing. A similar sequence of experimental steps was
necessary for each next annealing temperature. The tem-
perature dependence of the ESR signal annealing is
presented in Fig. 3.

Detailed ODMR investigations were performed for
x=0.42 LPE samplee. An ODMR signal with
g =1.95+0.01 was observed for the optical detection set
at the C-related (DAP) emission of GaAs and at the
1.988-eV DAP emission of the Al ,Ga,_,As epilayer.
The g =1.95 spectrum was observed only under direct
photoexcitation of the Al,Ga,_, As epilayer.

For an increased microwave power, both the
Al Ga,_,As and GaAs emissions are reduced and then,
for further increased power, started to oscillate. This is
evidence of the impact ionization of shallow centers and
of exciton breakdown caused by collision with
microwave-accelerated free carriers.!!!

IV. DISCUSSION

The ODMR and the ESR investigations prove that the
g=1.94 magnetic resonance comes from the
Al,Ga,_,As epilayer. This signal attribution is unambi-
guous since the ESR studies were performed on the epi-
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layer with removed GaAs substrate. The ESR spectrum
has an identical g factor as the signal observed previously
in the ESR studies by Bardeleben et al. for MOVPE-
grown epilayers.® All features of the g =1.94 ESR signal
are consistent with those expected for the X; CB
minimum —related shallow Te donor in Al Ga,_, As.

The above conclusion is not questioned by the fact that
the g =1.94 signal could also be observed in dark, i.e.,
after the sample was cooled in total darkness down to the
liquid-helium temperature. As already mentioned, some
of the donors may remain in the nonequilibrium shallow
donor state.!? Controlling the cooling time (fast cooling)
we could even freeze nearly all donors in a nonequilibri-
um shallow donor state. In that case no photosensitivity
of the ESR signal was observed (see Fig. 1), which reflects
a known property of shallow donors in Al,Ga,_,As—
the shallow donor state cannot be light converted to the
deep DX state.

The photosensitivity of the ESR signal is usually inter-
preted as evidence for the direct photoionization of the
center studied. This may not always be true and a pseu-
dosensitivity was observed in some cases.!*!* By a pseu-
dophotosensitivity of an ESR signal we mean here the
change of the ESR signal, which is not related to direct
ionization of the center. Such photosensitivity can be re-
lated to the appearance of free or quasi-free-electrons in
the sample caused by the illumination. These electrons
absorb radiation and may screen the interior of the sam-
ple from microwaves and/or cause a decrease of the cavi-
ty Q factor. A reduced penetration depth of the sample
by microwaves (skin effect!?) and a reduced cavity Q fac-
tor both result in a reduction of the amplitude of any
ESR signal of a bulk center, also for those centers which
are not directly affected by the illumination.'* Experi-
ments performed with the probe sample mounted in the
cavity indicated that the major contribution to the ob-
served decrease of the ESR signal is due to the decrease
of the cavity Q factor.

An asymmetrical ESR line is expected for a conducting
sample. An asymmetry factor of between 3 and 4 is ex-
pected in the case of metallic samples. The value about
1.2 was observed in our case of quasi-free-carriers hop-
ping via shallow donor states. A Dyson-type ESR signal
was also observed by Bardeleben et al.?

The ESR signal of the 4, donor state of Te should be
isotropic. The observed anisotropy of the ESR signal re-
lates to the strain-induced mixing of the upper-lying E-
symmetry state with the ground 4, state of the group-VI
donor, i.e., the anisotropy observed reflects the anisotro-
py of the E state. Its magnitude depends on the strain
value and on the energy distance between the two donor
states. Under common assumptions, made also for S and
Se donors in Al,Ga;_,As,” we obtained the value of
about 20 meV for A4 ,-E splitting.

An experimental method was applied to determine the
role played by the E-symmetry excited state in carrier-
trapping processes. We have observed that the impact
ionization of a two level by the microwave-accelerated
free-carriers system may lead to the chaotic oscillations
in the carrier density.!' In our experimental setup, free
carriers could gain the energy sufficient for the dissocia-
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tion of the bound excitons and the E-symmetry excited
donor state. The temporal changes of the DAP photo-
luminescence intensity observed in our ODMR experi-
ment suggest, thus, that the E-symmetry state may act as
an intermediate, relatively long-lived state for carrier
trapping to the ground A ;-symmetry state.

The observed spectral dependence of the signal pho-
tosensitivity and of its thermal recovery agrees well with
the data obtained by other authors from different experi-
ments. The present ESR study verifies, thus, that the
phenomena observed in those experiments relate to the
conversion of the deep DX state into the shallow donor
state of Te in Al,Ga,_,As. Detailed discussions of these
processes can be found elsewhere.>8

The observed kinetics of the signal quenching requires
some comment. The calculations of Chadi and Chang?
predicted that the intermediate DX state is unstable and
relaxes immediately to the substitutional state of the neu-
tral shallow donor. The recent calculations of Dabrowski
and Scheffler'® suggested that a small energy barrier may
exist, which will stabilize the DX state of the Te donor.
This should result in observation of two-exponential ion-
ization kinetics. Recently such kinetics were reported by
Dobaczewski and Kaczor® but were not confirmed by Su,
Farmer, and Mizuta.'® Our experiments indicate that de-
pending on the shallow donor concentration either the
double- or single-exponential kinetics can be observed.
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By changing the cooling time, we could select different
initial concentrations of the nonequilibrium shallow
donor state and observe the influence of the initial condi-
tions on the photo-ESR kinetics. This result can be ac-
counted for convincingly by the recent models of the DX
photoionization assuming that this process proceeds via
an intermediate state of a neutral Te donor.>

V. CONCLUSIONS

As a main conclusion, we would like to point out that
the present results demonstrate how misleading the inter-
pretation of ESR and photo-ESR data can be for con-
ducting Al, Ga,_, As epilayers. All possible misinterpre-
tation could occur since the ESR signal was also observed
in the dark; at some conditions it showed a very strong
photosensitivity, while in some, the magnitude of the
ESR signal was decreased by the illumination, even
though the center concentration was increased. All these
facts could be interpreted erroneously and, speaking iron-
ically, could easily be adapted for confirmation of any of
conflicting models of the DX center in Al,Ga,_,As. A
clear demonstration and explanation of the above-
mentioned effects is, in our opinion, one of the most im-
portant aspects of the present ESR study. The results ob-
tained confirm the present understanding of the Te-
related donor states in Al, Ga,_, As.
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