RAPID COMMUNICATIONS

PHYSICAL REVIEW B

VOLUME 39, NUMBER 8

15 MARCH 1989-1

Electron-paramagnetic-resonance measurements of Si-donor-related levels in Al,Ga; -, As

P. M. Mooney,* W. Wilkening, and U. Kaufmann
Fraunhofer Institut fiir Angewandte Festkorper Physik, Eckerstrasse 4, D-7800 Freiburg, West Germany

T. F. Kuech
IBM Research Division, Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598
(Received 2 December 1988)

We report measurements of an EPR signal in indirect-gap Si-doped Al,Ga;-.As whose intensi-
ty increases after illumination at low temperature. The data indicate that this signal comes from
a hydrogenic level associated with the X valley of the conduction band. Measurements of the
spectral dependence of the enhancement of the EPR signal show that electrons are transferred
from the DX level, the lowest-energy state of the Si donor, to this higher-lying state. No other
signal which might be associated with the DX level was observed. The results are consistent with
a large lattice relaxation model of the DX center but do not, at this time, distinguish between

positive- and negative-U models.

The so-called DX level is a highly localized deep state
associated with both group-IV and group-VI donors in
Al,Ga,—,As and other group III-V alloys.! In
Al,Ga; —,As, it is the lowest donor state when x > 0.22
(Ref. 2) and thus controls the transport properties of this
technologically important semiconductor. Electron cap-
ture and emission at the DX level occur by a multiphonon
process which is characterized by a temperature-
dependent cross section for the thermal capture of elec-
trons®> which varies with the alloy composition.*
Electron-capture rates are negligibly small at low temper-
ature resulting in persistent photoconductivity. The pho-
toionization energy is considerably larger (about 1 eV in
the case of the Si donor) than the thermal ionization ener-
gy indicating that a large relaxation of the crystal lattice
occurs when an electron is trapped at the DX level.>¢ Al-
though the electrical behavior of the DX level is well un-
derstood and it is now believed to be a state of the isolated
donor atom rather than a defect complex, the microscopic
configuration of the relaxed state and the origin of the
large lattice relaxation are still controversial.

In addition to the DX level, hydrogenic donor levels as-
sociated with the I' valley in direct-gap Al,Ga;-.As
(Ref. 7) and with the X valley in indirect-gap Al,-
Ga;—,As (Refs. 8 and 9) have been observed after photo-
ionization of the DX level. These levels are associated
with the unrelaxed substitutional donor atom and only a
small fraction is occupied at low temperature in the dark
when x > 0.22. In the case of the Si donor, the hydrogen-
ic donor level in indirect-gap material is measured by the
Hall effect to lie 70 £ 10 meV below the bottom of the
conduction band (X valley) in a sample with Np —N,4
=2x10'7 cm 73.'% In samples with Np — N, >1x10'8
cm ~3, values as low as 40 meV were measured. The
reduction in activation energy is presumably due to
impurity-banding effects in the more heavily doped sam-
ples. Figure 1 shows a schematic diagram of the energies
of the three conduction-band minima as well as the DX
level and the hydrogenic levels for Si-doped Al,Ga; —xAs
as a function of the alloy composition. Note that the DX
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level only roughly follows the L valley and that it is the
lowest donor state for most alloy compositions.

Recently it has been suggested that the DX center is
characterized by negative U, i.e., that capture of a second
electron at this level results in a lower-energy con-
figuration than capture of a single electron and that the
neutral donor state is therefore unstable.!!:!'? Experimen-
tal evidence cited to support this model is the failure to
observe an electron paramagnetic resonance (EPR) signal
which could be associated with the DX level in direct-gap
Alp 35GagesAs where the DX level is the ground state of
the donor. '?

The first reported EPR measurements made in Al,-
Ga; —xAs were performed in indirect-gap samples with
0.55<x <0.8.'*'% A nearly isotropic EPR signal with
£2==1.96 was observed without photoexcitation. It was ar-
gued by analogy to the properties of Si-donor states in
GaP that this signal should be related to the Si donor and
that it is observable without applied stress due to the
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FIG. 1. Schematic diagram of the energy positions of the
conduction-band minima, the hydrogenic levels of the Si donor
(Refs. 7 and 10), and the DX level as a function of the alloy
composition of Al,Ga;-xAs (Ref. 2). The effects of intervalley
mixing have been neglected.
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breaking of the symmetry in the random alloy. Also, the
signal was found to be proportional to the Si concentra-
tion in these samples. From later studies of the electrical
properties of Al,Ga;—-,As, it is now known that the DX
level is the lowest donor state in this alloy composition
range. Thus, since this signal was observed without pho-
toexcitation, one could argue that this EPR signal comes
from the DX level.

This same magnetic resonance has been observed by
two different groups who detected it optically as a change
in the photoluminescence intensity, a technique known as
optically detected magnetic resonance (ODMR).'>~!3
One group has argued that this resonance comes from the
DX level;'® the other group has suggested that this reso-
nance comes from the hydrogenic donor level associated
with the X valley, based on their analysis of the g values
and because they observe the ODMR signal only when
x>0.35."® In these experiments the sample is exposed to
high-intensity laser light which is expected to persistently
photoionize the DX levels at low temperature. Thus the
sample is not in thermal equilibrium and magnetic reso-
nance signals from states other than ground states should
be readily observed.

Here we report new EPR measurements of Si-doped
Al;Ga,; - As which were motivated by the apparent con-
tradiction in the earlier EPR experiments in direct- and
indirect-gap samples. We show that the magnitude of the
EPR signal which we observe in the dark in indirect-gap
samples increases after exposure to monochromatic light
and that therefore the EPR signal does not come from the
DX level. The spectral dependence of the enhancement of
the EPR signal observed here agrees with previous mea-
surements of the photoionization cross section of the DX
level indicating that electrons are transferred from the DX
level to an empty higher-lying state. Measurements of the
spin concentration after exposure to light confirm that this
state is associated with the Si donor, specifically the hy-
drogenic donor level derived from the X valley of the con-
duction band.

The EPR measurements were performed at 9.4 GHz at
temperatures between 4.2 and 20 K. The spin concentra-
tion was determined by comparison to a S-doped GaP
sample which was measured under similar conditions.
Photoexcitation was done with a quartz-tungsten-halogen
lamp with interference filters whose bandwidth is about 50
nm. The lamp current was adjusted to maintain a
constant photon flux at each wavelength. A mechanical
shutter was used to define exposure time as short as 0.5 s.

Two samples of Si-doped Al,Ga;-,As were measured.
Both were grown by metallorganic vapor-phase epitaxy
(MOVPE) on 500-um-thick semi-insulating GaAs sub-
strates. A 1l-um-thick undoped spacer layer of Al,-
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Ga;| -,As was grown first in order to prevent electron
transfer from the doped Al,Ga;-,As layer to the GaAs
substrate. The sample characteristics are listed in Table
I. The net donor concentration was determined by
capacitance-voltage measurements of Schottky-diode
structures at 300 K. A stack of six pieces, each 3x20
mm?, was used for the EPR measurements in both cases.

Figure 2 shows the EPR spectra taken with the magnet-
ic field parallel to the {100} axis of the crystal in the dark
and after photoexcitation for the sample with AlAs mole
fraction x=0.60. A single slightly anisotropic line is ob-
served in the g =2 region. Its width is independent of the
sample orientation and temperature between 4 and 15 K.
Even at 4 K the signal shows almost no saturation. The
same signal with slightly different g values is observed in
the x=0.41 sample but only following optical excitation.
The linewidth was found to increase as the occupation of
the level increased. The values indicated in Table I are
the linewidths at the start of the photoexcitation process,
i.e., at low occupation. The effective g factor variation, as
shown in Fig. 3 for both samples, is axial, the symmetry
axis being the [001] growth direction. These data agree
very well with those reported for indirect-gap Al,Ga;—,-
As:Si (Refs. 14 and 18) where the line in Fig. 2 was
identified with the Si shallow-donor resonance in a [001]
stressed layer. The spectral dependence of the photoexci-
tation of the EPR signal in the x =0.41 sample has been
measured by the initial slope technique. Plotted in Fig. 4
is the initial increase (AI/At),=¢ of the EPR signal at the
beginning of the illumination as a function of photon ener-
gy. After illumination at each photon energy, the sample
was raised to above 150 K to restore the proper initial con-
dition, zero EPR intensity in the dark.

The DX level is the lowest donor state in both samples
used for this experiment. At room temperature the elec-
trons distribute themselves among the DX level, the hy-
drogenic level associated with the X valley, and the bot-
tom of the conduction band (X valley) according to
Fermi-Dirac statistics. As the sample is cooled to low
temperature, fewer electrons are found in the conduction
band and one would naively expect that at 6 K virtually
all the electrons would lie'in the lowest state, the DX level.
Because of the DX level capture barrier, however, longer
and longer times are required to reach a thermal equilibri-
um electron distribution as the sample temperature de-
creases. Below some critical temperature, the capture of
electrons at the DX center is effectively stopped and the
remaining electrons in the conduction band can only be
trapped at the hydrogenic X-valley state. With increasing
AlAs mole fraction in the indirect-gap region, the DX lev-
el moves closer to the X conduction-band minimum and
its capture barrier increases.* Therefore, with increasing

TABLE I. Sample characteristics and EPR results.

AlAs Layer Np—N4 g values AH
Sample mole fraction thickness (um) (cm ™3) Parallel Perpendicular (G)
K, 0.41 11.0+0.5 2.0x10'8 1.947 1.932 60
K> 0.60 2.54+0.3 2.3%x10'8 1.966 1.937 31
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hydrogenic level after the sample is cooled to 6 K in the
dark. Thus the EPR signal measured in the dark is ex-
pected to increase with x for x > 0.40. This increase with
increasing Xx, is, in fact, seen between the two samples we
measured. No EPR signal was observed in the dark in the
sample with an alloy composition x =0.41, close to the
crossover from direct to indirect gap. However, a signal
was observed prior to photoexcitation when x =0.60. We
find, as expected, that the magnitude of the dark signal
depends on the sample cooling rate. The smallest dark
signal we observed in the x =0.60 sample was about 10%
of the maximum signal after photoexcitation.
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FIG. 3. Angular dependence of the g value of the EPR spec-
trum in Fig. 2 for Al,Ga,;-xAs of different alloy compositions.
The full lines are fits to the data points with the expression
g2=géo1 cos?6+gliosin?6, where 6 is the angle between the
[001] direction and the magnetic field.
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FIG. 4. The spectral dependence of initial increase of the
EPR signal of Fig. 2 with illumination in a sample with x =0.41.
Data for the photoionization cross section of the DX level from
Fig. 6(b) of Ref. 6 are also plotted for comparison.

After exposure to subband-gap monochromatic light,
the EPR signal was found to increase and to be persistent
when the light was turned off. We interpret this enhance-
ment as the transfer of electrons from the DX level to the
hydrogenic X-valley state. This is consistent with the
known persistent photoionization of the DX level at low
temperature' and is confirmed by the spectral shape of the
EPR enhancement curve discussed below. At 6 K, elec-
trons excited to the conduction band are rapidly recap-
tured at the hydrogenic X-valley levels. The hydrogenic
states are separated from the DX level by a large energetic
barrier related to the lattice relaxation, but themselves ex-
hibit no capture barrier with respect to the conduction-
band states as explicitly shown by Hall-effect measure-
ments.® The neutral shallow-donor concentration deter-
mined from the maximum EPR signal is an order of mag-
nitude lower than the Si concentration in the Al,Ga; - As
layer for both samples. This excludes the possibility that
the EPR signal is due to residual impurities and confirms
its assignment to the Si dopant.

The photoionization rate of the occupied DX level is
given by

(Anpx/At);=o=0c2(hv)enpyx ,

where the left-hand side is the initial change in the con-
centration of occupied DX centers, o2(hv) is the photo-
ionization cross section of the DX level, ¢ is the photon
flux, and npy is the total concentration of the DX center.
We expect that electron capture at the shallow-donor level
is independent of Av and therefore (AI/At),=¢ in Fig. 4 is
proportional to o3(hv) of the DX center since npy and ¢
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were held constant. In Fig. 4 the EPR signal enhance-
ment (AI/At),=¢ is compared to the photoionization cross
section of the DX level o2(DX), previously measured by
photocapacitance techniques in very clean samples grown
by molecular-beam epitaxy.® At the higher photon ener-
gies, the agreement between (AI/At),=¢ and o0(hv) is ex-
cellent. At hv=1.08 eV, however, the energy dependence
of (AI/At),=o changes abruptly, indicating that some oth-
er photoionization process occurs at lower photon ener-
gies. Similar structure in the photoionization cross section
was seen previously for another MOVPE-grown
Al,Ga; - xAs sample and was found to be due to other
deep levels in the sample.%!° Thus these measurements of
the increase of the EPR signal when the sample is exposed
to subband-gap light demonstrate that electrons are
indeed photoexcited from the lower-lying DX level, and
perhaps from some other deep states in the sample as well,
to the hydrogenic X-valley state of the Si donor.

There remains the question of whether the DX level is
characterized by negative or positive U. It is clear from
the observation of the EPR signal for the X-valley level
that the stable state of the unrelaxed donor is the neutral
charge state and thus that this level has positive U. How-
ever, no EPR signal which can correspond to the DX level
has been observed. One possible explanation for this is
that the linewidth is so broad that there is not sufficient
sensitivity to see it in our samples. In order that the am-
plitude of a single EPR line would be too small to be ob-
served in our thickest sample at 10 K, the linewidth AH

would have to be greater than about 1200 G. The EPR
linewidths of deep centers in undoped GaAs, for instance,
range between 350 and 1200 G.?° It is known that the DX
level is a deep highly localized state. Thus, a broad signal
of unobservably small amplitude cannot be ruled out for
the DX level and our failure to observe the EPR signal for
the DX level does not give conclusive evidence for either a
positive- or negative-U model.

In conclusion, we have observed an EPR signal which
we attribute to the hydrogenic level derived from the X
valley of the conduction band in indirect-gap Al,-
Ga,) —,As. Such hydrogenic levels have been observed in
indirect-gap Al,Ga,-,As by other experimental tech-
niques. The occupation of this level increases after pho-
toexcitation of electrons from the DX level at low temper-
ature. Our results are completely consistent with a large
lattice relaxation model of the DX center. No other EPR
signal which might be attributed to the DX level was ob-
served.
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