PHYSICAL REVIEW B

VOLUME 42, NUMBER 18

15 DECEMBER 1990-11

Optically detected magnetic resonance of Si donors in Al, Ga, _, As

E. A. Montie, J. C. M. Henning, and E. C. Cosman
Philips Research Laboratories, P.O. Box 80000, 5600 JA Eindhoven, The Netherlands
(Received 19 March 1990; revised manuscript received 19 July 1990)

Magnetic resonance signals detected both on visible and on infrared luminescence bands from Si-
doped Al,Ga,_,As samples are described. Most samples show two superimposed resonance sig-
nals: a four-line hyperfine pattern and a single line. In this paper we focus on the single-line spec-
trum, which can be attributed to the Si donor system. The results, particularly the dependence of
the g values and the linewidth on the aluminum content of the samples, are explained in terms of
effective-mass theory. The resonance is concluded to occur in the donor level D;, with mixed X, L,
and T character in a local symmetry C, or lower. A reduced intensity of the signal in the 0~ com-
ponent of the visible luminescence in heavily doped samples is explained in terms of an anomalous

relaxation mechanism.

I. INTRODUCTION

The electrical conduction of n-type Al ,Ga,_,As is
commonly described in an empirical way by introducing
an effective-mass shallow donor and a second deeper
donor.! A model for this deep donor was first presented
by Lang and Logan,” who named it “DX center.” Obvi-
ously, a thorough understanding of the Al ,Ga,_,As
donor system is needed to explain its electrical behavior.
Spectroscopic studies of Si-doped Al,Ga,;_, As by Hen-
ning et al.>”° revealed the existence of four effective-
mass donors, tied to the L, X, and I' minima of the con-
duction band, in agreement with a theorem of Bassani
et al.® The four donors, labeled D, through D,, can be
observed through their respective donor-acceptor (D-A)
recombination bands in photoluminescence spectra of
Al,Ga,_,As samples. In Fig. 1 the luminescence ener-
gies of these bands* are presented as a function of the
aluminum content x. The figure clearly shows how the
donors track the conduction band minima.

To obtain more information on the donor system, opti-
cally detected magnetic resonance (ODMR) measure-
ments were performed by the present authors’ and,
simultaneously, by Kennedy et al.®~!' Later, ODMR re-
sults were also presented by Fockele et al.,'? and elec-
tron spin resonance (ESR) results were reported by Moo-
ney et al.,* Kaufmann et al.,'* and von Bardeleben
et al.'’® Although initially the interpretation of the re-
sults varied, it is now generally agreed that one particular
signal observed in both ESR and ODMR spectra is con-
nected with Si donors. More precisely, recent measure-
ments of the anisotropy of the signal by Glaser et al.® in-
dicated that this resonance in fact occurs in the D,
donor, tied to the X minimum of the conduction band.
So far however, no model has yet been able to describe all
features of the observed signals. In particular, the depen-
dence of the g values and the linewidth of the resonance
on the aluminum content of the sample has not been un-
derstood.

In this paper, we present the results of our ODMR
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study of Si-doped Al ,Ga,_,As. We also present a
theoretical description of the g factor and linewidth of
the magnetic resonance in an effective-mass donor with
mixed X, L, and I character. This model successfully ex-
plains the experimental observations.
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FIG. 1. Energies of the donor-acceptor luminescence bands
related to the four effective-mass donors in Al,Ga,_,As as a
function of the aluminum content. The energy positions of the
conduction band minima with respect to the valence band are
drawn for comparison. Dashed lines indicate the position of
donor-bound excitons.
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II. EXPERIMENTS

A. Experimental conditions

The samples used in our experiments were
Al ,Ga,_,As epilayers, grown either by metal-organic
vapor-phase epitaxy (MOVPE) or by molecular beam ex-
pitaxy (MBE) on n *-type or semi-insulating GaAs(001)
substrates. The layers were Si-doped or not intentionally
doped. Hall and capacitance-voltage (C-V) measure-
ments at room temperature indicated donor concentra-
tions ranging from below 1X10' to 1X10" cm™3. The
aluminum content x of the layers was determined by x-
ray double-crystal diffractometry.'®

Some samples were implanted with 2Si. Several ener-
gies ranging from 50 to 700 keV were used to obtain a
profile homogeneous over the entire thickness of the
Al ,Ga,_ As layer. The implanted samples were given a
close-contact annealing!” treatment for 20 minutes at
800°C. Some properties of the samples used for this
work are summarized in Table I.

Photoluminescence measurements were performed in a
He bath cryostat at 1.5 K. For optical excitation an Ar™
laser operating at 514.5 nm was used, with a typical exci-
tation power incident on the sample of 10 W/cm? modu-
lated at 300 Hz. The luminescence was detected using a
photomultiplier with a cooled GaAs cathode or a cooled
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Ge detector, depending on the wavelength, and a 0.75-m
grating monochromator.

The ODMR experiments were performed with the
same equipment at 1.5 K in X-band spectrometers, in
Faraday (detection along the magnetic field) or Voigt
(detection perpendicular to the magnetic field)
configuration. The Faraday configuration was used for
all polarization studies described here. A traveling wave
tube amplifier was used to attain microwave powers up to
4 W. Changes in the polarization or intensity of the
luminescence induced by the microwaves, chopped at 300
Hz, were detected using a lock-in amplifier. Digital
averaging was sometimes used to improve a poor signal-
to-noise ratio.

B. Results

Figure 2 shows a luminescence spectrum obtained from
an Al 33Gag ¢,As sample. Just beyond 600 nm, the D ;-4
and D,- A luminescence bands are visible. The D,-A4 and
D;- A bands cannot be distinguished separately in this
spectrum. In addition to these bands related to the
effective-mass donors, a strong emission at 1.5 um is ob-
served. We observe this band in most of our samples, but
not in all of them. Similar luminescence bands have been
reported by Kennedy et al.®° and Fockele et al.'> This
1.5-um luminescence originates from the Al,Ga,;_,As

TABLE 1. Aluminum content, net donor concentration, Hall concentration, 1.5-um luminescence
intensity, g values, and resonance linewidth of the samples used in the ODMR experiments. The g
values are along the z direction unless specified otherwise. MBV- and G-numbered samples are MBE

grown, all other samples are grown by MO-VPE.

ny
x Np-N, (300 K) I AB
Sample (%) (cm™3) (cm™3) (a.u.) g (G)
1 38 1X10' 3 1.943+0.006 125+15
2 39 3% 10" 4 1.947+0.006 125420
3 51 ~10'¢ 1 1.955+0.003 94+6
32 51 5%10' 1 1.955+0.003 9416
32 51 1X10" 2 1.955+0.003 9416
4 49 5%10" 3 1.954+0.004 9745
5 55 2 1.959+0.002 83+5
6 59 10'7-10'® 1 1.961+0.002(z) 78+5
1.959+0.002(y)
1.92540.002(x)
7 65 10'7-10'® 5 1.965+0.002 70+5
8 70 10'7-10" 1 1.969+0.002(z) 65+5
1.96440.002(y)
1.92140.002(x)
MBV1® 75 1 1.971£0.002 113420
9° 35 10 1.95 +0.02 200140
10¢ 65 —1x10" 2
10? 65 1X10" 2 1.964+0.004 65+7
Gl 40 3X10'¢ 0
G2 40 1X10'® 0 1.943+0.006 11015

?Si-implanted and annealed.

*Poor quality sample.

°50-um layer detached from substrate.
°p type.
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FIG. 2. Luminescence spectrum of an Al 33Gag 6,As sample
(1), recorded at 1.5 K.

epilayer itself, as it disappears when excitation below the
Al ,Ga,_,As band gap but above the GaAs substrate
band gap is applied. Also, the band is found in epilayers
which have been removed from their substrates by chemi-
cal etching. The bands at 0.8 and 1.05 um do originate
from the substrate. The correlation between the 1.5-um
luminescence intensity and the Si doping which we have
found in the first few samples investigated,” was ap-
parently coincidental, and does not hold over a large
number of samples (see Table I).

In Fig. 3(a) an ODMR spectrum detected on the 1.5-
pm band shown in Fig. 2 is presented. The spectrum
consists of a single narrow peak near 3600 G (g ~2) su-
perimposed on a border hyperfine split four-line spec-
trum. This four-line spectrum does not show shoulders
due to the presence of two Ga isotopes, as in the Ga in-
terstitial spectrum reported by Kennedy et al.,® but
closely resembles the spectrum attributed to an As an-
tisite by Fockele et al.'> Our main concern in this paper
will be with the sharp line. The ODMR signals detected
on the infrared luminescence are positive in all our sam-
ples, i.e., the luminescence intensity increases when the
microwave power is turned on. There is no difference in
the signals detected on the circularly polarized com-
ponents ot and o~ of the infrared luminescence sepa-
rately.

The same ODMR spectrum can be detected on the
near-band-edge luminescence, as is shown in Fig. 3(b),
but now with the sign reversed (luminescence quenching).
This is possible only with those samples which show rela-
tively strong D; and D, related luminescence bands,
which are necessary to obtain a sufficient signal-to-noise
ratio. By using filters, it was established that the ODMR
signals are not present in the D, luminescence band. At
higher x values only the D, and D, bands are present,
but due to the large overlap and low intensity of the
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FIG. 3. ODMR spectrum of the Alj33Gag¢,As sample of
Fig. 2 (1), detected on the 1.5-um luminescence band (a) and on
the near-band-edge luminescence (b), at 1.5 K, microwave fre-
quency 9.681 GHz.

bands, we could not accurately determine which of them
was the source of the signals.

The ODMR signal is present in the 0 component of
the visible luminescence, but is much weaker in the o~
component. To investigate the influence of the concen-
tration on this polarization effect, two pieces of an
Al 5;Gag 4As sample (3 in Table I) were implanted with
a high and a low Si dose, respectively, and subsequently
annealed. The ODMR spectra detected on-the ot and
o~ components of the near-band-edge luminescence of
these samples are shown in Fig. 4. In the lightly doped
sample, the signal is observed with equal intensity in both
components of the luminescence. In the heavily doped
sample, however, the signal in the 0~ component is
clearly weaker. Apparently, this reduction of the intensi-
ty is caused by the high donor density. The fact that the
ot and o~ signals have the same sign implies a non-
equilibrium distribution over the Zeeman levels of the
donor-acceptor pairs.'®

The characteristics of the ODMR signal depend on the
aluminum content x of the epilayer. In Fig. 5 the depen-
dence of the linewidth on x is presented. The line is very
broad near x ~0.35, and gets narrower with increasing x.
This enables a more accurate study of the ODMR signals
at higher x values. The solid line presents a fit to the
theory, which will be explained in the next section

At higher x values an anisotropy of the ODMR spec-
trum can be observed. Figure 6 shows how the single line
splits when the magnetic field is rotated from the [001]
direction of growth to a [100] direction in the plane of
the epilayer. Figure 7 shows the splitting of the line upon
rotation of the magnetic field in the plane of the epilayer,
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FIG. 4. ODMR spectrum of an Al 5,Gag 4As sample (3),
detected on the two circularly polarized components o* and
o~ of the near-band-edge luminescence after Si implantation to
a level of 1X 10" (a) and 5X10'® (b). Temperature 1.5 K mi-
crowave frequency 9.681 GHz.
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FIG. 5. Width of the ODMR line as a function of the
Al,Ga,_,As composition. The solid line is a fit to Eq. (16).
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FIG. 6. Angular dependence of the ODMR spectrum of an
Alj ;Gag 3As sample (8), recorded at 1.5 K, microwave frequen-
cy 9.681 GHz. The magnetic field is rotated from the [001] (0°)
towards the [100] (90°) direction. The dotted curves are least-
squares fits with Gaussians.
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FIG. 7. Angular dependence of the ODMR spectrum of an
Aly ,Gag 3As sample (8), recorded at 1.5 K, microwave frequen-
cy 9.938 GHz. The magnetic field is rotated from the [110] (0°)
towards the [100] (45°) direction. The dotted curves are least-
squares fits with Gaussians.
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from a [110] to a [100] direction. In both figures, the dot-
ted lines represent a least-squares fit to the data using
Gaussians. These results clearly point to the existence of
two equivalent centers, connected by the symmetry
operations of the crystal class. The g tensors have
predominantly axial symmetry along the [100] and [010]
directions, respectively, with a small orthorhombic com-
ponent at lower x values. The g value collected along the
(100) cubic axes are listed in Table I. This anisotropy is
identical with that described by Glaser et al.’ Due to the
increasing linewidth, it is not possible to determine the
anisotropy or the main axes of the g tensor accurately for
x $0.5 with X-band microwaves.

The g values collected along the cubic axes g,, g,, &,
(where x,y,z refer to the cubic axes [100], [010], and
[001], respectively), are presented as a function of x in
Fig. 8. The line can not be observed when the aluminum
content is below 35%, due to the strong increase in
linewidth (see Fig. 5). For higher x values the splitting of
the lines increases. Some data obtained by Glaser et al.’
are also presented in Fig. 8 for comparison. The agree-
ment between these data and our own is excellent. The
solid lines in Fig. 8 correspond to the theory to be
presented in the next section.

To determine whether the ODMR signal is connected
with the effective-mass donor system or rather with some
deep center (giving rise to the 1.5-um luminescence), we
have compared two MBE-grown Alj,,Ga, ¢As layers,
one nominally undoped, and one doped with Si to a level
of 1X10" cm™3. In Fig. 9 the luminescence spectra of
both samples are shown. In the undoped sample the D,
through D, donor-acceptor recombination bands can be
clearly distinguished. In the heavily doped sample the
bands are much broadened due to the spread in donor-
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FIG. 8. Composition dependence of the observed g values.
Data from Ref. 9 (O,M) have been included for comparison
with our own (O,®). The g values were collected along the z
axis (@,00), and along the x and y axes (O,M). The solid lines
present a fit to Eq. (9).
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FIG. 9. Luminescence spectra of two Al, 4Ga, ¢As samples,
undoped (curve a, sample G1) and Si doped to a level of 1 X108
cm 3 (curve b, sample G2). The different donor-acceptor transi-
tions are indicated. The part of curve a showing the D, 4 peak
was obtained using selective excitation at 1.980 eV (626 nm).
No 1.5-um luminescence was observed in either of these sam-
ples.

acceptor pair distances,' and the intensities of the bands
related to the D, through D, donor levels have strongly
increased with respect to the direct D ;-4 luminescence
band. The 1.5-um band was not observed in either of
these samples. Nevertheless, the sharp ODMR line could
be observed in the near-band-edge luminescence of the
heavily doped sample (see Fig. 10). Again, it was not pos-
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FIG. 10. ODMR spectrum detected on the near-band-edge

luminescence of the heavily doped Al 4Gag ¢oAs sample of Fig.
9 (G2), recorded at 1.5 K, microwave frequency 9.681 GHz.
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sible to determine from which of the bands the signal ac-
tually originates. A related experiment was done with an
Alj ¢sGay 35As sample (10 in Table I) which showed
strong 1.5-um luminescence, but no sharp ODMR line.
After homogeneous implantation with 2Si, to a level of
10'° cm ™3, however, the sharp ODMR line was observed
clearly, while the infrared luminescence had not changed
significantly.

These experiments strongly suggest that the resonance
is related to one of the effective-mass donors tied to an in-
direct minimum of the conduction band, rather than to a
deep center. The observation of the same resonance on
the infrared luminescence must be due to an indirect pro-
cess, in our case probably involving the As antisite.’> A
more detailed description of the supposed recombination
mechanism is planned to be presented elsewhere.?

III. THEORY
A. Introduction

In this section we present a semiempirical theory based
on effective-mass theory?""® (EMT) that explains the com-
position dependence of the g tensor and of the linewidth
of the ODMR transition. The ingredients of the present
theory are the following:

(1) The resonance occurs in a donor level with mixed X
and L character. The X,L mixing is responsible for the
composition dependence of the g values. In addition, a
small I admixture is needed to account for the composi-
tion dependence of the linewidth AB(x ).

(2) The X,L,T mixing is brought about by a low local
symmetry (C, or lower).

(3) The single-valley g tensors have an intrinsic x
dependence caused by the composition dependence of the
gap, the effective masses and the spin-orbit splittings.

(4) The additional linewidth (with respect to ESR) ob-
served in an ODMR experiment is caused by a spread in
electron-hole exchange, which is proportional to the spa-
tial extension of the wave function. The effective radius
of the donor wave function is greatly influenced by a
small I" admixture.

The donor wave function is written as

W(r)=a(x )W+ b(x)VL+c(x)PT (1)
with
6
Y¥r)=3 a;x;(r), (2a)
j=1
4
vir)=73 Bx'i(r), (2b)
i=1
¥i(r)=x"(r), (2¢)
a¥(x)+bix)+cix)=1. (2d)

The summation in Eq. (2a) is over the six equivalent X
valleys: [100], [100], [010], [010], [001], and [001]. The
four L valleys occurring in Eq. (2b) are along [111],
[1TT], [TT1], and [T1T], respectively. The y;(r) are the
single-valley functions for the 1s donor ground state. The
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appropriate linear combinations {a;}, {B;} of the valleys
depend on the local point group symmetry. In what fol-
lows we restrict ourselves to donor atoms on a group III
(Ga or Al) site. The minimum of the lowest conduction
band at the X point then transforms according to the X,
representation of the small point group of X.2

Table II shows how the single-valley donor levels are
split when the local symmetry is lowered from T; to C,.
The overall symmetry of the sample is lowered to D,; by
the tetragonal strain due to lattice mismatch. Further
lowering of the local symmetry may be due to lattice re-
laxation caused by chemical rebonding, Jahn-Teller
effect, random strains, alloy disorder, etc. Intervalley
mixing is possible between levels that belong to the same
irreducible representation of the local point group. It is
readily seen that L,-X; mixing can occur already in T}
symmetry. A descent in symmetry to C, is needed to ob-
tain mixing between T,(L ), T,(X3) and A4 (T"}).

B. g factor

The observed donor resonance is due to a paramagnet-
ic center with nearly axial symmetry along one of the cu-
bic axes (100) lying in the epitaxial plane. For all
x >0.35 we generally find g, <g,,g,- For x <0.35 no
resonance signal is observed. For x =~0.40 the anisotropy
|g, —g,| is small. The anisotropy increases with increas-
ing x: g, and g, are monotonically increasing functions
of x, whereas g (x) decreases monotonically with x.

In order to explain these observations we invoke the in-
dependent valley model, i.e., the spin Zeeman interaction
is written as the sum of the individual contributions of
each of the constituent valleys. This approach has been
proven to account satisfactorily for the stress dependence
of the g tensor of donors in silicon and germanium.?>2*
The g tensor is then written as

g=a’g"+b2gl+c2g"
6 4
=az(x)21 ajgf +b0%(x) 3 Bigr +cix)gt . ()
i= i=1

The last term is negligible since the I' admixture ¢ turns

TABLE II. Splitting behavior of single-valley donor levels on
descent in symmetry.

Conduction
band Point group at donor site
minimum T, Dy, D, C,
r, A, A, A, A
L, A, A, A, A
T, E B, B
B, B
B, B, A
X, T, E B, B
B, B
B, B, A
X, A, A, A, A
E A, A, A
B, A, A
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out to be small and since the elements of the single-valley
tensor g' are much smaller than those of g* and g¥ as a
consequence of the small effective mass at the ' point.
An a priori calculation of the single-valley g tensors will
not be attempted here. In general their elements will de-
pend on the aluminum content through the x dependence
of the effective masses, the energy gap at the specific
point in the Brillouin zone and the spin-orbit splitting.?’
For weakly x-dependent g tensors a linear expansion

g“ g”(0)+k”x ,

=g (0)+k x,
8 =8x(0)+kix , 4)
gy =gr(0)+kfx ,

=gH0)+kkx

will be an acceptable approximation. Here gf and gf
refer to components parallel and perpendicular to the
main axis of a single X valley. The experimental g data
are collected along the cubic axes x=[100], y=[010]
and the growth axis z=[001]. These happen to be the
principal axes of g¥. For arbitrary coefficients {8;} the
principal axes of gl will deviate from the cubic axes;
hence a coordinate transformation will be necessary to
obtain gf, y,z- In what follows we will present formal ex-
pressions of the g components along the cubic crystal
axes instead of along the principal tensor axes. This is
done to enable a direct comparison with the experimental
data of Sec. II.

It is instructive first to consider the case of local D,
symmetry. The X; and L, wave functions transforming
according to the one-dimensional representation B, of
point group D, are

X,_ 1
Bi = ‘/2 ( Xz) (5a)
RS AR (5b)

where the “main” twofold axis of the point group is arbi-
trarily chosen along [100]. Using Eq. (3) we obtain

X
g

2(x) g1

g=a bAx)gtT (6)

with
g5 =181+ I gl . @)

T is the unit dyad. For x =1 the X component dom-
inates: a(1)=1, b(1)=0, and a large g anisotropy is ex-
pected as a consequence of the decoupling of the X val-
leys. The small anisotropy observed at moderate x values
(x ~0.4) is apparently due to the diminished influence of
the X contribution. The L contribution is isotropic since
the L valleys remain coupled in D, symmetry. The gross
observations (see Fig. 8) can apparently be understood
with Eq. (6). However, if we want to fit the experimental
curves g,(x), g,(x) and g,(x) in detail we need more free
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parameters, which can be obtained by further descent in
symmetry, e.g., from D, to C,.

In the point group C, the only remaining symmetry
operations are the identity and a rotation about the two-
fold [100] axis. The X; and L, wave functions, trans-
forming according to the A representation read

‘I’?zlle+12X2+l3(X3+X4)+l4(X5+X6) , (8a)

=p(xi+xa)+e(xi+xi), (8b)

In the lower point symmetry the equivalence of the four
L valleys is broken and the L part of the g tensor g~ be-
comes anisotropic. This explains the small difference be-
tween g, and g,. Experimentally we find that this
dlﬁ'erence tends to zero for x —1 (see Fig. 8). Since the
g¥ contribution dominates for x ~1 this implies that / 3
l,~0. Equations (3), (4), and (8) lead to the following
g (x) values, referred to the cubic axes x,y,z:

g =a*(x)[gf(0)+kfx1+bXx)[gH0)+kix], (9a)
gy=a2(x [e¥(0)+kfx]1+bXx)[gH0)+kfx], (9b)
g, =a’(x)[gf(0)+kfx]+bxx)[gl0)+kix] . (9c¢)

The mixing coefficients a(x) and b(x) can be derived
from the energy positions of the donor-to-acceptor pho-
toluminescence transitions* D,- 4 and D;- 4 (see also Fig.
1). Their ratio can be described by the empirical formula

§=—0.906(1/x)2+10.69(1/x)—15.32 (10)

for 0.35 <x <0.55, whereas b /a ~0 for x >0.60. As ex-
plained in Ref. 4, D, and D, are two donor levels with
mlxed L and X character. The five g(0) values
gl/l\, ),g¥(0),g1 (O) gF(0),g(0) and their x derivatives

ki k ¥kl kL k] are considered as adjustable parame-
ters. They can be fitted to reproduce the experimental
8x(x), g,(x) and g,(x) dependences (Fig. 8). The parame-
ter values resulting from this fit are given in Table III.
Figure 8 shows that the above sketched theory is able to
explain the observed g(x) dependences in a semiquantita-
tive way, using reasonable values for the adjustable pa-
rameters. This allows us to conclude that the resonance
transition observed in the ODMR experiments is due to a
donor level with mixed L and X character [a slight I ad-
mixture is needed to explain the linewidth AB(x), as will
be shown in Sec. III C]. The lowest donor level of this
nature is the D, level, as observed in photoluminescence
experiments.’ > The reason for the nonappearance of the

TABLE III. Fitting parameters used to fit Egs. (9) and (16) to
the data in Figs. 8 and 5. Hy; =15 meV, x.=0.27, AB,, =62
G.

g¥(0)=1.950 k¥=+0.027
gff(0)=1.925 k{f=-0.008
gl0)=1.949 kLl=-—0.020
g-(0)=1.949 k}=—0.020
gX0)=1.917 kLl=+0.007
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deeper D, level in an ODMR experiment will be ex-
plained in Sec. IV.

C. Linewidth

The linewidth observed in an ODMR experiment al-
ways exceeds the ESR linewidth. This discrepancy is due
to the fact that the same (e.g., donorlike) resonance tran-
sition is monitored in distinct ways in ESR and ODMR.
In an ESR experiment one directly measures the rf ener-
gy loss due to the spin flip of an isolated donor. In
ODMR the same donor spin flip is monitored through
the change of the luminescence intensity (or polarization)
of coupled donor-acceptor pairs. As a consequence of
this observational technique the electron-hole exchange
interaction J,,S, 'S, directly enters the resonance condi-
tion, which, e.g., fora |M ,= 3, M= i%) pair reads:

hv=gpupBt3J, , (11)

where hv is the microwave energy, pup is the Bohr mag-
neton, and B is the magnetic field strength. Since the
donor-acceptor separation has a random distribution J,,
will be stochastic variable. Its contribution to the
linewidth depends on the number of acceptors embraced
by the donor wave function, and on the strength of the
individual exchange interaction parameters. The latter
do not decrease monotonically with the donor-acceptor
separation, since the Bloch functions occurring in W* and
WX show an oscillatory behavior. To be specific, let us
consider what happens to the linewidth when x decreases
from 1 to a smaller values. For x =1 the extension of
|W(r)|? is small, so only the first few acceptor shells can
interact with the donor. The interaction is weak, howev-
er, since Eq. (8a) and 8(b) show that |W(r)|? vanishes at
the first and second neighbor positions when ¥ has mixed
L and X character. When x becomes smaller, a slight ad-
mixture of W' is to be expected. This increases the
effective radius of the donor wave function, and enhances
the exchange interaction with the first and second neigh-
bor shells. As a result the linewidth increases with de-
creasing x. It should be noted that this reasoning holds
for small W' admixtures only. When the spatial exten-
sion of |W(r)|? becomes very large, the addition of weak
exchange interactions with distant acceptors will be
insufficient to compensate the decrease in linewidth due
to the normalization of W.

A detailed quantitative description of this line-
broadening mechanism is outside the scope of this paper.
Instead, we will make a rather crude approximation as-
suming that the ODMR linewidth AB is proportional to
the spatial extension (rj ) of the donor wave function:

- J1w(n)?rdr
AB«<(rp)="—7——ro (12)
?T [ wPar
Inserting Eq. (1) we obtain

(rp)=2@XrX)+bXrk) +c%(rT)). (13)

Since, as a consequence of the near equality of the
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effective masses m; and my, to a good approximation
(rX) =~ (rL), this simplifies to

(rp)=2[(1=cH{(rLY+c2(rM)]. (14)

The ratio p=(rL)/{r") can be estimated from the
effective masses of the L and I'" valleys and amounts to
p=0.033. Since c(x)<<1 we may write

AB = 3(rT)(c?+0.0033) . (15)

To first order, c(x) may be approximated by
c¢(x)=Hp,/[E(D,)—E(D;)], where H; is the I'-L in-
teraction matrix element. The unperturbed donor ener-
gies E(D,) and E (D;) are obtained from previous photo-
luminescence data.* For 0.223 <x <0.70 they can be
written as E(D,;)—E(D,;)=0.66(x—x,) eV, with
x,=0.223. For larger x values I'-X mixing is negligible
(c=0). The PL data were insufficient to provide more
than a rough estimate of H;. The definite value of this
parameter and of the scaling factor AB,, was therefore
obtained by fitting the experimental linewidth data to the
expression

2
Hl"L

AB=AB,, |1+
" 1.437X107%(x —x,)?

(16)

The fitting parameters obtained are listed in Table III.
Figure 5 shows that the experimental data are repro-
duced well by Eq. (16). The asymptotic behavior of AB
near x =0.27 is a direct consequence of the I' admixture
in the donor wave function. The enormous increase in
linewidth below x =0.3 prohibits the observation of
ODMR at low x values.

In conclusion, the composition dependence of the g
factors and of the linewidth can be understood if we as-
sume that the resonance observed in the ODMR experi-
ment takes place between Zeeman sublevels of the D,
donor level with mixed X, L, and T" character. The local
site symmetry is not higher than C,.

IV. DISCUSSION

Our ODMR results are in good agreement with
ODMR as well as ESR results obtained by other
groups.® !5 The sign of the ODMR signals detected on
the infrared luminescence bands is positive in all of our
samples. Kennedy et al.® have observed both positive
and negative signals in different luminescence bands from
the same sample. Clearly, the sign of the signals depends
on the particular indirect process through which the res-
onance is observed. The resonance itself, however, is the
same in all cases, and is apparently not influenced by
these processes. Our results concerning the presence of
the ODMR signal in the near-band-edge luminescence of
Al Ga,_,As samples suggest that the resonance in fact
occurs in the effective-mass donor system, in the D; or
D, to be more precise.

Unfortunately, we were unable to decide on experimen-
tal grounds whether D, or D, is the ODMR-active donor
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level. The reason is that the doping level of the samples
suitable for ODMR is rather high, so that the PL transi-
tions D;-A and D4-A overlap strongly. The theory
presented in Sec. III, however, suggests D, is the active
level. This is in full agreement with the conclusions of
Refs. 9, 10, 13, and 14.

The nonobservation of ODMR in the lowest state D, is
less paradoxical than it might appear at first sight. One
should realize that ODMR is essentially a nonequilibrium
experiment in which the donor levels are partially emp-
tied by strong illumination. The residual occupation of
the donor levels in this dynamic equilibrium is governed
by the balance between electron capture and photoioniza-
tion. Earlier luminescence* and photoconduction® exper-
iments have shown that at low temperatures the capture
rate of D, is much smaller than that of the levels D, D,
and D;. An estimate’ of the capture cross section
0.(D,)=4X10"% cm?, valid below 100 K, shows that a
very weak occupation of the D, level can indeed be ex-
pected even on moderate illumination.

The linewidths obtained in ESR measurements'®>~!* are
smaller than those obtained in ODMR experiments. As
mentioned in Sec. III, this is due to donor-acceptor ex-
change interaction. The linewidths obtained by Kennedy
et al.®~!! are about 20 G above our linewidths. We attri-
bute this difference to the higher microwave frequency
used in their experiments (24 versus 10 GHz). This
frequency-dependent component of the linewidth, due to
a spread in g values, is negligible in our results, and
donor-acceptor exchange may safely be considered as the
main broadening mechanism. Indeed the expression de-
rived for the linewidth depending on the composition
[Eq. (16)] based on a spread in donor-acceptor exchange
describes our results accurately (see Fig. 5).

The g values obtained from ODMR and ESR experi-
ments are in excellent agreement, in spite of the
differences in the sample properties and observation
mechanism. This proves that the donor system in which
the resonance occurs is a well defined physical system,
suitable for modeling.

The anisotropy of the ODMR spectra we observed is
the same as that described by Glaser et al.’ As they
pointed out, it is compatible with the behavior expected
from electrons in the Xy and Xy valleys of the conduc-
tion band, which are lowered with respect to the X,
minimum due to the biaxial misfit strain. The same situa-
tion was found in type-II GaAs/AlAs quantum wells.2
The fact that the Xy and X, valleys are observed sepa-
rately with equal intensity means that the local symmetry
must be lowered even further, e.g., by one of the mecha-
nisms mentioned in Sec. III A. This was also pointed out
by Kaufmann.!* An effective-mass donor tied to the X
minimum of the conduction band, in a low local symme-
try and with additional X-L-I" mixing is exactly the mod-
el system described in Sec. III. The agreement between
the linewidths and—more importantly—the g values ob-
tained from the model and from experiments is excellent.
This leads us to the conclusion that this description is
correct.

An alternative theory has been presented by Glaser
et al.'' In this theory it is supposed that the physical
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basis of the apparent x dependence of g is in fact a depen-
dence on the misfit strain in the epilayers, which indeed
increases with increasing x. The main drawback of this
theory is that it predicts a 1/x2 dependence for g,, and a
mixed 1/x, 1/x? dependence for g, and g,. Figure 8
shows that this is in contradiction with the abundant ex-
perimental data now available. Moreover, this theory is
unable to explain the x dependence of the linewidth. Fi-
nally it should be remarked that one of the data points in
Figs. 5 and 8 refers to a 50-um-thick Alj ;5Gag ¢sAs layer,
which was detached from its GaAs substrate. Although
the misfit strain in this sample will be strongly reduced
with respect to “normal” samples, neither the g value nor
the linewidth deviates from the behavior predicted by Eq.
(9) and (16). This throws doubt on the predominant
influence of misfit strain on g (x) and AB (x) supposed in
Ref. (11).

The reduced intensity of the ODMR signal in the o~
component of the visible luminescence in heavily doped
samples is intriguing. A possible explanation in terms of
anomalous relaxation effects has been proposed in an ear-
lier publication.” An extension of the work by Fraenkel
and co-workers,?”»28 originally devised for free radicals in
solution, shows that two characteristics of the donor res-
onance, namely the spin-lattice relaxation time 7; and
the linewidth parameter T, depend on the magnetic
quantum number M , of the acceptor:

1
T,

=KM3+LM +N , (17

provided that suitable time-dependent interactions are
present that induce transitions between spin levels. Such
interactions can exist in an n-type semiconductor when
the donor wave functions overlap strongly enough to
form a donor band. The hopping of the donor electron
then leads to correlated fluctuations of the anisotropic
parts of the donor g tensor and the electron-hole ex-
change J,, a prerequisite for the occurrence of a nonvan-
ishing coefficient L. If, in addition, the hopping correla-
tion time 7, is smaller than the luminescence lifetime 7,
one of the two possible donor resonances’ (e.g.,
M=—2—-M=—1) is preferentially broadened or weak-
ened and the resonance signal in the ¢~ component of
the recombination radiation may disappear.

The results in Fig. 4 support this explanation. In ac-
cord with the expectations we find that the ODMR signal
is much weaker in the 0~ component of the lumines-
cence of the heavily doped sample, whereas it shows up
in both the 0~ and o polarizations in the lightly doped
sample. The latter sample has a doping level low enough
to avoid D;-donor band formation. It is interesting to
note that very lightly doped samples also do not show
persistent photoconductivity.® This suggests that the oc-
currence of persistent photoconductivity requires the ex-
istence of a donor impurity band, in agreement with a
suggestion made by Hjalmarson and Drummond.”

In summary, we have performed ODMR measure-
ments with Si-doped Al ,Ga,;_, As samples. The single-
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line spectrum, detected on both near-band-edge and deep
luminescence bands, is attributed to a resonance in the Si
donor system. The anisotropy of the spectra, and the
composition dependence of the g values and the linewidth
can be explained by a model based on effective-mass
theory. The resonance is concluded to occur in the donor
level D;, with mixed X, L, and T" character in a local
symmetry C, or lower. Anomalous relaxation effects due
to donor band formation are observed at high donor con-
centrations.
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