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Optically detected magnetic-resonance (ODMR) experiments have been performed on n-doped
epitaxial layers of AlAs and Al„Ga, „As with x ~0.35 grown on (001) GaAs substrates. The
Al„Gal As layers were doped during growth or via implantation with Si and Sn impurities from

group IV and S, Se, and Te impurities from group VI. The studies were carried out with the as-

grown layers on the parent GaAs substrates, removed from the substrates, and attached to sub-

strates with larger lattice constants at low temperatures. Symmetry information was obtained from
angular-rotation studies with the magnetic field rotated in the (110)and (001) crystal planes. Also,
uniaxial stress along the [110] and [100] directions has been combined with ODMR to further
probe the symmetry of the donor states. The magnetic resonance was detected mainly on deep
(1.0—1.8 pm) radiative-recombination processes. The donor state in Si-doped AlAs can be described
by the usual hydrogenic effective-mass theory for substitutional donors on the group-III site associ-
ated with the X-point conduction-band minima. The g-value anisotropy and splitting observed from
the rotation studies in the (110) and (001) planes, respectively, can be understood using an
independent-valley model. The Si-donor g values in AlAs are the following: g& =1.976+0.001 and

g~~
=1.917+0.001 with respect to the long axes of the X-valley ellipsoid. The results obtained for

the Al Ga& „As layers doped with S, Se, and Te, particularly for samples with x ~0.6, can be de-
scribed by the hydrogenic effective-mass theory modified by a finite valley-orbit (i.e., central cell) in-

teraction that mixes the states derived from the X, X~, and X, valleys to form an A& ground state,
as predicted by Morgan. Analyses of these results within the virtual-crystal approximation yield
valley-orbit splitting energies (i.e., chemical shifts) of —16—20 meV for these group-VI donors in

Alo 6Gao 4As. The nature of the donor states in the Si-doped Al„Gal „As heterostructures with
x & 1 is more complicated. The monotonic decrease in both the g-value anisotropy and splitting
with decreasing Al mole fraction and the increase in the linewidth of the donor resonances from 7
mT for AlAs:Si to 14 mT for Alo 4Gao 6As:Si indicate a breakdown of the independent-valley model
employed to describe the symmetry of the donor ground state in Si-doped AlAs. Various mecha-
nisms that can potentially inhuence the properties of the donor ground state in Si-doped
Al„Ga& As with x ( 1, such as a finite spin-valley interaction. I.-X (or I -X) interband mixing, and
alloy disorder, are discussed. The results for the Sn-doped AlAs and Al Ga& As/GaAs hetero-
structures provide evidence that the optically active states revealed in these studies are much deeper
compared to the Si donor states.

I. INTRODUCTION

Over the past few years much attention has been given
to the doping of Al„Ga& „As crystals with group-IV or
group-VI impurity atoms. A variety of experiments and
theoretical treatments have shown that such doping can
result in the formation of both shallow and deep levels. '

The nature of these levels is of utmost practical interest
since they control the electrical and optical properties of

this technologically inrportant material. It is generally
accepted that these levels are associated with the same
defect, the DX center. The phenomenon of persistent
photoconductivity at low temperatures observed strongly
in Al Ga& As with 0.22~x ~0.42 is associated with
the existence of the deep level. However, the microscopic
structure and charge state of the DX center in the relaxed
configuration are subjects of considerable debate. Re-
cently, electron paramagnetic-resonance (EPR) experi-
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ments have been carried out on n-doped Al„Ga, „As
crystals by a number of groups to address the issue of the
charge state of the DX center. The nonobservation of
a resonance at low temperatures and under dark condi-
tions is thought to be consistent with a negative-U model
for the DX center. However, the paramagnetism detect-
ed in magnetic susceptibility experiments carried out un-
der similar conditions strongly challenges this model.

Magnetic-resonance experiments have been most suc-
cessful in revealing the nature of the shallow, metastable
state associated with the X-point conduction-band mini-
ma in n-doped Al Gal As with x ~0.35. Early EPR
studies on bulk single crystals of Al Ga, As
(0.64 ~ x ~ 0. 84) grown from a Ga solution detected a line
with g —1.95 ascribed to the X-related shallow level. The
spectrum was assigned to residual Si donors since the car-
rier concentration correlated with the amplitude of the
EPR signal. These studies were extended to 100-pm-
thick Al„Ga, As layers (0.55 ~ x ~ 0.8) grown on GaAs
substrates by liquid-phase epitaxy (LPE). The donor res-
onance was found to be anisotropic in the (110) plane in
these samples.

During the past three years, extensive optically detect-
ed magnetic-resonance (ODMR) experiments performed
on much thinner (1—7 pm) Si-doped A1As and
Al Gal „As layers, with x ~0.35, on (001) GaAs by our
group ' ' and workers at Philips Laboratories" ' have
found a resonance with similar g values and anisotropic
behavior as observed in the previous EPR experiments.
In addition, the full symmetry of the shallow state was re-
vealed from angular-rotation studies in both the (110)and
(001) planes of these samples. ' The (001) results were in-
dependently verified by EPR experiments' and more re-
cent ODMR experiments by the Philips group' on simi-
lar samples. Also, the results of ODMR studies carried
out to examine the inAuence of the chemically different
donor species S, Se, and Si on the nature of shallow donor
states in A10 6Ga0 ~As/GaAs heterostructures have been
preliminarily reported. ' EPR studies have also been re-
cently performed on Te-doped' and Sn-doped
Al GaI „As epitaxial layers with x =0.3.

The present work provides a comprehensive report of
recent optically detected magnetic-resonance experiments
performed on n-doped epitaxial layers of A1As and
Al„Ga, As (x ~0.35) grown on (001) GaAs substrates.
The Al„Gal „As layers were doped with Si and Sn from
group-IV and S, Se, and Te from group-VI donor atoms.
In addition, studies were carried out with the epitaxial
layers removed entirely from the parent GaAs substrates,
attached to substrates with larger lattice constants, and
under applied uniaxial stresses. The present measure-
ments demonstrate explicitly the inQuence of chemically
different donor species on the nature of the shallow donor
states in A1As and Al„Ga, „As (x ~0.35). In addition,
the hydrogenic effective-mass states are found to be
modified by the heteroepitaxial strain in these layers.
Also, the results provide evidence that the character of
the donor states for a given impurity species in
Al„Ga, As crystals changes as a function of aluminum
mole fraction.

The paper is divided into five sections. In Sec. II a

brief description of the optically detected magnetic-
resonance technique, table of sample parameters, descrip-
tions of the ion-implantation and substrate-removal pro-
cedures, and additional experimental details are given. In
Sec. III the theory of the donor ground state within the
virtual-crystal approximation (VCA) in Al, Ga, As for
group-IV and group-VI impurities substitutional on the
III or V lattice sites, respectively, is reviewed. The re-
sults of the optically detected magnetic-resonance experi-
ments are presented in Sec. IV. General features and
trends are summarized. In Sec. V a discussion of the re-
sults and comparison with recent models proposed by
several groups are made. A summary and overall con-
clusions of this work are provided in Sec. VI.

II. EXPERIMENTAL BETAII.S

The ODMR experiments were performed on a
comprehensive set of epitaxial layers with thicknesses
from 1 —7 pm of Al, Ga, ,As (x ~ 0.35) and A1As doped
with Si-, Sn-, S-, Se-, or Te-donor atoms on 350—500-
pm-thick (001) semi-insulating GaAs substrates. A
variety of growth techniques were employed for these
studies, including molecular-beam epitaxy (MBE),
liquid-phase epitaxy (LPE), and organometallic vapor-
phase epitaxy (OMVPE). The AlAs mole fraction (x),
layer thickness, particular dopant, and nominal donor
concentration of these samples are summarized in Table
I. In addition, a thick undoped Al„Ga, As buffer layer
was grown between the GaAs substrate and n-doped
Al Ga, As layer in most of the samples to prevent the
formation of a two-dimensional electron-gas sheet at the
substrate-epilayer interface. The samples cleaved from
these wafers were typically 2.5X7.0 mm . The alumi-
num mole fraction for most of the samples was deter-
mined by double-crystal x-ray measurements.

Two pieces from the same undoped LPE-grown wafer
with x =0.6 were ion implanted with Si and S atoms.
Similarly, an undoped sample grown by OMVPE with
A1As mole fraction x =0.4 was studied before and after
S-ion implantation. A multiple-energy implantation pro-
cedure followed by a 10 s, 850'C close-contact anneal in
an inert atmosphere was employed to produce spatially

0
uniform dopant profiles extending approximately 4000 A
from the Al Ga, „As surfaces.

ODMR measurements were obtained also on some of
the Al Gal „As and A1As layers after removal from the
parent GaAs substrates. The GaAs substrates were re-
moved by lapping with 5 pm grain-size aluminum-oxide
powder, followed by a fast nonselective GaAs/A1As etch,
and finally, by a slow GaAs selective etch. In addition, a
freestanding layer of Si-doped A1As was studied after
mounting the epilayer on a silica rod with a thin glue lay-
er composed of rubber cement.

The magnetic resonance was detected synchronously as
a change in the total intensity of photoluminescence (PL)
which was coherent with the on-off switching of 50 mW
of microwave power at frequencies from 77—500 Hz in a
K-band (24 GHz) spectrometer. PL was continuously ex-
cited with above-band-gap radiation provided by a Kr
laser at 476 nm or an Ar+ laser at 458 nm with power
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TABLE I. Summary of the pertinent parameters of the n-doped Al Ga& „As/GaAs heterostruc-
tures investigated in this work.

Sample
designation

1

2
3
4
5

6
7
8
9a

10'
11
12
13

Growth
technique

MBE
MBE
LPE
MBE

OMVPE
OMVPE
QMVPE
OMVPE
OMVPE

LPE
OMVPE

MBE
MBE

AlAs mole
fraction

(x)

0.41
0.50
0.59
0.72
1.0
0.45
0.60
1.0
0.40
0.59
0.60
0.40
0.60

Layer
thickness

(LMm)

1.5
1.5
1.0
1.5
5.5
4.0
3.0
7.0
5.0
1.0
1.2
2.0
2.0

Dopant

Si
Si
Si
Si
Si
Sn
Sn
Sn
S
S
Se
Te
Te

Concentration
(cm 3)

5X 10"
5X10"
1X10"
1X10"
1X 10"
5X10"
1X10"
3X 10'
5X 10'
3X 10'
5X10"
2X10"
2X10"

'Implanted and annealed.

densities between 0.1 and 1 W/cm . Deep photolumines-
cence from 1.0—1.8 pm was detected by a Northcoast
liquid-nitrogen-cooled Ge photodiode. Band-edge PL in
the visible spectral region was detected by a room-
temperature Si photodiode. The samples were studied
under pumped-helium conditions (T=1.6 K) in a com-
mercial optical cryostat.

The data presented in this work were obtained with a
9-in. pole-face electromagnet with a maximum field of 1.1
T. The measurements were obtained in the Voight
geometry in which the applied magnetic field (8) is per-
pendicular to the wave vector of the excitation radiation.
Two sample geometries were employed so that the mag-
netic field could be rotated in the (110) and (001) crystal
planes. Details of how the excitation light was coupled to
the samples in the two orientations are given elsewhere. '

Calibration of the g values for the ODMR system was
carried out by EPR measurements of a, a'-diphenyl-/3-
picrylhydrazyl.

ODMR experiments were also performed on some of
the Al„Ga, „As/GaAs heterostructures with uniaxial
stress applied in the plane of the epilayers along the [110]
and [100] directions. The uniaxial stress was applied by
hanging weights at one end of a rigid lever arm located
above the cryostat. The other end of the lever arm was
positioned above a —,'-in. -o.d. stainless-steel tube located
along the central axis of the cryostat. The sample was
placed between two —,'-in. -o.d. polystyrene cylinders. One
cylinder was fixed to the bottom of the microwave cavity
and the other mounted at the end of the stainless-steel
tube. The cross section of the samples for these experi-
ments was 0.75X0.50 mm so that pressures up to 200
MPa (2 kbar) could be easily achieved. The length was
-2 mm to avoid bowing and stress inhomogeneity.

III. THEORETICAL BACKGROUND

The starting point for the theory of band states and
shallow (band-related) impurities in Al„Ga, „As is the
VCA. ' For the mixed sublattice, a potential is assumed

which is the average cation (Al, Ga) potential appropriate
to the alloy composition. Also, the atoms of both sublat-
tices are assumed to occupy true lattice sites. Hence, the
Bloch theorem applies, and band states are expected. Al-
though the VCA has been generally successful in describ-
ing results in Al Ga& As, it will be necessary to go
beyond this approximation to explain the ODMR results.

The conduction-band edges, the hydrogeniclike shal-
low donor levels associated with these minima, and the
DX level in Al Ga& As as a function of aluminum. mole
fraction withi~ the VCA are shown in Fig. 1. The
conduction-band minimum is located at the I point for
Al Ga, „As crystals with Al mole fraction less than ap-

2.4

2.2

a) 2.0

CC
LLIz 1.8
LLj

1.4 '

0.0 0.2 0.4 0.6 0.8
ALUMINUM MOLE FRACTION x

I.Q

FIG. 1. Conduction-band minima (relative to the valence-
band edge) and donor states in Al„Ga& „As as a function of Al
mole fraction (x). The effective-mass donor levels associated
with the I and Xminima are shown as dotted lines and the deep
state (DX) of the donor is shown as a dashed line.
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proximately 0.37. Far-infrared absorption measure-
ments of the ground (ls) to first-excited-state (2p) transi-
tion associated with the I derived shallow bound state
have been observed in Si-doped Al Ga, As with low-x
values. ' ' For x values ~0.37, the position of the
conduction-band minima abruptly changes from the I
point to the X points. In addition, the conduction-band
edge derived from the I. points located along the (111)
axes is nearly degenerate with those derived from the I
and X points near x =0.4. Finally, the energy separa-
tions between the L and X conduction-band edges and the
I and X conduction-band edges increase rapidly as x in-
creases from 0.4 to 1.

The theory of the donor ground state in Al Ga, „As
with high- (i.e., x ~0.35) A1As mole fraction for group-
IV and group-VI impurities substitutional on the III or V
lattice sites, respectively, can be described within the
VCA following work by Morgan. ' The conduction-band
constant-energy surfaces are ellipsoidal in momentum
space about the X-point minima with long axes along the
(001) cube-edge directions (see Fig. 2). In the hydrogen-
ic effective-mass approximation, the wave function of the
donor ground state is derived from (1) Bloch functions
for the X„, X, and X, valleys and (2) is-like envelope
functions that satisfy the effective-mass equation. From
symmetry arguments, the location of the donor atom in
the lattice governs the degree to which the three hydro-
genic effective-mass states will interact. For group-IV
donors on the group-III site, the central cell potential
does not mix the three hydrogenic effective-mass states.
Thus, the ground state of an electron bound to a group-
IV donor is an orbital (valley) triplet (T2 in the T&

group). Therefore, neglecting spin-orbit interactions and
random strains, the ground state associated with a
group-IV donor is threefold degenerate. However, the
degeneracy can be lifted by a large uniaxial stress applied
in a direction that removes the equivalence of the three
X-point conduction-band minima. This has been demon-
strated from EPR studies of Sn donors in GaP under ap-
plied uniaxial stress.

300lj

g „(x) =2.0023 —[h,(x) /E, (x) ][m, /m, (x) —1]

gi(x) =2.0023 —[Az(x)/Ez(x)][m, /m ~~(x)
—1], (2)

where m~ and mll are the transverse and longitudinal
conduction-band effective masses, 62 is the spin-orbit
splitting of the uppermost valence band, and E2 is the in-
terband, direct transition at the X point. The E2 and
E2+62 critical-point energies have been reported recent-
ly for the entire range of aluminum mole fraction in
Al„Ga, „As alloys. The longitudinal (m~~) and trans-
verse (mi) efFective masses associated with the X-point
conduction energy ellipsoids are not well known. How-
ever, values for these masses in the binary compounds
GaAs and AlAs determined from calculations and experi-
ments are available. For example, using Eqs. (1) and (2)
with m~=0. 19m, and mll 'lm g gll 1'9 5 a
gj =2.004 for electrons in A1As.

The nature of the predicted donor ground state for
group-VI impurities in Al„Ga, „As with x 0.35 is
quite different. The central cell potential for group-VI
donors on the group-V site strongly admixes the three hy-
drogenic effective-mass states. As a result, an orbital
singlet (A, ) ground state is formed from the symmetric
combination of the hydrogenic effective-mass states with
a binding energy greater than the energy level determined
from effective-mass theory (-40—50 meV). A twofold-
degenerate excited state (E) remains near the eff'ective-
mass energy level. The different in energy between the
singlet ground state and the doublet excited state for a
given donor species is commonly referred to as the
valley-orbit splitting (E,2) or chemical shift. For exam-
ple, chemical shifts have been observed in the ionization
energies for various group-VI donor impurities in GaP.
However, unusually large chemical shifts of the ground-
state donor levels have been reported for group-IV im-
purities in a III-V semiconductor. For example, an
anomalous deepening of the ground-state donor level was
found for Ge in GaP.

One of the most important parameters obtained from
the ODMR experiments is the g factor. It is instructive
to examine the single-valley g values associated with the
X-point conduction-band minima, gll and g~ predicted us-
ing the theory of Roth for donor electrons in
Al Ga, „As (x ~0.35) as a function of Al mole fraction
(x). These g factors differ from the free-electron g value
(2.0023), in the virtual-crystal approximation, due to the
spin-orbit coupling between the X3 conduction band and
the uppermost spin™orbit split valence band:

IV. RESULTS AND ANALYSES

IOIO3
A. Photoluminescence

FIG. 2. Schematic diagram of the conduction-band
constant-energy ellipsoids about the X-point minima in momen-
turn space for A1As.

The magnetic-resonance results described below were
obtained mainly on deep recombination processes in
these samples. Some general trends were observed ir-
respective of the particular dopant or Al mole fraction.
Representative PL spectra obtained from several
Al«Gao &As samples doped with each of the chemically
different donor species investigated in this work are
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FIG. 4. Near-band-edge photoluminescence spectra obtained
from several undoped and n-doped Al Gal As samples at
T=1.6 K.

FIG. 3. Deep photoluminescence spectra obtained from
several n-doped Alo 6Gao 4As epitaxial layers at 1.6 K with 50
mW of 476-nm excitation.

shown in Fig. 3. Most of the as-grown and implanted
Al Ga, As and AlAs layers grown by OMVPE exhibit-
ed a single, broad deep PL band with peak spectral
response at 1.5 pm (0.8 eV). Little or no deep lumines-
cence was found in the nominally undoped Alp 6Gap 4AS
layer grown by LPE. However, strong PL bands were
found at —1.64 pm (0.74 ev) after Si- or S-ion-
implantation procedures. The PL bands observed from
the three Si-doped A1„Ga& „As layers with x =0.41,
0.50, and 0.72 grown by MBE exhibited typica11y the
broadest near-infrared spectral response among all the
sarnp1es. Emission was found in these three particular
samples extending from 1.0—1.7 pm.

In addition to the deep photoluminescence, strong
band-edge emission was observed in most of the n-doped
Al Ga& As layers with Al mole fraction less than 0.7.
However, except for a couple of cases, the magnetic-
resonance signals detected as changes in the band-edge
emission intensities from these samples were quite weak.
Representative near-band-edge PL spectra obtained from
several undoped and n-doped Al„Ga& As layers are
shown in Fig. 4. The Al mole compositions determined
from the highest energy PL bands in these samples and
extrapolations of published PL data for x in the indirect
region were usually within 10% of the values found from
the double-crystal x-ray measurements. The sharpest
bands were found for the undoped or ion-implanted (Si or
S) AIO6GaozAs layers grown by LPE. The excitonic
emission for these samples was detected at 594 nm (2.088
eV) with a width of 12 meV. The bands at 599 nm (2.070
eV) and 607 nm (2.043 eV) were observed to increase rela-
tive to the highest energy peak after Si or S implantation.

The dominant near-band-edge PL bands observed from
the n-doped Al„Ga, „As samples (x ~0.7) grown by
MBE or OMVPE were typically much broader than the
weaker excitonic emission peaks at higher energy [see
Figs. 4(c) and 4(d)].

B. Optically detected magnetic resonance

The results of the ODMR studies are divided into three
subsections. First, results are shown for the Si-doped
AlAs and Al Ga& „As layers. Next, ODMR spectra
from the Sn-doped A1As and Al Ga, „As layers are
presented. Finally, ODMR results obtained on deep
luminescence from the Al„Ga, „As layers doped with
group-VI impurity atoms are given.

1. Si donors in AlAs and Al„Gaz „As

Results were obtained for the magnetic field (B) applied
in the (110) and (001) planes of a Si-doped AIAs/GaAs
heterostructure (see Fig. 5). In the former geometry (top
half of Fig. 5), a single line is observed that shifts from
g =1.945+0.001 for B~~[110] to g =1.978+0.001 for
8~~ [001],the growth axis. In the latter geometry (bottom
half of Fig. 5), two resonances with approximately equal
amplitudes are found with g = l.917+0.001 and
g=1.976+0.001 for B~~[100]. A single line is observed
again with g = 1.947+0.001 as the magnetic field is rotat-
ed to the [110] direction. No differences are observed in
the linewidths or g values of the two well-resolved reso-
nances with B along the third cube-edge direction (i.e.,
[010]). A compilation of the g values obtained from the
angular-rotation studies performed on this sample is
given in Fig. 6. An overall tetragonal symmetry of the
resonance about the [001]axis is found.
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FIG. 5. ODMR spectra obtained for the Si-doped
AlAs/GaAs heterostructure with B rotated in the (110) and
(001) planes. Vertical bars indicate g = 1.94.

FIG. 7. ODMR spectra obtained for the Si-doped AlAs lay-
ers studied under different heteroepitaxial strain conditions.
Top spectrum: biaxial compression. Middle spectrum: -0
strain. Bottom spectrum: biaxial tension.

ODMR studies were performed also on the Si-doped
A1As sample after removal from the parent GaAs sub-
strate as described in Sec. II. In addition, ODMR mea-
surements were made after attaching the A1As:Si free-
standing layer to a silica substrate. Spectra for the three
unique substrate conditions with 8~~[110] are shown in
Fig. 7. Clear differences are observed in these spectra. In
marked contrast to the result obtained with the A1As lay-
er on the GaAs substrate, two resonances are observed
with the layer removed from the substrate or mounted on
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FIG. 6. Donor g values for two crystallographic planes for
the Si-doped AlAs/GaAs heterostructure. The solid lines are
fits to the data as described in the text. The dashed lines depict
the additional rotation patterns that would be found if
effective-mass states derived from the X, valley were also popu-
lated.

a substrate with a larger lattice constant at low tempera-
tures. The g values (1.949+0.001) of the higher-lying

magnetic field resonance are identical within error to that
found for the single line from the A1As/GaAs hetero-
structure. Also, the g values extracted from the lower-
lying magnetic field resonances are nearly equal:
1.975+0.001 for the freestanding A1As:Si sample versus
1.978+0.001 for the AlAs:Si/silica sample. Finally, the
amplitude of the higher-lying field resonance was approx-
imately twice that of the lower-lying resonance in the
freestanding layer. The opposite behavior was found in
the A1As:Si/silica sample.

OD MR spectra were obtained on the Si-doped
Al„Gai „As/GaAs samples for several values of alumi-
num mole fraction (x) with B parallel to the [100] direc-
tion (see Fig. 8). The most significant trend of these spec-
tra is the decrease in splitting between the two resonances
with decreasing aluminum mole fraction. It is found that
only one resonance peak can be resolved in this geometry
for the sample with x =0.41.

A compilation of the g values as a function of A1As
mole fraction from the ODMR experiments on the Si-
doped AlAs/GaAs and Al„Ga, „As/GaAs heterostruc-
tures is shown in Fig. 9. Several features are important.
First, the g-value anisotropy of the single line observed
with the field in the (110)plane decreases rapidly with de-
creasing Al mole fraction. Second, the g values obtained
with the magnetic field along the [100] direction shift
monotonically towards g=1.94 as x approaches 0.4.
Third, the g values obtained with the magnetic field along
the [110] direction are found to be approximately con-
stant (g —1.94). Finally, the ODMR features described
above were observed only for samples with aluminum
mole fraction greater than -0.35.
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FIG. 8. ODMR spectra obtained for several Si-doped
Al„Ga, „As/GaAs samples with B~~ [100]. Vertical bars indi-

cate g = 1.94.
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A general trend is observed also in the linewidths of
the OD MR spectra obtained for the Si-doped
Al Ga, „As/GaAs heterostructures. The full widths at
half-maximum amplitude of the resonances observed with
the applied magnetic field oriented parallel and perpen-
dicular to the [001] axis are plotted as a function of
aluminum mole fraction in Fig. 10. The linewidths for
both geometries increase with decreasing aluminum mole
composition. The largest change in linewidth is found for
samples with x near the direct-indirect gap crossover re-
gion (i.e., 0.37 ~x ~0.42).

Additional experiments to probe the source or sources
of the ODMR linewidths in the Si-doped Al Ga, As
samples with x near 0.4 were also carried out. The
linewidth was insensitive to changes in either the excita-
tion power (varied from 0.5 to 200 mW) or microwave
chopping frequency (varied from 35 to 5000 Hz). Howev-
er, the linewidth did change significantly when studied in
a Q-band (35 GHz) spectrometer (see Fig. 11). The
line width of the donor resonance in Si-doped
Ale 5Gac 5As with B~~[001] increased from 11 mT at 24
GHz to 16 mT at 35 GHz. Note this increase scales with
the ratio of the two microwave energies. Previous mea-
surements' at 9 GHz reveal linewidths smaller than the
24-GHz results. This behavior may indicate a distribu-
tion in g values.

ODMR experiments were performed also with exter-
nally applied uniaxial stresses for samples with intermedi-
ate Al mole fractions. Representative spectra for a Si-
doped A104Gao 6As/GaAs heterostructure with uniaxial
stress applied in the [110]and [100] directions are shown
in Fig. 12. A compilation of the g values as a function of
the magnitude of the stress for the two geometries is
given in Fig. 13. There is no shift of the g values and lit-
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planes. Open and closed squares and circles: Si-doped samples
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doped samples. The g values are isotropic for the resonances
observed from the Sn-doped Al„Ga& As samples.
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FIG. 10. Plot of the ODMR linewidths with B oriented
parallel and perpendicular to the [001] growth direction for the
Si-doped Al Ga& As layers on the GaAs substrates. Trian-
gles: X-band data (Ref. 12).
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tie change in the linewidth of the resonance up to the
maximum stress applied in the [110]direction. However,
an immediate change in the character of the resonance is
observed with stress along the [100] cube-edge direction
in the plane of the epilayer. The g value of the resonance
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FIG. 13. ODMR g-values for Si donors in Alo 4Gao 6As with
uniaxial stress applied in the [100] (triangles) and [110](squares)
directions. BII[010]for TII[100] and 30' from [001] for TII[110].
Solid lines are guides to the eye. Inset: sample geometry for
TII [ 100].

with BII[010] shifts from 1.937+0.001 for ~T~ =0 to
1.946+0.001 for ~T~ =60 Mpa. The g value does not
shift further for larger values of stress. Note that this
limiting g value is equal within error to that obtained
with the field oriented along [001] in the absence of exter-
nally applied stresses (see Fig. 9). In addition, the
linewidth of the resonance narrows with increasing stress
from —15.8 mT to a limiting value of —10 mT.

T II [100]
0

8 II [010]
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FIG. 12. ODMR spectra obtained for the Si-doped
Alo 4Gao 6As/GaAs heterostructure with uniaxial stress (T) ap-
plied in the [110](top half) and [100] (bottom half) directions.

2. Sn donors in AlAs and Al„Ga & „As

Magnetic-resonance spectra were obtained on lumines-
cence from the Sn-doped A1As/GaAs heterostructure for
several orientations of B in the (110) plane (see Fig. 14).
The deep PL band in this sample was found at 1.1 eV,
unique compared to the emission peaks at 0.8 eV ob-
served from the most of the n-doped Al„Ga& As sam-
ples investigated in this work. Two distinct resonances
are observed. First, a single, luminescence-decreasing
feature with g=2. 091 was found with BII[110]. The g
value of the resonance is isotropic, but the intensity of
this line diminishes as B is rotated from [110] to [001].
Second, a broad, luminescence-increasing resonance was
observed with the field oriented away from [110]. The in-
tensity of this feature increases as B approaches [001] in
the (110) plane. The g value of the resonances is
2.00+0.02 and the FWHM —150 mT with BII[001].
Also, the g value is isotropic within experimental error as
determined from the spectra obtained with field orienta-
tions where the positive broad line is the dominant
feature.
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FIG. 14. ODMR spectra obtained for the Sn-doped
AlAs/GaAs sample with the magnetic field rotated in the {110)
plane.

Representative ODMR spectra for a Sn-doped
Alo 6Gap 4As/GaAs sample with the field rotated in the
(110) plane are shown in Fig. 15. Two unique resonances
are observed again. First, the dominant feature is an iso-
tropic, luminescence-increasing resonance with

g =1.997+Q.006 and F%'HM=SO mT. The intensity of
this line is fairly insensitive to the orientation of the ap-
plied field in the (110) plane. Second, an isotropic, four-
line spectrum was also observed. The third peak of the
four-line spectrum is probably masked by the strong posi-
tive resonance with g =1.997 described above. A similar

spectrum has been reported recently from ODMR stud-
ies ' of undoped Al„Ga, ,As (0.17 ~ x ~ 0.65) grown by
metal-organic vapor-phase deposition. The g values of
the dominant resonances observed in the three Sn-doped
Al„Ga& „As layers (0.45 ~ x ~ 1) investigated in this
work are plotted in Fig. 9 (solid triangles). The g values
are equal (-2.00) within experimental error.

3. Group VId-onors (S, Se, Te) in Al Go~ „As

The group-VI donors S, Se, and Te have also been
studied. Representative ODMR spectra for a Se-doped
Al&6Gao4As/GaAs sample are shown in Fig. 16. The
general behavior of the resonances observed in this struc-
ture are found also in the AI, Ga& „As layers (x=0.4,
0.6) doped with either S or Te. Results were obtained
again with B applied in the (110) and (001) planes of the
sample. In the (110) plane, a single line was observed
that shifts from g = 1.953+0.001 for B~~ [ 110] to
g =1.961+0.001 for 8~~[001). In the (001) plane, a single
isotropic line was observed with g=1.953+0.001. The
spectra shown in Figs. 17 and 18 demonstrate explicitly
the di6'erent ODMR characteristics between the Si-doped
and group-VI-doped Al, Ga&, As/GaAs heterostruc-
tures with aluminum mole fraction equal to 0.6. In the
(110) plane, the g-value anisotropy is much larger for
the Si-doped sample (hg =0.020) than for the Se-,
S-, and Te-doped Alo 6Gao 4As/GaAs samples
(Ag =0.008—0.010). In addition, two resonances are
resolved in the Si-doped sample while the lines in the S-,
Se-, and Te-doped samples are unsplit with the magnetic
field applied along the [100] cube-edge direction.

A compilation of the g values as a function of A1As
mole fraction from the ODMR experiments on the
Al Ga, As epitaxial layers doped with group-VI atoms

(6
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FIG. 15. ODMR spectra obtained for the Sn-doped
A106Gao 4As/GaAs heterostructure with B rotated in the (110)
plane.

FIG. 16. ODMR spectra obtained for the Se-doped
Alo 6Gao 4As/GaAs sample with B rotated in the (110)and (001)
planes. Vertical bars indicate g = 1.95.
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FIG. 17. Comparison of the ODMR spectra obtained for the
Si- and Se-doped Alo 6Gao 4As/GaAs samples with B rotated in

the (110)plane. Vertical bars indicate g = 1.95.

FIG. 19. Compilation of the ODMR g values for the group-
VI-doped Al„Ga& „As/GaAs heterostructures. Open symbols:
B(([001]. Closed symbols: B//[110] (or //[100]).

is shown in Fig. 19. As noted above, the g-value anisotro-
pies in the (110) plane are similar (b,g =0.008—0.010) for
the Alp 6Gap 4As samples doped with S, Se, or Te. How-
ever, slight differences were found in the absolute g values
for these structures with the magnetic field along the
[110] or [001] axes. In addition, the g-value anisotropy
for the S-doped Al„Ga, As/GaAs heterostructure de-
creases from kg=0. 008 for x=0.6 to kg=0. 006 for
x =0.4. However, the g value of the single line observed
in the (110) plane of the Te-doped Ale 4Gao6As/GaAs
sample is nearly isotropic.

ODMR experiments were performed also on the Se-
doped Alp 6Gap 4As sample after removal from the GaAs
substrate. Representative ODMR spectra obtained from
this study with the field in the (110) plane are shown in

Fig. 20 along with the spectra described above for the ep-
itaxial layer on the substrate. An Isotropic line with
g=1.956+0.001 was found for the freestanding sample
in contrast to the anisotropic resonance observed from
the Se-doped Alp 6Gap 4As/GaAs heterostructure.

Z:

Z'.

LU

O

I I I I I

c5

K

LLI

V
z'.

C3

[11

I

830 840
I I I I

850 860 870 880 890 900 910
MAGNETIC FIELD (mT)

-40 -30 -20 -10 0 10 20 30
MAGNETIC FIELD (m T)

40

FIG. 18. Comparison of the ODMR spectra obtained for the

Si-, Se-, and S-doped Alo 6Gao 4As/GaAs heterostructures with

B(([100]. The spectra are displayed about g = 1.95 (B—=0) to ac-
count for the slightly di6'erent microwave frequencies.

FIG. 20. Comparison of the ODMR spectra obtained for the
Se-doped Alo 6Gao4As sample studied with the epitaxial layer
on the GaAs substrate (top half) and after removal from the
substrate (lower half). Spectra are shown for two field direc-
tions in the (110)plane. Vertical bars indicate g = 1.95.
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about equal intensities are observed with the magnetic
field along the [100] direction (see the bottom half of Fig.
5) because the field is simultaneously oriented parallel to
the long axis (g value denoted by gl) of the X„valley and
parallel to the short axis (g value denoted by gi) of the X~
valley. ' A single anisotropic resonance feature is ob-
served as the field is rotated in the (110)plane (see the top
half of Fig. 5), since this plane mirrors the X„and X val-
leys.

These results indicate that (i) the X and X~ valleys are
decoupled since the two resonances are so clearly
resolved and (ii) states derived from the X, valley do not
participate in the recombination since only one resonance
is observed for B~~ [001]. Fits have been made to the data
obtained from the angular-rotation studies with the usual
expression for the g values in the case of axial symmetry

g=(g~'( cos 8+gjsin 8)'~

FIG. 21. Plot of the ODMR linewidths for the group-VI-
doped A1„Ga& As/CxaAs samples. The linewidths are fairly
insensitive to the orientation of 8 in the (110)or (001) planes.

The linewidths of the QDMR spectra obtained for the
group-VI-doped Al„Ga, As/GaAs samples are plotted
as a function of aluminum mole fraction in Fig. 21. The
individual linewidths are fairly insensitive to the orienta-
tion of the applied magnetic field in the (110) or (001)
planes. The line widths obtained for the S-implanted
Al Ga

&
„As layers are larger compared to the

linewidths found for the Se- and Te-doped samples. Also,
the linewidth found for the S-implanted samples increases
significantly with decreasing Al mole fraction.

V. DISCUSSION

A. AlAs:Si

The results for the Si-doped A1As/GaAs heterostruc-
ture can be understood using an independent-valley mod-
el in the presence of strain. The mismatch of the A1As
and GaAs lattice constants at 1.6 K (ha/a =1.4X10 )

leads to a biaxial compression in the plane of the epilayer
and an elongation along the [001]growth direction due to
the Poisson effect. The heteroepitaxial stress raises the
X, valley relative to the X and X valleys. The strain-
induced splitting is given by

AX= "„(ei—e (3)

where =„ is the shear deformation potential and ez and

e~~ are the perpendicular and in-plane lattice strains, re-
spectively, in the AlAs epitaxial layer. We estimate the
valley splitting to be approximately 14 rneV using the
A1As deformation potential:-„=5. 1+0.7 eV deduced
from recent piezospectroscopic studies of type-I and
type-II GaAs/A1As superlattices. Thus, the X, valley at
1.6 K is not populated and, hence, does not participate in
the recombination. Two well-separated resonances of

where 0 refers to the angle between the applied magnetic
field and the [100] ([001])axis with the field rotated in the
(001) [(110)]plane and g

~~

and gi are the g values associat-
ed with the magnetic field oriented parallel and perpen-
dicular to the [100] ([001]) direction, respectively. As
shown by the solid lines in Fig. 6, the fits are quite
reasonable. The fits to the data obtained with the field
rotated in the (001) plane (see the left half of Fig. 6) yield
the single-valley g values associated with the X-point
conduction-band minima in A1As: gz = 1.976+0.001 and

gI~
= 1.917+0.001 with respect to the long axis of an ellip-

soid. The dashed lines in Fig. 6 depict the rotation pat-
terns that would be expected in the (001) and (110)planes
if the X, valley was also populated. Thus, the Si-donor
ground state in A1As can be described as a doublet with
tetragonal symmetry about the [001] direction. In addi-
tion, the symmetry behavior of the resonance feature
confirms the states' association with the X-point
conduction-band minima and not with the I or L points.

The independent-valley picture employed to describe
the nature of the Si-donor ground state in A1As is con-
sistent with Morgan s prediction of a weak valley-orbit
interaction for a group-IV donor on a group-III site in a
III-V semiconductor. However, due to the multiplicity of
valleys associated with the X-point conduction-band
minima and the finite spin (—,') of the donor electron, a
spin-valley coupling must also be considered since this in-
teraction (A,I. S) can mix the X„,X, and X, valleys. As
noted recently by Kaufmann et a/. ,

' it was suggested
that A, scales with the difference between the atomic
spin-orbit coupling constants of the impurity and that of
the host atom it replaces. The ODMR results on the Si-
doped A1As layers reAect the fact that the difference be-
tween the atomic spin-orbit constants of Al and Si is
quite small.

The ODMR results obtained for the Si-doped A1As
sample can be compared with the results of detailed EPR
studies of Si and Sn donors in GaP due to the similarity
in the orbital degeneracy of the ground states. ' It was
necessary to apply large uniaxial stresses in appropriate
directions in order to observe EPR signals in the Si- and
Sn-doped bulk GaP samples. The uniaxial stress
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effectively decouples the spin-orbit mixed valleys. It is
possible to correlate the increase of A, between Si donors
in GaP (2.7 cm ') and Sn donors in GaP (11.3 cm ')
with the larger difference in atomic mass numbers be-
tween Sn and Ga as compared to Si and Ga. As previ-
ously mentioned, the small value of A, deduced for Si
donors in A1As probably arises from the similarity of the
atomic masses between Si (mass number, 28) and Al
(mass number, 27). These ideas will be invoked again to
describe the nature of the Sn donor state in A1As and for
Si donors in Al Ga& As with x & 1.

It has been suggested that random strains (e) must also
be present in the x-y plane of the A1As layer in order to
account for the (nearly) equal intensities of the two reso-
nances observed with the field along the [100] or [010]
cube-edge directions. ' The distribution of these random
strains is such that at certain donor sites the X valley is
lowered in energy, while at other sites the ground state is
associated with the Xy valley alone. The origin of the
random in-plane strains in A1As is not understood at
present. However, the existence of in-plane strains to
adequately describe the ODMR results obtained for the
Si-doped A1As sample may not be necessary if A, is small.

The ODMR results obtained on the Si-doped A1As
sample with the layer removed from the GaAs substrate
or attached to a substrate with the larger lattice constant
demonstrate further that the Si donors behave as a local
probe of the strain fields in A1As. The g values and rela-
tive amplitudes of the two resonances observed with the
magnetic field along the [110]direction in the free stand-
ing AIAs:Si sample (see the middle trace in Fig. 7) are
consistent with the field oriented parallel to the short
axes of the X, valley (lower field resonance) and at 45 to
both the X and X valleys (higher field resonance).
Without strain, donor states derived from all three val-
leys are populated. These results on the freestanding Si-
doped A1As layer again provide evidence for negligible
valley-orbit interactions and negligible spin-orbit cou-
pling among the X,X, and X, valleys.

For the case of the AlAs:Si layer attached to the silica
substrate, the larger lattice constant at 1.6 K of the silica
relative to the A1As layer leads to a biaxial tension in the
AlAs epilayer. As a result, the X, valley is lowered rel-
ative to the X and X valleys. The unequal amplitudes
of the resonances observed for this structure with 8 along
[110] (see the bottom trace in Fig. 7) refiect the higher
population of the donor states associated with the X, val-

ley in the presence of compression in the z direction due
to the biaxial tension in the x-y plane.

B. Group-VI donors in Al„Ga& „As

The behavior of the donor resonances observed for the
group-VI-doped Al„Ga, „As/GaAs samples can be un-
derstood in most cases by taking into account the
heteroepitaxial strain and a strong valley-orbit interaction
(discussed in Sec. III) that couples the X,X, and X, val-
leys for a group-VI donor on the group-V site. The
analysis described below is found to be most applicable
for the S-, Se-, and Te-doped Alo 6Gao 4As/GaAs struc-
tures and for the' S-doped A104Gao 6As/GaAs sample.

First, an isotropic g value is expected for a pure singlet
(Ai) ground state. However, a small g-value anisotropy
about the [001] axis is observed in the (110) plane (see the
top half of Fig. 16) because of the slight mixing between
the ground (A, ) and excited (E) states. This interaction
is due to the tensile strain along the [001] axis. The
ground state is no longer a pure singlet state but is an ad-
mixture of the singlet and excited doublet states. The ob-
served g-value anisotropy of the resonance partially
reAects the g-value anisotropy associated with the doublet
state.

Similar admixing effects on the behavior of donor g
values have been observed in EPR investigations of shal-
low donor in Si under applied unaxial stress by Wilson
and Feher, and we follow their analysis. The valley-
orbit splitting energies (E,z) between the ground (A i) and
excited (E) states in the absence of stress for the S-, Se-,
and Te-doped Alo 6Gao&As/GaAs samples and the S-
doped Alo4Gao6As/GaAs heterostructure can be de-
duced from the donor g-value anisotropies observed in
the (110) plane. The expression for the g shift due to the
mixing between the ground and excited states with the
strain along the [001]growth direction is

g(&) —go =(g~, —g&)[i —(3 sin'&)/2]

X [1—(1+3x'/2)(1+x'/3+x' /4) '~ ],
(5)

where g(8) is the donor g value in the presence of strain,
go is the donor g value in the absence of strain, 0 is the
angle between the [001] stress axis and the applied mag-
netic field, g~~

and gj are single-valley g values associated
with the X-point conduction-band minima, and x is the
ratio of the strain energy (-8.4 meV for x =0.6, -5.6
meV for x =0.4) to the valley-orbit splitting energy (E,2).
The values employed for

g~~
and g~ are taken from the

ODMR results on the Si-doped AlAs/GaAs sample
where the valleys are independent. Thus, the values of go
and E&z can be determined from the donor g values with
the magnetic field parallel (9=0') and perpendicular
(0=90') to the [001] axis.

Equation (5) predicts an isotropic g value for 8 rotated
in the (001) plane (i.e., 8=90'). In agreement with this
analysis, isotropic g values are observed in the (001) plane
of the group-VI-doped Al„Ga, „As samples (see, e.g.,
the bottom half of Fig. 16). In addition, an isotropic res-
onance is predicted by Eq. (5) in the absence of stress (i.e.,
x ' =0) as found for the freestanding Se-doped
Ala 6Gao 4As (see the bottom half of Fig. 20).

A consistent picture emerges for most of the results ob-
tained for the A1GaAs layers doped with group-VI im-
purities. The values of go and E,2 deduced from the
above analysis are summarized in Table II. First, the go
value determined from the analysis (g =1.955+0.001) is
in excellent agreement with the g value of the isotropic
resonance (g = 1.956+0.001) found for the Se-doped
A106Ga04As layer removed from the GaAs substrate.
Second, the valley-orbit splitting energies (i.e., chemical
shifts) are 16.5 —20 meV for the group-VI-doped
Al Ga& „As samples. The valley-orbit splitting energies
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Impurity

S
Se
Te
S

0.6
0.6
0.6
0.4

go

1.957+0.001
1.955
1.965
1.954

Al Ga&, As

19.0+1
20.0
16.5
18.0

GaP'

22. 1

20.5
7.7

'See Ref. 23.

are quite similar in the S-doped Al„Ga& As samples
with x =0.4 and 0.6. The decrease of the donor g-value
anisotropy between these two samples simply reAects the
reduction of heteroepitaxial strain with decreasing Al
mole fraction. However, this stress analysis breaks down
for the Te-doped Alp 4Gap 6As sample since a much
larger g-value anisotropy (kg =0.006) should have been
observed rather than the nearly isotropic line
(kg=0. 001) found with B rotated in the (110) plane.
This result implies that the central cell interactions are
quite strong in this sample and lead to a highly localized
( A, ) ground state.

These results for the chemical shifts of shallow donor
levels in Al„Ga, „As (x ~0.35) can be compared with
earlier measurements of the ionization energies deter-
mined from donor-acceptor pair luminescence spectra of
the same group-IV and group-VI substitutional donors in
GaP. The difference in ionization energies between Si
donors on the Ga site and either S, Se, or Te donors on
the P site was found to be 7—22 meV. It is interesting to
note that Te also has the smallest chemical shift among
these group-VI dop ants in GaP as found in the
Alo 6Gao 4As samples.

In the theory of donors in Al Ga, „As (x ~0.35)
within the VCA, ' both the doublet excited state (E) asso-
ciated with the group-VI donors and the triplet group
state (T2) associated with group-IV donors lie very close
to the effective-mass energy level. Thus, the finite valley-
orbit splitting energies (Ei2 —16.5 —20 meV) found for S,
Se, and Te donors necessarily imply a larger binding en-
ergy for these donors than for Si donors in Al„Ga& As
with x =0.6. Recent Hall-effect measurements on simi-
larly doped Alo 6Gao &As samples yield binding energies
for the X-derived shallow donor state that contrast with
the QDMR results. In particular, the binding energy of
the shallow hydrogenic level is reported to be larger for
Si donors (-75 meV) (Ref. 38) than for Te donors ( —25
meV) (Ref. 39) in Alo 6Gao4As. However, these binding
energies may be in error by a factor of 2 due to compen-
sation. One approach to resolve this conAict may be
direct determination of the hydrogenic effective-mass
ground-state energy for each species by luminescence
spectroscopy. However, one would also need to know the

TABLE II. Values of go (the g value in the absence of strain)
and E&z (the valley-orbit splitting energy or chemical shift) for
the group-VI donors in Al Ga& As determined from an
analysis of the ODMR results. Also shown are the differences
in ionization energies between Si donors and the same group-VI
donors in GaP found from donor-acceptor pair luminescence
spectra.

E» (meV)

binding energy of the acceptor involved in the donor-
acceptor pair recombination to accurately determine the
donor binding energy.

C. Si donors in Al„Cga& „As

The behavior of the donor g values and linewidths of
the resonances observed from the Si-doped
Al„Ga, „As/GaAs samples with x (1 presents the big-
gest challenge in terms of a complete picture for the na-
ture of the donor ground state in Al Ga& „As with
intermediate-to-high Al mole fraction. The monotonic
decrease in splitting between the two resonances observed
for 8~~[001] (see Fig. 8), the monotonic decrease in g-
value anisotropy of the single line observed with B rotat-
ed in the (110) plane (see Fig. 9), and the increase in the
linewidth of the donor resonances with decreasing Al
mole fraction (see Fig. 10) indicate a breakdown of the
independent-valley model that was employed to describe
the symmetry of the donor ground state in the Si-doped
AlAs/GaAs heterostructure. These results strongly sug-
gest the presence of one or more interactions in these
samples that lead to a coupling interaction among the in-
dividual valleys associated with the X-point conduction-
band minima or perhaps a coupling of the X-derived val-
leys with valleys derived from the I and/or L bands.

A number of mechanisms must be considered that can
potentially inAuence the nature of the Si-donor ground
state in the Al Ga& „As samples with x &1. These in-
clude a finite spin-valley coupling interaction, L X(I -X)-
interband mixing, and alloy disorder. These interactions
will be discussed below in light of the ODMR results
presented in Sec. IV 8 1. Overall, the nature of the donor
state in Si-doped Al Ga& As for samples with x near
0.4 is not as well understood as the states associated with
Si donors in A1As and the group-VI donors in
Alo. 6Gao. 4As.

First, the single-valley g values (g~~
= l.915 and

go=2. 004) determined from Roth's equations described
earlier in Sec. III are in fairly good agreement (especially
the

g~~
value) with the g factors obtained from the present

QDMR studies of the Si-doped A1As sample:

g~~
=1.917+0.001 and g~ =1.976+0.001. However, if the

g values (see Fig. 9) determined from the two resonances
obtained with B~~ [100] in the Si-doped Al„Gai As sam-

ples with x & 1 are taken as single-valley g values associ-
ated with independent-X valleys, Roth's equations within
the VCA can satisfactorily account for the increase of

g~~

with decreasing x but cannot account for the decrease of
gi with decreasing Al mole fraction [for example, Eqs. (1)
and (2) predict

g~~
=1.954 and go=2. 013, respectively,

for x =0.4].
Recently, the dependence of the g values and the

linewidths of the resonances on the aluminum mole frac-
tion has been attributed to effective-mass donor states
with mixed X, L, and I character. ' In particular, the g
values obtained with the field along [100] and [001] (see
Fig. 9) have been fitted with contributions from both the
L and X bands. The mixing coefficient between donor
states derived from these bands is largest, as expected (see
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Fig. 1), for x near 0.4. However, the nearly constant
average donor g values (-1.945) observed for the entire
set of Si-doped Al„Ga, As layers in this work (see Fig.
9) is not consistent with a strong L X-interaction, unless

(gL ),„=(gx),„. In particular, Roth's equations predict
that g associated with the L-point conduction-band

II

minima varies from —1.487 for A1As to —1.026 for
GaAs (determined from reported values for the E, and
E

&
+5

&
critical-point energies and the L-point

conduction-band efFective masses ), where
~~

refers to the
( 111) axes.

In order to test explicitly the L-X character of the
donor wave function, ODMR experiments with external-
ly applied uniaxial stresses were performed. In particu-
lar, uniaxial stress studies on the Si-doped Al„Ga& „As
sample with x =0.4 provide the best case to probe the
strength of L-X interband mixing. Since the long axes of
the L-point conduction-band constant-energy ellipsoids
are located along the (111) axes, the equivalency of the
four L-point valleys should be removed with stress ap-
plied in the [110]direction. The maximum stress applied
along [110] in this study was approximately equal to the
value of the heteroepitaxial stress in A1As on GaAs. As
seen in Figs. 12 and 13, there is no shift of the g value and
little change in the linewidth for this type of strain. This
results provides evidence against the contribution of
donor states derived from the L-point conduction-band
minima at x =0.4.

However, there is a noticeable change in the character
of the resonance with uniaxial stress applied in the [100]
direction. Hence the donor wave function is still X-like
at x =0.4. The shift of the g value from 1.937 to 1.946
with finite stress along [100] is attributed to either a
decoupling of the mixed X„and X valleys such that,
among the Xz Xy and X, valleys, only states derived
from the X valley contribute to the donor state or a val-
ley depopulation effect. The significant change in
linewidth and the saturation behavior of the g value and
linewidth with T ~ 80 MPa along [100] can be associated
with one of the two strongly overlapping resonances ob-
served at zero stress with 8~~ [010]. Following this line of
analysis, the limiting g value (1.946) obtained with T 80
MPa can be assigned to g~ for a single X valley at x =0.4.
The same g value was found at zero stress and B along
[001]. This interpretation implies that the single-X-valley
g values (i.e., g~~

and gi) depend on the Al mole composi-
tion. However, this line of analysis leads to the con-
clusion that the asymmetry (i.e., ellipsoidal character) of
the X valleys is much reduced for Alo 4Gao 6As. This is
highly unlikely since the mass anisotropy (i.e., m~~/mi)
associated with the X-point conduction band is very sirni-
lar for GaAs and A1As. Thus, it is dimcult to describe
the donor state at x =0.4 as a purely hydrogenic
effective-mass state derived from the X-point
conduction-band minima within the VCA.

In light of the reason for weak spin-valley interaction
for Si donors in A1As as discussed in Sec. VA, this in-
teraction may become significant in the alloy layers be-
cause of the much larger difference in atomic mass num-
bers between Si and Ga as compared to Si and Al. Thus,
the X„and X valleys would be most strongly coupled at

x =0.4 in this picture. The state derived from the X, val-
ley at x =0.4 is located approximately 6 meV above the
X and X„valleys due to the heteroepitaxial stress and
probably does not contribute to the donor state. Con-
trary to an earlier analysis, the results of the uniaxial
stress experiments provide evidence against a purely
spin-valley coupled state at x =0.4. In particular, the g~
value observed for the Si-doped A1As sample
(gi=1.976+0.001) should be recovered with T~~[100]
and 8~~[010] at some finite stress (see Fig. 13). Instead, as
noted above, the limiting g value is 1.946, equal to that
obtained with 8~~ [001] in the absence of stress.

An additional mechanism that can alter the nature of
the Si-donor ground state in Al Ga, „As is alloy disor-
der. For a random alloy, the maximum alloy disorder
occurs for x =0.5 and diminishes in a linear fashion on
either side of x =0.5. However, the ODMR spectra ob-
tained for the Si-doped Al Ga, As epitaxial layers that
should have similar alloy disorder (i.e., the samples with
x =0.4 and 0.6) are significantly diff'erent (see, for exam-
ple, Fig. 8).

Recent EPR experiments show that the disorder poten-
tial of the amorphous phase leads to a stronger localiza-
tion of P- and As-donor states in hydrogenated arnor-
phous Si and Ge in comparison to the same donors in the
corresponding crystalline semiconductors. In a similar
fashion, the potential Auctuations due to the composi-
tional disorder in Al Ga& As may lead to a deepening
of the Si shallow hydrogenic effective-mass states. The
short-range potential can mix states of different k vec-
tor ' and, thus, lead to a coupling interaction between
states derived from the X~ and X valleys or between
states derived from the I - and X-point conduction-band
minima. These intervalley (i.e., X -X or I -X) scattering
interactions may explain the decrease in g-value anisotro-
py found in the (110) planes and the increasing linewidth
of the donor resonances in the Si-doped Al Ga, „As
samples as x varies from 1 to 0.5. Further theoretical
work is needed to determine the strength of these interac-
tions.

Recently, absorption and photoluminescence experi-
ments have provided evidence of a strongly localized
donor state with A, symmetry for Si-doped GaAs under
hydrostatic pressure. ' These experiments suggest that
there are three different states of the same donor impuri-
ty: the hydrogenic effective-mass shallow state, "deep"
A

&
state, and DX-like state. The existence of highly lo-

calized electronic states with A
&

symmetry was predicted
from tight-binding approximation theories. In addi-
tion, this A, deep donor state has no energy barrier for
the transfer of electrons from the shallow state. Thus,
the present ODMR results on the Si-doped Al Ga& As
sample with intermediate Al mole composition may
reAect a contribution of these localized A

&
states to the

makeup of the donor state probed. As stated in Sec. V 8,
an isotropic g value is usually associated with an A,
state. In this case, the value associated with this A

&
state

could be expected to be near —1.95, the appropriate
average g value (i.e., —,'g~~+ —', gi) derived from the single-
valley g parameters found for the Si-doped A1As sample.
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Thus, the reduced g-value anisotropy observed in the
(110) plane with decreasing x may reflect a deepening of
the shallow state due to a coupling interaction that mixes
the X„and X valleys and/or the participation of a deep,
but optically active, 3, state.

D. Sn donors in AlAs and Al„oa& „As

The results for the Sn-doped A1As/GaAs heterostruc-
ture are quite different from the spectra observed for the
Si-doped AlAs/GaAs sample. The combined observa-
tions of the luminescence-increasing resonance with g
value near 2 and the isotropy of the g value with the ap-
plied field rotated in the (110) plane suggest that the opti-
cally active state in this sample is much deeper compared
to the Si-donor state in A1As. Again, no valley-orbit in-
teraction is expected for the Sn dopant when it is substi-
tutional on the Al site. ' However, the spin-valley in-
teraction may be important for Sn donors in AlAs due to
the much larger difference in atomic mass between Sn
and Al compared to that between Si and Al. This in-
teraction may produce a coupling among the X valleys
and lead to a deepening of the Sn donor state in A1As. In
addition, strong luminescence-increasing resonances with
isotropic g values near 2 were observed also in the Sn-
doped Al Ga& As samples with x =0.6 and 0.4.

Recently, clearly resolved hyperGne splittings due to
the magnetic " Sn and " Sn isotopes (I=—,') have been
observed from absorption magnetic circular dichroism
(MCD) ODMR experiments on a 100-pm-thick Sn-
doped Al Ga, „As freestanding layer with x =0.39
grown by QMVPE. The strong, central single-resonance
feature due to the more naturally abundant " Sn isotope
(I=O) was found with g=1.97+0.03 and FWHM=
Sl+5 mT. This g value is similar to the g values of the
dominant features observed in the present ODMR studies
on the three Sn-doped Al Ga& As samples. The spec-
trum was assigned to a deep level paramagnetic state
from the magnitude of the Sn hyperGne interaction term.
However, it is not clear whether the dominant resonances
found in the QDMR or MCD experiments arise from iso-
lated Sn on the group-III site or from a Sn-related com-
plex.

As noted earlier, the luminescence-increasing reso-
nance observed from the Sn-doped A1As layer exhibits a
large anisotropy in intensity as the Geld is rotated from
[110] to [001]. However, the intensity of the g-2 line
found in the Sn-doped Alp 6Gap 4As sample did not exhib-
it a strong variation in the (110) plane. The behavior ob-
served from the Sn-doped A1As sample is very similar to
the characteristics observed previously for donor centers
in OI3MR studies of CdS. The intensity of the donor
ODMR signal in the CdS samples was found to increase
as the field was rotated towards the c axis of the wurtzite
structure. This behavior was attributed to the depen-
dence of the optical selection rules on the angle between
the magnetic Geld and the crystal field along the c axis.
This is due to the strong polarization parallel to the c axis
of the spin of the shallow acceptor that participates in the
donor-acceptor pair recombination.

Optically detected magnetic-resonance experiments
have been performed on doped epitaxial layers of A1As
and Al„Ga, As with x ~0.35. The Al Ga, As layers
were doped during growth or via implantation with Si
and Sn impurity atoms from group IV and S, Se, and Te
impurity atoms from group VI. The studies were carried
out with the as-grown epitaxial layers on the parent (001)
GaAs substrates, removed from the substrates, attached
to substrates with larger lattice constants at low tempera-
tures (for example, silica), and under applied uniaxial
stresses along the [110] and [100] in-plane directions.
Also, symmetry information was obtained from angular-
rotation studies with the magnetic Geld rotated in the
(110)and (001) crystal planes.

The donor state in Si-doped A1As observed in these
QDMR studies can be described by the usual hydrogenic
effective-mass theory for substitutional donors on the
group-III site associated with the X-point conduction-
band minima. The ODMR results reveal that Si donors
behave as a local probe of the strain fields in AlAs. For
example, the anisotropy and splitting behavior confirms
that the heteroepitaxial strain due to the mismatch of the
A1As and GaAs lattice constants at 1.6 K raises the X,
valley relative to the X and X valleys in thin layers of
A1As grown on (001) GaAs substrates. Also, these stud-
ies provide evidence for negligible valley-orbit interac-
tions for Si donors on the group-III site in AlAs as pre-
dicted by Morgan ' and for negligible spin-orbit cou-
pling.

The ODMR studies on the Al Ga& „As layers doped
with S, Se, and Te from group-VI provide strong evi-
dence, particularly for samples with x ~ 0.6, that (1) these
optically active states are located on the group-V site and
(2) form shallow states derived from the X-point
conduction-band minima. The results can be described
by the hydrogenic effective-mass theory modified by a
finite valley-orbit (i.e., central cell) interaction that mixes
the states derived from the X~ Xy and Xz valleys as pre-
dicted by Morgan. ' This prediction was verified from
the comparison between the Si-doped Alp 6Gap 4As sam-
ple and the Alp 6Gap 4As layers doped with S, Se, and Te.
Analyses of the OBMR results yield valley-orbit splitting
energies (i.e., chemical shifts) of —16—20 meV for these
group-VI donors.

The nature of the donor states in the Si-doped
Al Ga& As/GaAs heterostructures with x &1 is not
well understood within the virtual-crystal approximation,
particularly for samples with x near 0.4. The monotonic
decrease in both the g-value anisotropy and splitting with
decreasing Al mole fraction observed from the angular-
rotation studies in the (110) and (001) planes indicates a
breakdown of the independent-valley model that was em-
ployed to describe the donor ground state in Si-doped
A1As. The behavior of the Si-donor resonances with de-
creasing x reflect more of an A, (singlet) character rather
than a T2 (triplet) state (however, modified by the
heteroepitaxial strain) found for Si donors in A1As. The
QDMR results suggest the presence of one or more in-
teractions (including alloy disorder) among states derived
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from the X, X~, and X, valleys or perhaps a coupling of
donor states derived from the X-point conduction-band
minima with states derived from the I and/or I. bands.
ODMR experiments performed with externally applied
uniaxial stress along the [110jand [100] directions on the
Si-doped Alo 4Cxao 6As sample provide evidence against
the contribution of donor states derived from the I.-point
conduction-band minima at x =0.4.

The results for the Sn-doped A1As/GaAs and Sn-
doped Al„Ga, „As/GaAs heterostructures with x (1
are quite di6'erent from the spectra observed from the
corresponding Si-doped samples. The Sn-doped
Al Ga& As samples with x =0.4, 0.6, and 1 exhibit a
broad line with an isotropic g value =2.00+0.02. Recent
absorption (MCD) ODMR experiments on Sn-doped
Ala 4Gao 6As provide evidence for a Sn-related paramag-
netic deep level state with strong A, character. However

it is not clear whether the dominant resonances found in
the MCD and the present ODMR experiments are from
isolated Sn on the group-III site or from a Sn-related de-
fect complex. Further experiments, such as electron-
nuclear double resonance (ENDOR), that can probe the
local environment of the defect center can potentially ad-
dress this issue.
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