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The photoreflectance (PR) spectroscopy was applied to study the band-structure evolution in 

(Ga,Mn)As layers with increasing Mn content. We investigated (Ga,Mn)As layers and, as a reference, un-

doped GaAs layer, grown by LT-MBE on semi-insulating (001) GaAs substrates. Photoreflectance studies 

were supported by Raman spectroscopy and high resolution X-ray diffractometry (XRD) measurements. 

Magnetic properties of the (Ga,Mn)As films were characterized with a superconducting quantum interfer-

ence device (SQUID) magnetometer. In addition, we investigated impact of the annealing of 100 nm 

(Ga,Mn)As layers with 6% of the Mn content on the electronic and band structure as well as on the electri-

cal and magnetic properties of these films. Our findings were interpreted in terms of the model, which as-

sumes that the mobile holes residing in the valence band of GaAs and the Fermi level position determined 

by the concentration of valence-band holes. 
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1. INTRODUCTION 
 

(Ga,Mn)As has become a model diluted ferromag-

netic semiconductor, in which a few percent of Ga lat-

tice atoms have been substituted by Mn atoms. Below a 

magnetic transition temperature, Tc, substitutional 

Mn2+ ions are ferromagnetically ordered owing to in-

teractions with spin-polarized mobile holes. Mn atoms 

substituting the Ga lattice sites in the LT-GaAs host, 

MnGa, act as acceptors. This results in a high hole den-

sity, which is assumed to play a crucial role in the hole-

mediated ordering of Mn spins. On the other hand, Mn 

atoms occupying interstitial sites of the crystal lattice, 

MnI, act as double donors in GaAs and, together with 

the native AsGa donors, partially compensate MnGa ac-

ceptors, thus resulting in effective reduction of the hole 

concentration in the (Ga,Mn)As films and, in turn, in 

decreasing their Curie temperature. 

However, the character of electronic states near the 

Fermi energy and the valence-band structure in ferro-

magnetic (Ga,Mn)As are still a matter of controversy. 

There are two alternative models of the band structure 

in (Ga,Mn)As. The first one assumes mobile holes resid-

ing in the valence band of GaAs and the Fermi level po-

sition determined by the concentration of valence-band 

holes [1–3]. In this case the interband transition energy 

E0 blue shifted with increasing of Mn content for insula-

tor-like (Ga,Mn)As materials and red shifted for metal-

lic-like (Ga,Mn)As epitaxial layers. The second one in-

volves persistence of the narrow, Mn-related, impurity 

band in highly Mn-doped (Ga,Mn)As with metallic con-

duction [4–6]. In this model the Fermi level exists in the 

impurity band within the band gap, the mobile holes 

retain the impurity band character and interband tran-

sition energy blue shifted with increasing of Mn content 

in all type of (Ga,Mn)As epitaxial layers.  

In the present paper we have applied photoreflec-

tance (PR) spectroscopy to study the band-structure evo-

lution in (Ga,Mn)As layers with increasing Mn content 

and annealing treatment. Conventional annealing 

treatment is the most popular way to increase the Curie 

temperature in the  (Ga,Mn)As epitaxial layers [7]. This 

process usually performed at the temperature of 180º C 

in the nitrogen or the oxygen atmosphere and combined 

with other procedures: covering of the surface, 

nanostructuring et. ex [8,9,10,11]. In the recent publica-

tion the authors report about the highest Tc  200K ob-

served in the annealed (Ga,Mn)As nanowire [12].  

From the study presented in our previous paper we 

could  conclude that the band and electronic structure as 

well as ferromagnetic properties of (Ga,Mn)As epitaxial 

layers grown with the LT-MBE are determined not only 

by the Mn concentration, but by the concentration of the 

defects arising during the low temperature growth as 

well [13]. By the removing one of these defects - intersti-

tial Mn - with the adjusting of the parameters of LT 

(Ga,Mn)As-growth and post-growing  annealing we could 

achieve the higher Curie temperature [14].  

 

2. EXPERIMENTAL 
 

2.1 Samples 

We investigated as-grown 100–300nm thick 

(Ga,Mn)As layers, with Mn content from 1% to 6%, 

grown by means of the low-temperature molecular-

beam epitaxy (LT-MBE) method at a temperature of 

230°C on semi-insulating (001)-oriented GaAs sub-

strates and, as a reference, undoped GaAs layer, grown 

by LT-MBE on semi-insulating (001) GaAs substrate. 

In addition, we investigated impact of the annealing 
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treatment n the electronic and band structure of 100 

nm (Ga,Mn)As layers with 6% of the Mn content as 

well as on the electrical and magnetic properties of the-

se films. The annealing treatment was performed at 

the temperature 180°C in the oxygen atmosphere dur-

ing 60h. 

 

2.2 SQUID characterization  
 

The results of superconducting  quantum interfer-

ence device magnetometry applied to the (Ga,Mn)As 

layers, presented in Figs. 1a,b and c, show that they all 

exhibit an in-plane easy axis of magnetization and well-

defined hysteresis loops in their magnetization vs. mag-

netic field dependence. The as-grown layers displayed 

the Tc values in the range between 40 K and 60 K. After 

the annealing treatment Tc values as well as magnetic 

moment increases significantly (from 40 K to 70 K) for 

the 100 nm Ga0.94Mn0.06As epitaxial layers (Fig. 1c). 

 

a b c 
 

Fig. 1 – SQUID magnetization along the in-plane [110] crystallographic direction vs. temperature after subtraction of diamagnet-

ic contribution from the GaAs substrates for two 300-nm-thick (Ga,Mn)As films with 2% and 4% of Mn content (a),  two 230-nm-

thick (Ga,Mn)As films with 1% and 6% of Mn content (b) and one 100-nm-thick (Ga,Mn)As layer with 6% of Mn content as-grown 

and annealed (c). Insets: magnetization hysteresis loops measured at a temperature of 5 K 

 

2.3 Micro - Raman characterization 
 

  

a     b 

Fig. 2 – Micro-Raman spectra recorded using an “inVia Reflex” Raman microscope (Renishaw) at room temperature with the 

514.5-nm argon ion laser line as an excitation source  in backscattering configuration from the (001) surfaces of the LT-GaAs ref-

erence film and two 230-nm (Ga,Mn)As films with 1% and 6% of Mn content (a) and as-grown and annealed 100-nm (Ga,Mn)As 

films with 6% of Mn content (b). The spectra have been vertically offset for clarity. The dashed lines indicate the positions of the 

Raman LO- and TO-phonon lines for the LT-GaAs reference film and arrows indicate the position of CPLP mode  
 

In (Ga,Mn)As films, characterized by a density of 

free holes of about 1020 cm-3, the interaction between 

the hole plasmon and the LO phonon leads to the for-

mation of coupled plasmon-LO-phonon (CPLP) mode 

[15,16]. 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 

[17].  

By performing the analysis of our micro-Raman 

spectra obtained for the (Ga,Mn)As films, shown in 

Fig.2, we were able to estimate a hole concentration 

between 0.9×1020 cm-3 and 1.4×1020 cm-3 in the films 

with the Mn content from 1% to 6%, respectively (see 

Fig. 2a). These results suggest that the (Ga,Mn)As 

films with 1%-2% of Mn concentration demonstrates 

properties of an insulator-like material and the 

(Ga,Mn)As films with 3%-6% of Mn concentration - a 

metallic-like material. After the annealing treatment 

the free hole density increased in 100 nm 

Ga0.94Mn0.06As epitaxial layer up to 1.6×1020 cm-3 (see 

Fig. 2b).  
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2.4 HR XRD — characterization 
 

Our results of high-resolution XRD  measurements 

performed for the as-grown and annealed films revealed  

that both the LT-GaAs and (Ga,Mn)As films  were  

grown under  compressive misfit stress  and  fully 

strained to the (001) GaAs substrate. The clear X-ray 

interference fringes, observed for the 004 Bragg reflec-

tions for the all heterostructures, indicate the high 

structural perfection of the films. Angular positions of 

the peaks corresponding to the LT-GaAs and (Ga,Mn)As 

films were used to estimate the strain of the epitaxial 

layers (see Fig. 3). After the annealing treatment the 

strain of the 100 nm Ga0.94Mn0.06As epitaxial layer de-

creased, probably because of decreasing the value of 

interstitial Mn atoms [14]. 
 

 
 

Fig. 3 – X-ray diffraction results: 2θ/ω scans for (004) Bragg 

reflections for 230-nm LT-GaAs and as-grown and 100 nm 

annealed Ga0.94Mn0.06As thin films grown on (001) semi-

insulating GaAs substrate. The curves have been vertically 

offset for clarity. The narrow line corresponds to reflection 

from the GaAs substrates and the broader peaks at lower 

angles (indicated with the arrows) are reflections from the 

epitaxial films. With increasing the Mn content the (Ga,Mn)As 

diffraction peaks shift to smaller angles with respect to that of 

the LT-GaAs reference film 

 

2.5 Photoreflectance spectroscopy 
 

The room temperature PR measurements were per-

formed using semiconductor laser working at the 537 

nm wavelength (penetration depth for GaAs - 150 nm) 

and a nominal power of 10-15 mW as a pump-beam 

source and a 250 W halogen lamp as a probe-beam 

source coupled to a monochromator. The PR spectra 

measured for LT–GaAs and (Ga,Mn)As epitaxial layers 

in the photon-energy  range from 1.3 to 1.7 eV  

(Figs. 4a,b and Fig. 5) revealed a rich, modulated struc-

tures containing peaks (A) around the interband tran-

sition energy and electric-field-induced Franz-Keldysh 

oscillations (FKO) at energies above the fundamental 

absorption edge. The modulation mechanism of the 

feature around the interband transition energy results 

from the thermal excitation of impurities or traps at 

the (Ga,Mn)As/GaAs interface and their momentary 

refilling by the laser-injected carriers [19]. 

The energy values Eg connected with the interband 

transition energy E0 are obtained from the intersection 

with the ordinate of the linear dependence of the ener-

gies of FKO extrema Em vs. their “effective index” de-

fined as Fm  [3 ( m – 1/2) /4] 2/3: 

 Em  Eg + ħθ Fm (1), 
 

where m is the extremum number and ħθ - the electro-

optic energy defined as 

1/3
2 2 2

2

e F
 , F is the elec-

tric field and  is the interband reduced effective mass. 

Because of the annealing treatment the Curie tem-

perature as well as free hole concentration were signifi-

cantly increased (Fig. 1c and 2b) in 100 nm 

Ga0.94Mn0.06As epitaxial layer. Nevertheless, the PR 

spectra for both as-grown and annealed heterostruc-

tures are very similar (Fig. 5a), the Eg energies does 

not changed significantly because of annealing treat-

ment (Fig. 5b). The disordered-valence-band regime for 

high-Mn-doped (Ga,Mn)As predicted that the Mn-

related impurity band and the host GaAs valence band  

merge into one inseparable band, whose tail may still  

contain localized states  and Fermi  level is located in 

the valence band, depending on the  free carrier con-

centration and disorder. After the annealing treatment 

the interband transition energy was slightly blue shift-

ed with respect to the as-grown (Ga,Mn)As. This was 

interpreted as a result of the Moss-Burstein shift of the 

absorption edge due to the Fermi level moving dipper 

into the valence band with the increasing free hole den-

sity as well as with the decreasing of the disorder and 

the compressive stress inside the annealed 100 nm 

Ga0.94Mn0.06As epitaxial layer (see Fig. 3). 
 

 

a 

 

b 
 

Fig. 4 – Analysis of the period of ranz-Keldysh oscillations for 

300-nm Ga0.98Mn0.02As, and Ga0.96Mn0.04As films (a) and 230-

nm LT-GaAs, Ga0.99Mn0.01As, and Ga0.94Mn0.06As films (b). In-

sets present the PR spectra for the 230-nm- and 300-nm-thick 

films where numbers of the FKO extrema used for the analy-

sis are marked. The values of Eg obtained from the analysis 

are listed in the figures 
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a 

 

b 
 

Fig. 5 – (a) Sequence of the photoreflectance spectra for the 

as-grown and annealed 100 nm Ga0.94Mn0.06As film epitaxially 

grown on GaAs substrate (dots). The spectra have been 

vertically offset for clarity; (b) Analysis of the period of Franz-

Keldysh oscillations for Ga0.94Mn0.06As films shown in Fig. 5 

(a). The values of Eg obtained from the analysis are listed in 

the figure 

 

3. CONCLUSIONS 
 

Our PR spectroscopy measurements enabled deter-

mination of the Eg electronic transition in (Ga,Mn)As 

epitaxial layers. In (Ga,Mn)As with a low (1–2%) Mn 

content and hole density close to that of the metal-

insulator transition, 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 below the top of GaAs valence band. On 

the other hand, a substantial red shift, of 40 meV, of 

the Eg energy was revealed in (Ga,Mn)As with the 

highest (6%) Mn content and a hole density correspond-

ing to metallic side of the metal-insulator transition. 

This result, together with the determined other param-

eters of the intrerband electro-optic transitions near 

the center of the Brillouin zone, which were significant-

ly different from those in reference LT-GaAs, was in-

terpreted in terms of a disordered valence band, ex-

tended 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. 

Annealing treatment does not impact significantly 

on the electronic and band-structure of (Ga,Mn)As epi-

taxial layers. Nevertheless, as a result of the annealing 

treatment, both the Tc and the free hole concentration 

increased significantly in the 100 nm Ga0.94Mn0.06As 

epitaxial film. This behavior was connected with small 

increase of the Eg transition energy and degrease of the 

compressive strain in the layer. 
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