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Properties of the optical transitions within the Mn acceptor in Al„oat „As
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Manganese-doped Al„Ga& „As samples are investigated by photoluminescence (PL) measure-

ments. The low-temperature PL spectra exhibit the Mn-related donor-to-acceptor pair transitions

(D, 3 )M„ for Al concentrations x &0.42. The binding energy E; " of the Mn acceptor is deter-

mined from the measurements to be F.; "=0.11+0.33x eV. Al„oa& „As samples with an Al con-

tent x )0.32 show the intra-atomic T& —A
&

transition of Mn +. Time-resolved PL measurements

give a radiative lifetime of -0.6 ms. Temperature-dependent measurements reveal no shift of the

T~ —A ] transition energy with increasing temperature; however, the T2- A
&

transition of Mn +

appears at temperatures higher than 135 K. The crystal-field parameters are estimated from our
measurements to be B =280 cm ' and Dq =300 cm

INTRODUCTION

Manganese is an undesired contaminant in all III-V
semiconductors. It has a high solubility, and concentra-
tions of up to 10 atoms/cm have been achieved by in-
tentional doping. ' Manganese can be diffused into the
III-V compounds even at low temperatures. The
diffusion is fast and seems to be enhanced by intrinsic de-
fects. ' However, various Mn complexes can be formed
during the diffusion process. '

Atomic manganese is preferentially incorporated in ep-
itaxially grown compounds. Mn substitutes for the
group-III metal site and has been found to be an accep-
tor. The binding energy of the Mn acceptor in the
binary compounds ranges from 113 meV in GaAs to
-400 meV in GaP.

Investigations performed on Mn-doped ternary alloys
revealed a linear shift of the Mn binding energy with al-
loy composition. ' This observation led to the sugges-
tion that the transition-metal level can be used as a corn-
mon reference energy in all the III-V materials. ' In
Al„Ga& „As, however, the shift of the Mn-acceptor level
has been found to give a valence-band offset EE„of
hE, =0.33x eV," which is smaller than the established
value of EE„=0.45x eV. '

Photoluminescence (PL) studies on Mn-doped binary
III-V compounds revealed various optical transitions.
The low-temperature PL spectra of GaAs:Mn and
InP:Mn exhibited the donor-to-acceptor pair-transitions
(D, A )M„. ' In Mn-doped GaP, however, the lumines-
cence spectra have been explained by an internal d-shell
transition within Mn + (d ).

Manganese-related intra-atomic transitions are already
known from Mn-doped II-VI compounds. ' ' The free
Mn + ion has a S ground state, and the first excited state
is a 6 state. A crystal field of cubic symmetry has no
influence on the ground state, and this leads to a A,
state. The 6 state is split by the crystal field in a E,

A &, T2, and T& level. The optical spectra have usually
been described by electronic transitions between the

crystal-field terms of the Mn2+ (ds) ions. '~ The low-
energy emission band has been associated with the
T

&

—A
&

transition. '

A characteristic property of the intra-atomic T, —A,
transition is the extremely long radiative lifetime of the
excited T, state. The value of —1.2 ms in GaP:Mn is
about three orders of magnitude larger than the lifetimes
of the (D, 3 )M„ transitions in GaAs:Mn and InP:Mn.

The intra-atomic Tj —A& transition as well as the
(D, 2 )M„ transition were recently observed in

Al„Ga& „As:Mn."' In the present study, we investi-
gate the simultaneous occurrence of the two different Mn
transitions in Al„Ga& As. We estimate the binding en-
ergy of the Mn-acceptor ground state and the position of
the excited states with the help of the (D, A )M„and the
intra-atomic transitions. The properties of the observed
Mn transitions are compared with the characteristics of
the intra-atomic transition in GaP:Mn. Another Mn-
related PL band is observed and we will attribute it to the
intra-atomic T2- A& transition of Mn +. Finally, the
crystal-field parameters 8 and Dq are estimated from the
experimental values.

EXPERIMENT

The investigated (Al, Ga)As samples are grown by
liquid-phase epitaxy from gallium solutions containing
-0. 1 at. % manganese. Aluminum concentrations of up
to 92% are achieved by the epitaxial growth on (100)-
oriented semi-insulating GaAs substrates in a convention-
al graphite slider boat. '

Photoluminescence measurements are carried out with
the samples either immersed in a liquid-helium bath-
cryostat far measurements at -2 K or in a cold-finger
cryostat for measurements in the temperature range
8 —300 K. The luminescence is excited with different
lines of a cw Kr+ laser, dispersed by a —,'-m Spex spec-
trometer, and recorded with a cooled photomultiplier
with an S1 cathode.

Time-resolved PL measurements are performed with
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the excitation beam pulsed by an acoustooptic modula-

tor. The luminescence is detected by an S1-cathode pho-

tomultiplier and recorded with a digital boxcar analyzer.
The lower limit of the time-resolution of the equipment is

given by the shortest laser-pulse widths of -20 ns.

RESULTS

The low-temperature PL spectra of Mn-doped
Al„Ga& „As samples with different Al concentrations x
are shown in Fig. 1. The excitation density of the focused
laser beam is typically -0.5 W/mm . The near band-

gap energy regime of the GaAs:Mn layer (x =0) exhibits
the excitonic decay at shallow impurities (-820 nm). '

The donor-to-acceptor pair transitions of the shallow ac-
ceptors are found at -830 nm. ' The pair transitions of
the deep Mn acceptor (D, A )M„and their phonon repli-
cas are detected at -880 nm wavelength. In contrast to
Ref. 20, Mn-related excitonic transitions are not observ-
able.

The optical transitions shift to higher energies with in-
creasing Al content x. According to Ref. 21, we deter-
mine x from the energy of the shallow acceptor related
excitonic transitions. The energy of the (D, A )M„-
luminescence band depends strongly on the composition
x and increases in energy about 270 meV from x =0 to
x =0.32. At x =0.32 another Mn-related transition ap-
pears at -800 nm wavelength. This broad PL band is
due to the internal d-shell transition T, —A, of Mn +."
The T&- A

&
luminescence band is not observed for Al

concentrations x & 0.27. On the other hand, the
(D, A )M„ transition is not detected under the present
excitation conditions in Al„Ga& As layers with

x &0.32. Only the internal transition is observable in
these samples.

We found that a variation in the excitation density re-
sults in a pronounced change of the intensity ratio of the
two Mn-related PL bands in the sample with x=0.32.
An increase of the excitation density to -40 W/mm in-
creases the intensity of the (D, A )M„ luminescence com-
pared to the T& — A& transition. %'ith this excitation,
the (D, A )M„band is detectable for samples with Al
concentrations up to x =0.42. On the other hand, a de-
crease of the excitation density down to —1 pW/mm
intensifies the intra-atomic transition compared to the
(D, A )M„PL band in the samples with x )0.32. The

T& —A
&

transition, however, remains undetected in
Al„Ga, „As samples with x &0.27 under low-excitation
conditions.

The dependence of the Mn-related transition energies
EM„(D, A ) and EM„( T, — A, ) upon the Al concentra-
tion x is shown in Fig. 2. The (D, A )M„band exhibits a
linear shift with x according to

EM„(D, A )=1.41+0.9x eV .

The transition energy of the intra-atomic T& —A
&

tran-
sition increases likewise linearly; however, it exhibits a
smaller dependence on x:

EM„( T, —A, )=1.48+0.2x eV .

The significantly long radiative lifetime of the
T, —A, transition in GaP:Mn initiated time-resolved

PL measurements on the Mn transition in Al„Ga& „As.
The radiative decays of different Mn-related PL transi-
tions after pulsed laser excitation are shown in Fig. 3. An
exponential decay of the excited Mn state is found for the
intra-atomic transitions, whereas the decay curve for pair
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FIG. 1. Low-temperature photoluminescence spectra of
Al„Ga, „As:Mn samples with different Al concentrations x.
The arrows indicate the Mn-related optical transitions
(D, A )M„and Tl —A).

FIG. 2. Dependence of the Mn-related transition energies
from the Al concentration x at liquid-helium temperatures. The
straight line and full circles present the increase of the
(D, A )M„ transition energy with increasing x. The dotted line
takes the nonlinear change of the donor binding energy near
x =0.45 into account. The dashed line and full squares corre-
spond to the shift of the T& —A

&
transition energy.
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transitions is slightly nonexponential.
The radiative lifetimes ~ of the Mn-related transitions

are listed in Table I. The lifetimes of the (D, A }M„
transitions in Al„Ga, „As:Mn with x (0.32 are of the
order of several microseconds. The values vary from
v= 1.5 ps at x =0 to v=6. 8 IMs at x =0.27. Whereas the
intra-atomic T, — A

&
transitions in Al„Ga, As:Mn

with x )0.32 have a much longer lifetime of ~=0.6 ms
comparable to the decay times of the intra-atomic transi-

tion in GaP:Mn (r= 1.2 ms).
The PL spectra of Al GaI „As:Mn samples which

show the intra-atomic Mn transition, are recorded at
different sample temperatures. Figure 4 shows the tezn-
perature dependence of the luminescence energy of the
near-band-gap transition (full squares) and the intra-
atomic T, —A, transition (full triangles). The actual Al
concentration is x=0.42. The PL energy of the near-
band-gap luminescence decreases with increasing temper-
ature according to the Varshni equation:

cxT
Es(x, T)=E (x,O)—

g (3)
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The band-gap energy E (x, T) depends upon the sample
temperature T, the parameters a and P, and the band-gap
energy Eg(x, O) at T=O K. The experimental results are
in good agreement with the predictions of Eq. (3}, when
the parameters a=5.41X10 eVK ', P=290 K, and
E (x,O) =2.04 eV are used in analogy to Ref. 21.

The internal d-shell T, — A
&

transition (full triangles),
however, reveals no shift with T. In contrast, the
(D, A )M„ transition energy in GaAs has been found to
decrease with increasing T similar to the band-gap ener-
gy

24

The full circles in Fig. 4 are due to another broad
luminescence band which appears at the high-energy tail
of the T, —A

&
transition at higher temperatures. The

PL spectra of the corresponding wavelength regime are
shown in Fig. 5 for different temperatures. At 135 K, the
T, —A, luminescence band at -800 nm (1.55 eV) dom-

inates the spectrum. However, another transition ap-
pears at -720 nm (1.72 eV). Even this luminescence
band shows a very broad half-width of —100 meV. It in-
creases in intensity compared to the 1.55 eV transition
with increasing temperature and dominates the energy re-
gime of the PL spectrum at 185 K. This new transition is
found for samples with higher Al concentrations at about
the same PL energy. In addition, it shows no energy-shift
with increasing temperatures up to 185 K (Fig. 4).

The 1.72-eV transition is found to be Mn related, thus
we suggest that the transition occurs from another excit-
ed state of Mn + which is thermally populated at temper-
atures higher than 135 K. Time-resolved photolumines-
cence measurements are performed at different tempera-
tures to support our idea of the two intra-atomic Mn
transitions. The measured lifetimes are strongly tempera-

2-
(c} TABLE I. Radiative lifetime ~ of the Mn-related transition

in Al„Ga& „As for di8'erent Al concentrations x.
0
0

I I

4 6
TIME tms}

10

FIG. 3. Decay curves of the Mn-related optical transitions in
(a) GaAs:Mn, (b) Al„Ga, „As:Mn, and (c) GaP:Mn at T=2 K.
The semilogarithmic plots of the luminescence intensity I vs
time show a slightly nonexponential decay for the (D, A )M„
transition, and exponential decays for the Tl —A

&
transitions.
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ture dependent. At a given temperature, however, identi-
cal lifetimes are found for the 1.55- and 1.72-eV transi-
tions. Our lifetime measurements indicate that both tran-
sitions belong to the same thermalizing optical systems.

The temperature dependence of the T, — A
&

lifetime ~
in A104Ga06As is given in Fig. 6. At low temperatures,
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FIG. 5. Photoluminescence spectra of the intra-atomic opti-
cal transitions in Mn-doped Al„Gal „As recorded at different
temperatures T.
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FIG. 4. Temperature dependence of the transition energies
for different optical transitions. The near-band-gap lumines-
cence energy (full squares) decreases with increasing T, while
the intra-atomic transitions T& — A

&
(full triangles) and

T2 —A
~

(full circles) are temperature independent.
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FIG. 6. Temperature dependence of the measured lifetime in

Al„Ga& As:Mn for the T~ —A
~

transition.

the lifetime is 0.6 ms. This value corresponds to the radi-
ative lifetime of the spin-forbidden optical transition.
The measured lifetime remains constant when increasing
the temperature to about 100 K and decreases very rapid-
ly in the temperature regime from 100 K to 200 K. The
measured value at 190 K is more than 5 orders of magni-
tude smaller than the low-temperature value.

The decrease in lifetime occurs in the same tempera-
ture regime, where the second internal transition
( T2 A&) app—ears in the PL spectra. The temperature-
dependence of the measured lifetimes can be explained by
assuming an optical transition scheme of two thermaliz-
ing initial states ( T, and T2) and different transition
probabilities to the A

&
ground state. We obtain a

reasonable fit of the experimental decay times by using a
radiative lifetime of 0.6 ms for the T&- A, transition
and a value of —10 " s for the T2- A& transition.
However, this value seems to be too small to account for
a spin-forbidden crystal-field transition. We therefore as-
sume that a very efficient transfer process (e.g., to the
conduction band) is thermally activated, which reduces
the decay times by orders of magnitude.

DISCUSSION

The nature of the Mn acceptor in GaAs has been in de-
bate for a long time. It was unclear whether the acceptor
should be described by a localized hole in the d shell, re-
sulting in a d configuration, or due to a loosely bound
hole which gives a (d +h ) configuration.

Recent EPR studies by Schneider et al. showed, that
the negatively charged core of the Mn acceptor (Mn2+)
consists of five d electrons [A (d )]. The ground state
of the core is S= —,

'
( A, ) and the different excited states

( T&, Tq, E, A, ) originate from the crystal-field-split
atomic state G. In the neutral state of the acceptor a
more delocalized hole with j= —,

' is bound to the negative-

ly charged core.
In the (D, A ) pair transitions, the donor-electron

recombines with the weakly bound hole, leaving the d
shell unaffected. However, the internal transition within
the d shell is observed in the crystal-field-split manifold of
the d shell. The bound hole seems to be unaffected by
this internal transition.

Our low-temperature photoluminescence studies on
Mn-doped Al Ga, „As suggest that the first excited
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Mn + state happens to be degenerate with the conduc-
tion band in GaAs. The excitation of one of the (3d)
electrons from the A, ground state into the excited T~
state results therefore in a charge-transfer process, where
the excited electron is emitted into the conduction band.
The PL measurements exhibit no internal d-shell transi-
tions, however, the (D, A )M„pair transitions occur.

The T& level shifts towards the conduction-band
minimum with increasing Al concentration up to
x =0.27. Thus the excited Mn + level is still degenerate
with the conduction band, as is shown schematically in
Fig. 7. The PL spectra reveal only the (D, 3 }M„transi-
tion. From these measurements, the binding energy
E; "(x}of the Mn-acceptor ground state in Al„Ga, „As
can be determined.

The binding energy of the Mn acceptor at liquid-
helium temperatures is, according to Ref. 29, given by

E; "(x)=Es(x) EM„(D—, A ) E, (x)+—b,E . (4)

E; "=0.11+0.33x eV . (5)

The radiative lifetime of the Mn-related pair transi-
tions depends on the binding energy of the Mn acceptor
and the strength of the pairing interaction. The mea-
sured lifetimes of pair transitions in GaAs are —1 ps for
the shallow acceptors. Because of the increased binding

~ t. 6A

" FYEPE/8//EYE/FEY//8
x =0 Al&Ga~-„As x=1

FIG. 7. Model of the Al„Ga& „As:Mn energy levels. E, and
E, label the valence- and conduction-band edges, respectively.
The dashed lines represent the Mn-related energy levels

T), and T2.

The band-gap energy Eg(x) and the binding energy of the
neutral donor E, (x) are well known in the desired Al-
concentration regime. ' The pairing interaction term hE
represents the Coulomb interaction between the impurity
levels and is typically of the order of 10 meV for our
samples. We fit the binding energy of the Mn acceptor in
Al, Ga& „As from our measurements and find

energy, the (D, 3 )M„ transitions have a longer lifetime
of 1.5 ps. The increase of the Mn binding energy in
Al„Ga& As with increasing x leads again to a longer
lifetime of the (D, A )M„ transitions in the ps regime, as
is shown in Table I. The relatively short lifetime of the
(D, A )M„ transition in the Al„Ga& „As layer with
x =0.32, however, results from a slightly higher Mn con-
centration within this sample. The increase of the doping
concentration strengthens the pairing interaction and
intensifies therefore the pair-recombination probability.

For x & 0.3, the pair transition furthermore shifts to
higher energies with increasing Al concentration (Fig. 2);
however, the transition energy of the (D, A )M„PL band
does not exactly follow Eq. (l}. the increase of the donor
binding energy ' from -5 meV at x =0.3 to -55 meV at
x =0.42 reduces the high-energy shift of EM„(D, A ).
The expected transition energy is shown by the dashed
line in Fig. 2.

The T& state of Mn + interchanges with the
conduction-band minimum somewhere between x =0.27
and x=0.32 (Fig. 7). While the Al„Ga& „As samples
with x &0.27 exhibit only the (D, A )M„ transition, the
excitation of samples with x & 0.32 results in two
different PL bands. Besides the pair transition, the intra-
atomic T, —A, transition of Mn + is activated. A fur-
ther increase of the Al concentration x increases the
Al„Ga& As band-gap energy, and the T, state shifts
more and more into the gap (Fig. 7). Thus the difference
between the intra-atomic and the pair-transition energy
increases with increasing x.

Our low-temperature lifetime measurements give a ra-
diative lifetime of -0.6 ms for the T&- A, transition in

Al„Ga, „As:Mn (Table I). This value is similar to the
value for GaP:Mn and confirms the assignment of the PL
band to the intra-atomic transition.

The transition energy of internal d-shell transitions are
nearly independent of the sample temperature. The PL
line width of the luminescence band increases with in-
creasing temperature, due to the Boltzmann population
of the excited state. This corresponds to our observations
on the T~ —A

&
transition in Al„Ga& „As:Mn (Figs. 4

and 5) and proves our interpretation of an intra-atomic
transition, whereas the (D, A )M„ transition behaves
differently GaAs:Mn.

Another Mn-related transition is observed at 1.72 eV
for higher temperatures (Fig. 5). The lifetimes of the
1.72-eV PL band and the T& —A

&
transition are found

to be identical at certain temperatures. This shows that
both of the transitions belong to the same luminescent
center. We therefore suggest that even this PL band cor-
responds to an intra-atomic transition of Mn +.

The 1.72-eV transition appears only at temperatures
T) 135 K. %'e assume that it occurs from another excit-
ed state of Mn + which is thermally populated from the
T, state. From the Tanabe-Sugano diagram, we find

the second excited state to be a T2 level. The 1.72-eV
PL band should therefore correspond to the T2 — A

&

transition of Mn +.
At temperatures T) 165 K, the luminescence intensity

of the T2 —A, transition exceeds the T, —A, intensity.



10 116 F. BANTIEN AND J. WEBER 37

We interpret this observation with the different transition
probabilities of the two transitions. While both of the
Mn + transitions are spin forbidden, only the Tz —A,
transition is crystal-field allowed in Td symmetry. The
different recombination probabilities therefore give rise to
an enhanced luminescence intensity of the Tz —A

&
tran-

sition at higher temperatures.
We want to estimate the values of the crystal-field pa-

rameters B and Dq which are used in the Tanabe-Sugano
diagram. In a simple first-order estimate, we determine
the crystal-field parameters from the maxima of the two
broad PL bands. Using the samples with x =0.4, we find
B=280+30 cm ' and Dq=300+10 cm '. The values
for B and Dq are nearly a factor of two smaller than those
found for Mn in the II-VI compound semiconductors' '
and for Mn in GaP. Presently we have no explanation
for this reduction.

A much better estimate for the crystal-field parameters
should be obtained by using the zero-phonon energies.
Unfortunately, zero-phonon transitions have not been ob-
served up to now. However, the zero-phonon energy of
the T&- A, transition can roughly be deduced at
x =0.3. Our PL measurements suggest that the actual Al
concentration x, of the interchange between the T& state
and the conduction-band minimum is x;=0.30+0.02.
The (D, 2 )M„ transition energy at x =x; determines the

('T, -'A, j
zero-phonon energy Ezp of the intra-atomic transi-
tion T& —A, , because the T, state and the conduction-
band minimum, or the D level are degenerate. We
therefore calculate the zero-phonon energy from Eq. (1).
At the Al concentration x;, we obtain

(4T -6A )

Ezp' ' (x, )=1.67+0.03 eV . (6)

The energy of the maximum of the T, —A, PL band
at x =x, , however, as determined from Eq. (2), is 1.54

eV, which gives a Stoke's shift of —130 meV in
Ala 3Gao 7As:Mn. This is similar to the value of 110 meV
found for GaP:Mn. We expect a similar Stoke's shift for
A104Ga06As:Mn and assume the same value for the
Tz- A, transition. From these estimates, we get similar

crystal-field parameters as calculated above.

CONCLUSIONS

Manganese-related optical transitions in
Al„Ga, „As:Mn are investigated by PL measurements.
The (D, 3 )M„ transitions are observed for Al concen-
trations x &0.42. From these measurements, the binding
energy of the Mn acceptor is found to be
E,. "=0.11+0.33x eV.

The excited T, state of Mn + is degenerate with the
conduction band in Al„Ga& „As with low Al concentra-
tions. It interchanges with the conduction-band
minimum at x=0.3 and gives rise to the intra-atomic
T

~
—A ] transition found for samples with higher Al

concentrations. Optical transitions from another excited
state Mn + have been observed. They are attributed to
the Tz —A

&
transition, which is activated at higher tem-

peratures.
The radiative lifetimes of the Mn-related transitions

are found to be 1 —7 ps for the (D, A )M„and 600 ps for
the T, — A& transition. At temperatures Tg100 K, the
measured lifetime of the intra-atomic transition decreases
rapidly, due to thermally activated transfer processes.
The crystal-field parameters are calculated from our mea-
surements. We find B=280 cm ' and Dq =300 cm
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