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ABSTRACT

The ternary III-V semiconductor (Ga,Mn)As has recently drawn a lot of attention
as the model diluted ferromagnetic semiconductor, combining semiconducting proper-
ties with magnetism. (Ga,Mn)As layers are usually gown by the low-temperature mo-
lecular-beam epitaxy (LT-MBE) technique. Below a magnetic transition temperature,
TC, substitutional Mn2+ ions are ferromagnetically ordered owing to interaction with
spin-polarized holes. However, the character of electronic states near the Fermi energy
and the valence-band structure in ferromagnetic (Ga,Mn)As are still a matter of contro-
versy. The photoreflectance (PR) spectroscopy was applied to study the band-structure
evolution in (Ga,Mn)As layers with increasing Mn content. We have investigated thick
(800 - 700nm and 230 — 300nm) (Ga,Mn)As layers with Mn content in the range from
0.001% to 6% and, as a reference, undoped GaAs layer, grown by LT-MBE on semi-
insulating (001) GaAs substrates. Our findings were interpreted in terms of the model,
which assumes that the mobile holes residing in the valence band of ferromagnetic
(Ga,Mn)As and the Fermi level position determined by the concentration of valence-
band holes.

Key words: spintronics, diluted ferromagnetic semiconductor, photoreflectance
(PR) spectroscopy, Fermi level, (Ga,Mn)As

INTRODUCTION

There has been a considerable increase in the past decade in the research
activity developing basic materials for spin electronics. Diluted ferromagnetic
semiconductors, combining semiconductor properties with magnetism, are
especially promising as the materials for spintronics. In this respect, (Ga,Mn)As
has become a model ferromagnetic semiconductor prospective for integrating
semiconductor-based information processing and magnetic-based data storage
on the same chip because of its compatibility with the established GaAs-based
semiconductor technology. Homogeneous films of Gal-xMnxAs containing up
to above 10% of Mn atoms can be grown by low-temperature (200-250°C)
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molecular-beam epitaxy (LT-MBE).1 When intentionally undoped the films are
p-type, where Mn atoms, substituting Ga atoms in the GaAs crystal lattice,
supply both mobile holes and magnetic moments.

On the other hand, undoped LT-MBE-grown GaAs (LT-GaAs) films are
n-type, because during the growth an important amount of about 1% excess
arsenic is incorporated into the GaAs matrix in a form of arsenic antisites, As-
Ga, arsenic interstitials, Asl, and gallium vacancies, VGa.2,3 These defects,
mainly AsGa with a typical concentration of 1x1020 cm-3, result in electronic
properties of LT-GaAs. The AsGa defect acts as a double donor in GaAs giving
rise to two deep energy levels in the band gap: the single donor level (0/+) at
EC - 0.75 eV and the double donor level (+/++) at EV + 0.52 ¢V 4 where EC
and EV are the conduction and valence band edges, respectively. In LT-GaAs
the AsGa levels broaden to form a deep donor band responsible for hopping
conduction3 and the Fermi level pinning at about 0.47 eV below the conduction
band edge.5,6 Tunneling spectroscopy measurements revealed a band of donor
states near EV + 0.5 eV arising from the AsGa defects, i.e. close to their double
donor level, and the Fermi level, EF, located above this band.7 This situation,
resulting from partial ionization of the AsGa-related defect band by residual
carbon acceptors and/or native VGa acceptors, is schematically shown in
Fig. 1a.8

Magnetic properties of (Ga,Mn)As films arise from the Mn spin system
(SMn = 5/2 for Mn2+ charge state), which undergoes the ferromagnetic phase
transition below the Curie temperature, TC. Mn atoms substituting the Ga lat-
tice sites in the LT-GaAs host, MnGa, act as acceptors with an impurity binding
energy of intermediate strength 0.11 eV.9,10 This results in a high hole density,
which is assumed to play a crucial role in the hole-mediated ordering of Mn
spins.11,12 On the other hand, Mn atoms occupying interstitial sites of the
crystal lattice, Mnl, act as double donors in GaAsl3 and, together with the
native AsGa donors, partially compensate MnGa acceptors, thus resulting in
effective reduction of the hole concentration in the (Ga,Mn)As films and, in
turn, in decreasing their Curie temperature. With increasing the Mn content, X,
typically both the hole concentration and TC increase in the as-grown
(Ga,Mn)As films up to around x = 0.06, beyond which they both start to de-
crease, primarily due to the formation of Mn interstitials. Post-growth anneal-
ing the films at temperatures below the LT-MBE growth temperature, resulting
mainly in out-diffusion of the Mn interstitials, allowed for achieving the high-
est, so far, TCof 185 K atx ~ 0.12.14

MnGa acceptors are more localized than shallower, hydrogenic-like ac-
ceptors in GaAs, which results in higher critical carrier density of the metal-
insulator transition (MIT) in Mn doped GaAs, of about 1x1020 cm—3, as com-
pared to the critical density of two orders of magnitude lower for the shallow
acceptors in GaAs.15 Importantly, a ferromagnetic ordering in (Ga,Mn)As
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occurs on both the insulating and metallic side of the MIT.
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Fig. 1. — Schematic energy band diagram for LT-GaAs (a) and possibilities of its evolu-
tion for (Ga,Mn)As with increasing Mn content (b, c, and d). Splitting of the bands in
the ferromagnetic state is omitted for simplicity. Arrows indicate electronic transitions
from the valence band to the conduction band (£,). Impurity-band regime for low-Mn-
doped (Ga,Mn)As is presented in (b): a narrow impurity band is formed at an energy of
the Mng, acceptor level, separated from the valence band by an energy gap of the mag-
nitude close to the impurity binding energy, with the Fermi level residing inside this
band (assuming some compensation). An alternative scenario is shown (c), where holes
are doped into the valence band from Mng, acceptor levels and the absorption edge
shifts from the center of the Brillouin zone to the Fermi-wave vector. The disordered-
valence-band regime for high-Mn-doped (Ga,Mn)As is presented in (d), where the im-
purity band and the host valence band merge into one inseparable band, whose tail may
still contain localized states (shaded grey area) depending on the free carrier concentra-
tion and disorder.

The nature of conducting carriers mediating the ferromagnetic state in this
material has not yet been unambiguously clarified. There are two alternative
theories about the electronic structure of metallic (Ga,Mn)As. The first one
involves persistence of the MnGa-related impurity band on the metallic side of
the MIT with the Fermi level residing within the impurity band and mobile
holes retaining the impurity band character,'®'® as shown schematically in
Fig. 1b. The second one assumes mobile holes residing in nearly unperturbed
valence band of the GaAs host (Fig. 1¢), which play a key role in the p-d Zener
model of ferromagnetism in diluted magnetic semiconductors.'"'* Elucidation
of the above controversy is essential for a better understanding of carrier medi-
ated ferromagnetism phenomenon,'® which is also important in view of poten-
tial applications of ferromagnetic semiconductors for spintronic devices. In
order to resolve this question, systematic magnetic, optical, and transport exper-
iments have been carried out on (Ga,Mn)As films by many research groups
worldwide.
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In the present work, fundamental properties of the energy band structure,
like intrerband energy transitions and electro-optic energies for light and heavy
holes, of LT-GaAs and (Ga,Mn)As films with various Mn contents were deter-
mined. The one of modulation spectroscopies — photoreflectance (PR) was
applied, as the most precise, nondestructive, and contactless optical characteri-
sation technique. Photoreflectance studies were supported by Raman spectros-
copy and high resolution X-ray diffractometry (XRD) measurements and mag-
netic properties of the (Ga,Mn)As films were characterized with a supercon-
ducting quantum interference device (SQUID) magnetometer.

EXPERIMENTAL

For our investigations two series of the thick 1000-700nm and 300-230nm
ferromagnetic (Ga,Mn)As films with Mn content from 0.001% and 6% have
been used. In addition, we have investigated two thin (50nm) (Ga,Mn)As layers
(quantum wells) embedded in LT-GaAs. The films were grown by means of the
LT-MBE method at a temperature of 230°C on semi-insulating (001)-oriented
GaAs substrates. Such heterostructures were chosen because of their different
transport and optical properties. While (Ga,Mn)As containing up to 2% Mn is
expected to be close to the MIT, the Mn content higher than 2% usually trans-
fers (Ga,Mn)As films into metallic state. In addition, as a reference LT-GaAs
film, we investigated a 700nm and 230nm-thick undoped GaAs film grown on
GaAs by LT-MBE under the same conditions as the (Ga,Mn)As films. Both the
Mn composition and the film thickness were verified during the growth by the
reflection high-energy electron diffraction (RHEED) intensity oscillations,
which enabled to determine the composition and film thickness with accuracy
of 0.1% and one monolayer, respectively.20

The films were subjected to investigations of their properties using several
complementary characterization techniques. Magnetic properties and the TC
values for the (Ga,Mn)As films were inspected using both magnetic-field- and
temperature-dependent SQUID magnetometry. Micro-Raman spectroscopy was
employed to estimate the hole densities in the thick (Ga,Mn)As films. The
micro-Raman measurements were performed using an inVia Reflex Raman
microscope (Renishaw) at room temperature with the 514.5-nm argon ion laser
line as an excitation source. Structural properties of the thick epitaxial films
were investigated by analysis of XRD results obtained at the temperature 27°C
by means of high-resolution X-ray diffractometer equipped with a parabolic X-
ray mirror and four-bounce Ge 220 monochromator at the incident beam and a
three-bounce Ge analyzer at the diffracted beam. Misfit strain in the epitaxial
films was investigated using the reciprocal lattice mapping and the rocking
curve techniques for both the symmetric 004 and asymmetric 224 reflections of
Cu Ko radiation.
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Room temperature PR measurements were performed using an argon ion
laser working at the 488 nm wavelength and a nominal power of 50 mW as a
pump-beam source and a 250 W halogen lamp coupled to a monochromator as
a probe-beam source. The PR signal was detected by a Si photodiode. The
chopping frequency of the pump beam was 70 Hz and the nominal spot size of
the pump and probe beams at the sample surface were 2 mm in diameter.

RESULTS AND DISCUSSION

Results of SQUID magnetometry applied to the (Ga,Mn)As films showed
that they all exhibit an in-plane easy axis of magnetization and well-defined
hysteresis loops in their magnetization vs. magnetic field dependence. The
films of 230 nm thickness displayed TC values of 40 K and 60 K for a Mn
content of 1% and 6%, respectively. The (Ga,Mn)As films of 300 nm thickness
with a Mn content of 2% and 4% displayed TC values of 50 K and 60 K, re-
spectively. This range of Curie temperature is typical for unannealed, relatively
thick (Ga,Mn)As films.4

SQUID magnetometry have revealed
RN WA the diamagnetic character of the ultra low
To! L (0.001% and 0.005%) doped (Ga,Mn)As
& 700-800 nm epitaxial layers. Due to the
. F;TMnm: / small amount of Mn atoms we have as-
: X sumed that free holes concentration is too
TG/ \x weak or lacking at all to induce the ferro-
e magnetic effect. This suggestion was sup-
m‘ ported by the thermoelectric power meas-
s ;GamanA?‘ ——— urements, which revealed that (Ga,Mn)As
| epitaxial layers with ultra low Mn concen-

I "—"‘\ tration exhibit n-type conductivity.
Gang,,MnmAs"“'---- The micro-Raman spectra obtained
250 260 270 280 290 300 310 for the LT-GaAs and (Ga,Mn)As films of

Raman shift (cm) 230 nm thickness are presented in Fig. 2.

Fig. 2 — Raman spectra recorded at Quantitative analysis of Raman spec-
room temperature in backscattering  tra can provide important information about
configuration from the (001) sur-  the free-carrier density. Seong et al.21
faces of the LT-GaAs reference  proposed a powerful procedure, which
?}m aI%(lil two ?Oﬁlm (t?a,Mn)r?s enables for accurate determining the carrier
lines indicate the positions of the magnetic fields, as is required in the Ha1.1—
Raman LO- and TO-phonon lines effect measurements for ferromagnetic
for the LT-GaAs reference film materials. In (Ga,Mn)As films, character-
ized by a high density of free holes of about
1020 cm-3, the interaction between the hole plasmon and the LO phonon leads

Raman intensity (arb. units)
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to the formation of coupled plasmon—LO phonon (CPLP) mode.22 In addition,
it results in a broadening and a shift of the Raman line from the LO-phonon
position to the TO-phonon position depending on the hole density.23 From
micro-Raman spectra we have estimated the hole concentrations of
0.9x1020 cm  and 1.4x1020 cm in the films with the Mn content of 1% and
6%, respectively. The obtained results suggest that the first (Ga,Mn)As film
demonstrates properties of insulator-like material and the second one does
those of metallic-like material.

Our results of high-resolution XRD measurements revealed that both the
LT-GaAs and (Ga,Mn)As films, grown on GaAs substrate under compressive
misfit stress, were fully strained to the (001) GaAs substrate. The clear X-ray
interference fringes, observed for the 004 Bragg reflections presented in Fig. 3,
prove a high structural perfection of the films. The film thicknesses calculated
from the angular spacing of the fringes correspond very well to their thickness-
es determined from the growth parameters. The lattice unit of the films changes
with increasing lattice mismatch from the zinc-blende cubic structure to the
tetragonal structure with the perpendicular lattice parameter larger than the
lateral one, equal to the GaAs lattice parameter.
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Fig. 3 — X-ray diffraction results: 26/®
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thin films and (b) 700-800nm LT-GaAs,
(Ga,Mn)As: 0.001% Mn, and (Ga,Mn)As:
0.005% Mn epitaxial layers grown on (001) semi-
insulating GaAs substrates. The curves have been
vertically offset for clarity. The narrow line cor-
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parameter, which may result from slight lateral inhomogeneity of the Mn
content along the sample surface. Other possible reasons of the peak
broadening, as e.g. vertical gradient of the film composition, were excluded in
view of our results of the reciprocal lattice mapping performed with a narrow
X-ray beam for the 004 reflection.

Photoreflectance study presented in this paper is probably the first exper-
imental observation of the fundamental energy gap in (Ga,Mn)As films with
very bright range from 0.001% to 6% of Mn content. Owing to derivative na-
ture of PR spectroscopy it allows for accurate determination of the band-gap
energies even at room temperature. As the PR signal is associated with the
electric field caused by the separation of photogenerated charge carriers, its
intensity significantly decreases in highly doped semiconductors because of
efficient screening of the electric field by free carriers. Accordingly, the intensi-
ty of the measured PR signal strongly decreased with increasing Mn content in
the investigated films. This intensity for the Ga94Mn06As sample was smaller
by about one order of magnitude than that for the LT-GaAs sample. That is
why the spectra presented in Fig. 4 have been normalized to the same intensity.
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Fig. 4 — Sequence of the photoreflectance spectra for the LT-GaAs, (Ga,Mn)As films
epitaxially grown on GaAs substrate: (a) 230nm LT-GaAs, GaggoMngoAs, and
GagosMng gsAs; (b) 300nm GagogMngpAs and GagosMng g4As; (¢) 700-800nm LT-
GaAs, (Ga,Mn)As: 0.001% Mn, and (Ga,Mn)As: 0.005% Mn. The curves have been
vertically offset for clarity

The PR spectra measured in the photon-energy range from 1.30 to 1.70 eV
for both the LT-GaAs and (Ga,Mn)As epitaxial films reveal a rich, modulated
structure containing two main features: electric-field-induced Franz-Keldysh
oscillations (FKO) at energies above the fundamental absorption edge and a
peak at around the GaAs energy gap. Some of the spectra reveal a below-band-
gap feature. Despite the thicknesses of our epitaxial films (from 800 to 230 nm)
are larger than the penetration depth of 488-nm argon-ion-laser line in crystal-
line GaAs, estimated to about 100 nm,24 we were able to detect a PR-signal
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contribution coming from the film-substrate interface regions for 300-230 nm
layers (Fig. 4a, b). This contribution results from a transport of laser-injected
carriers to the interface and formation of space-charge volume, which extends
in GaAs to 1 pm in depth. Sydor et al.24 associated the below-band-gap feature
in their PR signal from MBE-grown GaAs thin films on GaAs substrate with
impurity effects at the GaAs/GaAs interface. According to their interpretation,
the modulation mechanism of this feature results from the thermal excitation of
impurities or traps at the interface and their momentary refilling by the laser-
injected carriers. In line with this interpretation, amplitude of the below-band-
gap feature in our PR results shown in Fig. 4a, b decreases with the increasing
of the thickness of our epitaxial films and disappear at all for very thick (700-
800nm) layers (Fig. 4c).

From analysis of the FKO periods we obtained the interband transition
energies Eg in (Ga,Mn)As layers with various Mn contents (Fig.5). This ap-
proach neglects the light-hole contribution to PR spectra and takes the asymp-
totic expression of the Airy function.25 Using this simplified analysis the value
of Eg connected with the nominal band-gap energy is obtained from the inter-
section with ordinate of the linear dependence of the energies of FKO extrema

Em vs. their “effective index” defined as ©n =B37(m=1/2)/ 4]2/3:
E =F et hoF,,,
where m is the extremum number and the electro-optic energy h6 is de-
ez[ewz]”
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effective mass.24
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Fig. 5 — Analysis of the period of Franz-Keldysh oscillations for (a) 230-nm LT-GaAs,
Gao_ggMno_OIAS, and Ga0_94Mno_06As ﬁlms, (b) 300-nm Gao_ggMno_OzAS, and
GagosMng uAs films and (¢) 700-800nm LT-GaAs, (Ga,Mn)As: 0.001% Mn,
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(Ga,Mn)As: 0.005% Mn. The values of Eq obtained from the analysis are listed in the
figures. The numbers of the FKO extrema used for the analysis are marked on Fig. 4

The results of this analysis, neglecting the FKO extremum for m = 1,
which is affected by the multiple lower-energy features in the PR spectra for
the 230 and 300nm-thick films are presented in Fig. 5a,b. The same simplified
analysis of the PR spectra with the taking into consideration all the FKO extre-
ma for thick 700-800 nm films is shown in Fig. Sc.

Owing to excitonic nature of the room-temperature PR signal the meas-
ured energies of interband transitions are smaller than the nominal band-gap
energies by approximately the excitonic binding energy. Thus, the energies
obtained from FKO analysis are called critical-point energies rather than the
band-gap energies.

Thorough analysis of the obtained results shows a blue shift, up to
20 meV, of the Eg transition in Ga0.98Mn0.02As films with respect to the
reference LT-GaAs film. In contrast, a substantial red shift, of 40 meV, of the
Eg energy, equal to 1.386 eV, was revealed for the Ga0.94Mn0.06As film.
Such an effective reduction of the energy gap in highly Mn-doped (Ga,Mn)As
film is in qualitative agreement with the results of STS26,27, which suggested
even smaller band gap of 1.23 eV in (Ga,Mn)As film with 3.2% Mn content, as
estimated from conductance spectra measured in the scanning tunneling micro-
scope26. Large difference between that result and our experimental value of the
Eg energy may result from different measurement techniques used and a lim-
ited energy resolution of the STS technique.

Our PR results evidence a tangible difference in the electronic band struc-
tures of (Ga,Mn)As with low and high Mn contents. The blue shift of Eg transi-
tion in the Ga0.99Mn0.01As and Ga0.98Mn0.02As film indicates the Fermi
level position below the top of GaAs valence band, which is consistent with the
situation presented in Fig. 1c, where the EO transition occurs from the Fermi
level to the conduction band. Then, the small increase of the EO energy may
result from the Moss-Burstein shift of the absorption edge.28

On the other hand, significant red shift of the EO transition in the
(Ga,Mn)As films with high 4% and 6% Mn contents is consistent with the band
structure presented in Fig. 1d, where the Mn-related impurity band is merged
with the GaAs valence band, forming a disordered valence band extended within
the band gap.15 In this case the EO transition occurs from the Fermi level in the
disordered valence band to the conduction band. The red-shift magnitude of the
EO transition results from interplay between the band-gap narrowing and the
Moss-Burstein shift in highly Mn-doped (Ga,Mn)As. Moreover, a lack of split-
ting of the PR spectra into light- and heavy-hole features in the spectral area near
the EO transition, even in the Ga0.94Mn0.06As film with a vertical strain as high
as 4.2x10-3 (from XRD results), may be explained by the disordered character of
valence band in this case.29
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The slight red shift of the Eg transition in (Ga,Mn)As epitaxial layers with
ultra low Mn concentration with respect to the reference LT-GaAs film could
not be explained by the structural changes of Mn-doped layers (See Fig.3b). It
could be caused by the compensation character of the conductivity in these
films. The transition critical point energy in (Ga,Mn)As n-type epitaxial layers
slightly decrease as long as this material do not transfer into the p-type. After
that the Fermi level in (Ga,Mn)As shifts from the band-gap into the valence
band and this material became ferromagnetic.

CONCLUSIONS

In this work we have employed complementary characterization tech-
niques, such as photoreflectance spectroscopy, Raman spectroscopy, high reso-
lution X-ray diffractometry, and SQUID magnetometry, for revealing the fun-
damental properties of (Ga,Mn)As epitaxial films with different Mn content.
Our PR spectroscopy measurements enabled determination of the EO electronic
transition in (Ga,Mn)As and its dependence on the Mn content.

In (Ga,Mn)As with ultra low (0.001-0.005%) Mn concentration the transi-
tion energy is slightly red shifted with respect to that in reference LT-GaAs,
which was interpreted as a result of the compensation character of the conduc-
tivity in these n-type, non ferromagnetic epitaxial layers. The Fermi level in
such (Ga,Mn)As is located in the band gap.

In p-type (Ga,Mn)As with a low (1-2%) Mn content and hole density
close to that of the MIT, the interband transition energy was blue shifted with
respect to that in reference LT-GaAs, which was interpreted as a result of the
Moss-Burstein shift of the absorption edge due to the Fermi level location be-
low the top of GaAs valence band. On the other hand, a substantial red shift, of
40 meV, of the EO energy was revealed in (Ga,Mn)As with the highest (6%)
Mn content and a hole density corresponding to metallic side of the MIT. This
result, together with the determined other parameters of the intrerband electro-
optic transitions near the center of the Brillouin zone, which were significantly
different from those in reference LT-GaAs, was interpreted in terms of a disor-
dered valence band, extended within the band-gap, formed in highly Mn-doped
(Ga,Mn)As as a result of merging the Mn-related impurity band with the host
GaAs valence band.
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