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We have used positron annihilation spectroscopy and infrared absorption measurements to study the
Ga sublattice defects in epitaxial Ga1�xMnxAs with Mn content varying from 0% to 5%. We show that
the Ga vacancy concentration decreases and As antisite concentration increases with increasing Mn
content. This is in agreement with thermodynamical considerations for the electronic part of the
formation energy of the Ga sublattice point defects. However, the absolute defect concentrations imply
that they are determined rather by the growth kinetics than by the thermodynamical equilibrium. The
As antisite concentrations in the samples are large enough to be important for compensation and
magnetic properites. In addition, the Ga vacancies are likely to be involved in the diffusion and
clustering of Mn at low annealing temperatures.

DOI: 10.1103/PhysRevLett.93.055505 PACS numbers: 61.72.Ji, 75.50.Pp, 78.70.Bj
The possibility to include magnetic impurities such as
manganese (Mn) at high concentrations in GaAs offers
good prospects of combining magnetic phenomena with
high speed electronics and optoelectronics [1,2]. The
ferromagnetic coupling in (Ga,Mn)As is mediated by
holes [3]. Important magnetic properties, such as the
Curie temperature and the saturation magnetization,
have been shown to be directly related to the concentra-
tion of the holes [3–5]. Thus, the compensation of the
holes is an important topic. Ingrown point defects act as
compensating centers and thus have a strong effect on the
magnetic properties. Their concentrations depend on the
thermodynamical formation energies. However, in GaAs
grown at low temperature, the growth kinetics have an
influence on the defect concentrations as demonstrated
before in low temperature molecular beam epitaxy (LT-
MBE) grown GaAs [6–11].

In this work we investigate the thermodynamical and
kinetic behavior of native point defects in LT-MBE
Ga1�xMnxAs. The arsenic-rich growth stoichiometry
produces defects mainly in the Ga sublattice of both
donor-type (As antisite AsGa) and acceptor-type (Ga va-
cancy VGa) defects. The Ga vacancies were observed by
positron annihilation spectroscopy and the AsGa defects
with infrared absorption spectroscopy. We show that the
Ga vacancy concentration decreases with increasing Mn
content, as can be expected from the thermodynamical
considerations for an acceptor-type defect. However, their
concentration saturates at a level that is much higher than
can be estimated from thermodynamics only. The AsGa

concentration is shown to increase with the Mn content, in
agreement with what can be expected for a donor-type
defect. The concentrations of the As antisites, 10%–20%
of the Mn concentration, are large enough to be important
0031-9007=04=93(5)=055505(4)$22.50 
for compensation and magnetic properties. No signs of
native As sublattice defects, such as the As vacancy (VAs)
or Ga antisite (GaAs), were found.

The Ga1�xMnxAs layers were grown in a Kryovak LT-
MBE system dedicated to III-Mn-V magnetic semicon-
ductors on semi-insulating (SI) Freiberger GaAs wafers
at temperatures 210–240 �C; see Ref. [12] for more de-
tails. The As2 flow was kept low during growth in order to
minimize the production of As antisites. The Mn concen-
tration in the layers was varied between 0.5% and 5% and
the layer thicknesses were 0:5–1:5 �m. The hole concen-
trations in the as-grown layers determined by Hall mea-
surements were about 30% of the Mn concentrations. No
postgrowth annealings were performed.

The infrared absorption experiments were carried out
in the transmission configuration. Three samples with
Ga1�xMnxAs layer thickness 1:5 �m and Mn content of
1%, 3%, and 5% were measured. A sample cut from the
substrate SI GaAs was used as a reference with the
absorption coefficient of �subst. The absorption coefficient
�layer of the layer was extracted from the equation
�out�h�� � �in�h�� exp����layerdlayer ��substdsubst�� by
measuring the outcoming (�out) and ingoing (�in) light
fluxes as functions of the photon energy h�, respectively.
The layer and substrate thicknesses are denoted by d. The
measurements were carried out using a relatively high
light flux of �in 	 1016 cm�2 s�1 so that the occupation
of the electron states in the band gap is dominated by the
optical transitions.

The positron annihilation studies were carried out
using a variable energy (E � 0–30 keV) positron beam
[13]. After implantation and rapid thermalization in the
sample, the positrons can get trapped at neutral and
negative vacancy defects. This can be observed as the
2004 The American Physical Society 055505-1
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narrowing of the Doppler-broadened 511 keVannihilation
� peak. The measured spectra were characterized by the
conventional line shape parameters S and W. S represents
the fraction of positrons annihilating mainly with the
valence electrons with a low longitudinal momentum
component jpLj< 3:1 � 10�3m0c and W represents the
fraction of positrons annihilating mainly with the high-
momentum (11 � 10�3m0c < jpLj< 29 � 10�3m0c)
core electrons. In order to study the electron-positron
momentum distribution in more detail and to confirm
the identity of the observed defects, we performed also
coincidence measurements of the Doppler broadening
with two Ge detectors. In this setup, the peak-to-
background ratio can be enhanced up to 2 � 106.

Figure 1 shows the absorption coefficient of the
Ga1�xMnxAs layers as a function of incoming photon
energy. The steplike spectrum of the 1% layer is similar
as measured many times before in Czochralski-grown
bulk SI GaAs and attributed to the electron transitions
from AsGa defect level to the conduction and valence
bands [14–17]. The main difference to SI GaAs is that
here the As antisite concentration is larger by 3 orders of
magnitude. The absorption coefficient � is determined by
both the concentrations of the neutral and positive anti-
sites and the absorption cross sections of the electrons
(�n) and holes (�p), respectively. Under illumination the
concentrations are related through �As0

Ga� �

�Astot
Ga��p=��p � �n� � �As�Ga��p=�n and the absorption

coefficient can be written as

� � �n�As0
Ga� � �p�As�Ga� �

2�n�p

�n � �p
�Astot

Ga�: (1)
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FIG. 1. The absorption coefficient of the Ga1�xMnxAs layers
as a function of incoming light photon energy. The dashed lines
present the estimated free carrier absorption in the layers with
3% and 5% Mn.
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The value of the absorption coefficient at a certain energy
is thus directly proportional to the total As antisite con-
centration. Conventionally, the concentration is deter-
mined from the absorption coefficient at h� � 1:15 eV.
The values of �n and �p around h� � 1:15 eV have been
estimated by many authors [14–17], resulting in
�0 � 2�n�p=��n � �p� � 0:7�3� � 10�16 cm2.

The steplike feature is not as clearly present in the
absorption coefficient of the layers with Mn content 3%
and 5% as in the sample with 1% Mn. The absorption is
dominated by the free carriers, consistent with the hole
concentrations in the layers. The contribution of the free
carriers to the absorption of light can be estimated as
�h�!� � �2=nc, where �2 is the imaginary part of the
dielectric function ��!� � 1 �!2

p=�!
2 � i!=��. Here

!p is the hole plasma frequency that depends on the
hole concentration and � is the relaxation time that de-
pends on the hole mobility, both of which are obtained
from Hall measurements (the mobility is �20 cm2=V s
for samples with Mn content 3% or higher). The calcu-
lated absorption coefficients arising from the holes are
presented in Fig. 1 for the layers with Mn content 3% and
5% [�h�!� ’ 0 for the layer with 1% of Mn]. The defect-
related absorption coefficient can be estimated as �d �
�meas ��h at photon energy h� � 1:15 eV. The results
are presented in Table I. The total concentrations of the As
antisites are estimated to be about 10%–20% of the Mn
content.

The S and W parameters in the Ga1�xMnxAs layers
were measured at room temperature as a function of the
positron beam energy E (depth scan). Typical W vs E
plots are presented in Fig. 2. Because of the broad posi-
tron implantation profile the data from above 15 keV are
affected by annihilations in the SI GaAs substrate even in
the case of the thickest (1:5 �m) layers. The stationary
positron diffusion equation with a two-layer model has
been fitted to the S and W vs E data (solid lines in Fig. 2)
[13]. The model takes into account the positron implan-
tation profile as well as the diffusion of the positrons to
the substrate and to the surface.

The Ga1�xMnxAs layer-specific S and W parameters
obtained from the data fitting are presented in Fig. 3. The
results are presented as normalized to the S and W pa-
rameters of a p-type GaAs reference sample, which is free
of defects detectable by positrons [18]. As can be seen
TABLE I. The AsGa concentrations determined from the
Ga1�xMnxAs layers. The error estimates reflect the error in
the determination of the absorption coefficient.

x �d �1:15 eV� �Astot
Ga� �Astot

Ga�=�Mn�

0.01 2900 cm�1 0:4�1� � 1020 cm�3 20%
0.03 6700 cm�1 1:0�2� � 1020 cm�3 17%
0.05 9400 cm�1 1:3�2� � 1020 cm�3 13%
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from the figure, W depends linearly on S, which indicates
that the same type of vacancy defect is observed in all the
layers and only the concentration varies [13]. The slope of
the line is a fingerprint of a specific vacancy. Figure 3
shows the line connecting the bulk and the �S;W� pa-
rameters [1.021(3), 0.73(1)] specific to VGa [6,9]. The
measured points fall on the line, thus giving evidence
that the observed vacancy defect is the Ga vacancy.

Further identification of the Ga vacancy is obtained
from the two-detector coincidence measurements of the
Doppler broadening. The behavior of the high-momentum
part of the positron-electron distribution is the same in
both the LT GaAs and Ga1�xMnxAs layers, and similar as
observed previously [19]. The core electron momentum
distribution shows the typical signature of As 3d elec-
trons [8,19], indicating directly that the vacancy is in the
Ga sublattice. The isolated Ga vacancy, however, is mo-
bile at the growth temperatures of the LT-MBE system
[20]. Thus the observed Ga vacancies are most probably
complexed with donor-type defects, such as AsGa (as
observed previously in LT GaAs [8]) or MnI.

In order to determine the concentrations of the Ga
vacancies, we measured the S and W parameters in the
layers also as a function of measurement temperature in
the range 100–370 K. The decrease of the S parameter
due to positron trapping at negative-ion–type defects was
observed below room temperature in the layer with 0.5%
of Mn, while no temperature dependence was seen in the
layers with higher Mn content. This can be explained by
the metallic screening of the Mn ions, which prevents
positron trapping at the hydrogenic states around Mn at
high Mn content. At T > 300 K the annihilation parame-
ters remain constant in all the layers.
055505-3
Thus it can be concluded that the Ga vacancies are
dominant positron traps in all the layers above room
temperature, and their concentration can be estimated
from the S and W parameters at 300 K using the conven-
tional trapping model [13]. The Ga vacancy concentra-
tions are presented in Fig. 4. It is clearly seen that the Ga
vacancy concentration decreases with increasing Mn con-
centration from 2 � 1018 cm�3 in the undoped LT GaAs
to 4 � 1016 cm�3 in the Ga1�xMnxAs layers with Mn
content above 1%.

According to theoretical calculations [21], the elec-
tronic part of the formation energy of the acceptor-type
Ga vacancy increases and of the donor-type As antisite
decreases when the Fermi level approaches the valence
band. In our experiments this thermodynamical trend is
observed as the decrease of the Ga vacancy concentration
and the increase of the As antisite concentration with
increasing Mn content (Fig. 4). In Ga1�xMnxAs with
high Mn content the Fermi level is very close to the
valence band. The theory then predicts that the Ga va-
cancies should be neutral and the As antisites should be in
a doubly positive charge state [21]. In this situation the
difference of the formation energies of the two defects is
about 2.5–3.5 eV [21]. Assuming that the defect concen-
trations in the LT-MBE grown layers are determined by
the thermodynamical equilibrium, the difference of the
formation energies can be determined from Fig. 4 as
EVGa
F � EAsGa

F � kT ln��AsGa�=�VGa�� ’ 200–400 meV.
This value is significantly smaller than that obtained
from the theory, indicating that the absolute defect con-
centrations are determined by growth kinetics rather than
055505-3
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by thermodynamical equilibrium. This holds especially
for the Ga vacancy concentration, which increases when
the As2 flux at growth is increased, the effect being
stronger with lower Mn content.

The As antisite concentrations in the Ga1�xMnxAs
layers are large enough to be significant for the compen-
sation of the Mn acceptors and thus to affect the magnetic
properties both through compensation and magnetic cou-
pling [22,23]. They are, however, too low to explain all of
the self-compensation of the material. In similar layers,
the Mn interstitial concentration has been estimated to be
around 15% of the total Mn concentration [24]. By adding
the effect of these two types of defects together the total
electrical compensation of the Mn doping can be
explained.

The magnetic properties of the layers can be signifi-
cantly improved by low temperature annealing due to the
redistribution of Mn in the lattice [12,25,26]. Ga vacan-
cies have been proposed to have an active role in the
clustering of As antisites and substitutional Si in LT
GaAs [6–10]. Their presence, especially at concentrations
significantly higher than expected from the thermody-
namical equilibrium, may also affect the Mn diffusion by
the vacancy mechanism in the Ga sublattice, particularly
since Ga vacancies are mobile at the typical growth and
annealing temperatures around 250 �C [20].

In summary, we have used infrared absorption and
positron annihilation spectroscopies to study the native
Ga sublattice defects in LT-MBE grown Ga1�xMnxAs
055505-4
layers with Mn content ranging from 0% to 5%. We
have shown that the concentrations of both As antisites
(donors) and Ga vacancies (acceptors) vary as a function
of the Mn content following thermodynamic trends, but
the absolute concentrations are determined by the growth
kinetics and stoichiometry. The As antisite concentrations
( � 1020 cm�3) are significant for the hole compensation
and magnetic properties. The presence of the Ga vacan-
cies in the lattice may enhance the diffusion of Mn in the
group III sublattice during the postgrowth annealing that
improves the magnetic properties of the layers.
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