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ABSTRACT: The growth and properties of transition metal-doped nanostructured thin films with room temperature ferromagnetism 
have been investigated. The ferromagnetic II-IV-V2 semiconductor/non-ferromagnetic semiconductor interfaces of the nano films 
were grown onto Si, GaAs and InAs substrates by pulsed laser deposition (PLD). XRD patterns of films match quite well those of 
the respective targets. Roughness measured by AFM shows smoother films in case of Co-doping whereas Fe-doped films are 
rougher, whichever the material system concerned. The Hall effect measurements performed at room temperature show that PLD 
films in both material systems are n-type, with a carrier concentration of the order1021 cm-3 for MnGeSb and 1016cm-3 for ZnSnSb 
and mobilities of the order 102 cm2/Vs for either system. 
KEY WORDS: Vertical Gradient freeze, Pulsed Laser Deposition, Thin Films, Diluted Magnetic Semiconductors, Structural 
characterisation, Bulk ternary compounds  

1. INTRODUCTION 
A critical problem in the development of magneto-
opto-electronic and spintronic devices arises from 
the mechanisms occurring at the interfaces built in 
their structures. For example, the resistivity 
mismatch at the interface between a ferromagnetic 
metal and a semiconductor diminishes the 
polarisation of the injected spin and thus it is now 
widely appreciated that the requirement for a tunnel 
barrier is essential in these systems. As a result of 
these issues an ideal interface would be one 
constructed between two semiconductors one of 
which should be a ferromagnetic semiconductor. 
When reviewing the state of the art in diluted 
magnetic semiconductors (DMS) important 
advances are identified in the development of 
GaMnAs, InMnAs and GaMnN. Pearton et al. [1] 
remark that in samples carefully grown single phase 
by molecular beam epitaxy (MBE), the highest 
Curie temperatures reported are 110 K for Ga,MnAs, 
and 35 K for In,MnAs. On ternary alloys such as 
(In0.5Ga0.5)0.93Mn0.07As, the Curie temperature is also 
low (110 K.). A tremendous amount of research on 
these materials systems has led to some surprising 
results, such as the very long spin lifetimes and 
coherence times in GaAs and the ability to achieve 
spin transfer through a hetero-interface, of either a 
semiconductor/semiconductor or metal 
/semiconductor. However, applications would 
require Curie temperatures above room temperature. 

Zutic et al. [2] in their review on spintronics 
underline that an important challenge for potential 
spin logic applications is the demonstration of room 
temperature operations. Thus, in all-semiconductor 
schemes it would be desirable to have ferromagnetic 
materials with high TC. Some of the promising 
developments include (Ga,Mn)As with TC ~ 250 K 
and (Zn, Cr)Te with TC ~ 300 K. However, there is 
a wide range of other materials with much higher 
predicted and/or reported TC, which need to be 
critically examined and their potential tested in the 
actual device structures. An alternative route to 
room temperature operation is the use of hybrid 
structures that combine metallic ferromagnets with 
high TC and semiconductors. It is important to note 
that in such systems tailoring of interfacial 
properties can significantly improve 
magnetoresistive effects or spin injection efficiency. 
Semiconductors that exhibit room-temperature 
ferromagnetism are central to the development of 
semiconductor spintronics. From the technological 
side, bulk chalcopyrite have been prepared by 
various techniques, such as Travel Heater Method 
(THM), Bridgman [3] direct crystallization of the 
melt [4,5], solid state reaction [6]. However, most of 
the work on bulk growth has been devoted to I-III-
VI2 undoped chalcopyrites and only a little work has 
been done on the II-IV-V2 family. Even less seems 
to appear on thin film growth, which, to our 
knowledge, was carried out mainly by molecular 
beam epitaxy (MBE). Recent results on MBE 
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growth of MgGeAs2:Mn [7] find a strong 
dependence of the resulting phases and crystal 
orientation on the growth temperature. At low 
temperature growth secondary binary phases are 
observed. In this work we have investigated the 
growth and properties of transition metal-highly 
doped nanostructured thin films exhibiting room 
temperature ferromagnetism. Their structural, 
morphological and optical properties have been 
investigated by graizing incidence XRD (SIEMENS 
5000 Diffractometer), small angle X-ray scattering 
spectrometry (SAXS, Anton Paar GmbH, Austria), 
micro-Raman spectroscopy, SEM and EDS, atomic 
force microscopy (AFM) in the ac mode, and 
spectroscopic ellipsometry (UVISEL Ex-Situ 
Horiba-Scientific, France). 

2. EXPERIMENTAL DETAILS  
2.1 Preparation of PLD targets 

The PLD targets were home-made. Bulk material 
has been grown by a modified Vertical Gradient 
Freeze (VGF) technique, i.e. with a dynamic 
temperature gradient and under particular conditions 
of pressure, starting from binary powders 
synthesised through solid-state diffusion. 

 
Figure 1.  The VGF crystal growth equipment  

Binary compounds from powders were mixed 
through ball milling at 300 rpm, 60 min. For the 
ternary compounds the following steps were applied: 

MnGeSb2 was ground through ball milling at 400 
rpm, 240 min; ZnSnSb2 was ground through ball 
milling at 500 rpm, 480 min. 

Doping has been provided in sequences, e.g: Co and 
MnGeSb2 were mixed for 120 min, at 400 rpm and 
melted afterwards, whereas Fe doping of 
ZnSnSb2:Fe occurred by mixing the ternary powder 
with the required amount of Fe for 120 min at 500 
rpm, followed by melting and solidification in a 
vertical thermal gradient. Post growth annealing of 

the bulk material and the resulting thin films were 
carried out in order to study the stability of the 
ternary compounds and the possible phase 
separations using the thermal regime in Fig. 2.  
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Figure 2. The thermal regime for annealing bulk MnGeSb2 
prepared by VGF 

Bulk II-IV-V2 chalcopyrites are thought (and some 
of them, like ZnSnP2, are known) to undergo an 
order-disorder phase transition to the sphalerite 
phase as a function of temperature. 

2.2 Thin film deposition 

The nano films of II-IV-V2 materials doped with 
transition metal ions were grown onto Si, GaAs and 
InAs substrates at different temperatures by pulsed 
laser deposition (PLD) (Fig.3).  

Thin film growth by PLD allows deposition of 
highly stoichiometric films at much lower 
temperatures [8-11]. 

 
Figure 3.  PLD 2000 workstation for nanofilms growth 

A KrF excimer laser COMPEX Pro 201 (λ=248 nm, 
τ=20 ns, 10 Hz repetition rate) at fluence values of 
1.7J/cm2; 2.2 J/cm2; 2.5J/cm2, was used in diverse 
experiments. The initial pressure in the chamber was 
2×10−6 Torr in all runs. The growth sequence of 
metal doped films was e.g. 10000 pulses; 2000 
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pulses and 10000 pulses all at TS =600oC. Doping 
occurred through the 2000 shots ablation of CoFe 
target. The substrate temperature Ts=600oC was held 
for 60 min after deposition and then gradually 
lowered down to 20oC. Films of each system were 
obtained at different thicknesses, varying between 
105.3 and 251 nm (according to the number of laser 
pulses) as measured with a DEKTAK profilometer. 
The doping sequence was always set at 2000 pulses. 

The annealing recipes of the films are displayed in 
the table 1.  

Table 1. Annealing recipes for PLD thin films 
Annealing recipe 

Ramp 
(Rate) 

Dwell Ramp 
(Rate) 

Dwell Ramp 
(Time) 

End 

Target Target Target Target Target Target 
200 200 600 600 30 0 

Ramp 
(Rate) 

Ramp 
(Rate) 

Ramp 
(Rate) 

Dwell 
Duration 

Dwell 
Duration 

Dwell 
Duration 

25 70 25 60 20 0 

2.3 Sample characterisation 
2.3.1 Structure and morphology 

The XRD patterns (Fig.4) show polycrystalline 
mixtures of binary phases MnxSb1-x; MnxGe1-x; 
GexSb1-x and superimposed peaks e.g. (Sb+GeMn2.3) 
are the best match to XRD patterns because a 
specific PDF file for MnGeSb2 is not available). 
MnGeSb:Co films show a independent of thickness 
SAXs profile [12] 
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Figure 4. XRD pattern of  665nm MnGeSb film 

For the rather well known ZnSnSb system the XRD 
patterns (Fig. 5) show a disordered material as either 
bulk or thin film. The EDX analyses [12] normalised 
to the Zn content (at%) yielded compositions close 
to the intended ZnSnSb2. The morphology of the 
PLD film surfaces has been investigated by AFM in 

a AC configuration, using a atomic force microscope 
VEECO, model di Innova. Some of the images are 
shown in Fig. 6. 
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Figure 5. XRD pattern of ZnSnSb:Fe PLD film 

 
a) 

 
b) 
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c) 

Figure 6. Morphology of MnGeSb2 PLD films a) 105 nm 
thick; b) 174 nm thick; c) 130 nm thick 

 
a) 

 
b) 

Figure 7. Morphology of  ZnSnSb2  PLD films of  a) 104 nm 
thick and  b) 51 nm thick 

2.3.2 Electrical properties 

 The electrical properties of the PLD films from the 
two materials systems investigated here have been 
characterised by Hall effect measurements at room 
temperature in a Van der Paw configuration.  

The results are displayed in the table 2 for 
MnGeSb:Co films and in the table 3 for the 
ZnSnSb2:Fe PLD films. 

 
Table 2. Electrical properties of MnGeSb:Co PLD films 

 
MnGeSb:Co 04 08 11 16 19 

Thickness 
(nm) 

868 665 544 290 260 

N (cm-3)x1020 9.887 9.810 21.51 -3.593 -2.291 
µ(cm2/Vs) x10 2.852 2.899 1.251 6.426 7.209 
ρ (ohm*cm) 

x10-4 
2.214 2.195 2.318 2.704 3.780 

RH(cm3/C) 
x10-2 

0.631 0.636 0.290 -1.737 -2.725 

 
Table 3. Electrical properties of ZnSnSb2:Fe 

ZnSnSb:Fe 11 04 19 16 
Thickness 

(nm) 62.4 114.3 242.8 406.2 

N (cm-3) 4.413x1018 -2.737x1018 1.250x1017 -2.864x1016

µ(cm2/Vs) 6.761x102 1.251x103  3.922x101 7.257x 102 
ρ(ohm*cm) 2.092x10-3 1.823x10-3  1.261 3.003x10-1

RH(cm3/C) 6.913x100 -2.281  4.384x101 -2.179x102

 

Hall effect measurements at room temperature show 
semiconducting like behaviour in all films, with n-
type conduction for all Fe-doped samples. 
2.3.3 Optical properties 

The dielectric functions and Tauc plots of ZnSnSb2 
and MnGeSb2 PLD films were determined by 
spectroscopic ellipsometry (UVISEL EXsitu, Horiba 
Jobin Yvon) at an angle of incidence of 70° in the 
0.6-6.5 eV range with 0.1 step and integration time 
of 200msec.  

In fig.7 are shown the Tauc plots corresponding to 
samples from each material system, i.e. 
MnGeSb2:Co and ZnSnSb2:Fe. To derive Eg (Tauc 
plots). 

We considered the two materials systems as direct 
gap semiconductors, which is true for chalcopyrite 
phases, with high absorption coefficient and an 
energy gap that diminishes with increasing disorder. 
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Figure 8. Tauc plot of a) MnGeSb2:Co; b) MnGeSb2:Fe; 
c)ZnSnSb2:Fe 

3. DISCUSSIONS 

It is obvious that in the case of the MnGeSb system 
both targets and films are polycrystalline with the 
film pattern following close enough the one of the 
target. Still, the film doped with iron seems to 
include amorphous zones. The material system 
seems to be a combination of GeSb and MnSb rather 
than a ternary compound. This is also supported by 
EDS analyses. In comparison with spectra of pure 
GeSb samples [13] those of our samples hardly 
show the presence of isolated Ge. For the system 

ZnSnSb2 the XRD pattern of the bulk is quite close 
to the one reported in ref. [14], with crystallization 
evidence. It is true that in iron doped films of either 
system the thickness (measured by profilometry, 
DEKTAK Profilometer) is less by 100nm than in the 
Co doping case, but it looks more likely amorphicity 
to occur from Fe atoms inclusion rather than from 
thickness.  

The SAXS intensity profiles (not shown here) of 
MnGeSb2:(Co, Fe) and ZnSnSb2:Fe with different 
thickness values support the hypothesis of quite 
disordered structures that are independent of 
thickness.  

The pattern of the iron doped MnGeSb sample 
exhibits a wide maximum centred at 0.02A-1. A 
similar shape only much narrower [12] has been 
found for the ZnSnSb2:Fe thinnest film, centred at 
the same q value. We believe that Fe inclusions in 
the films are responsible for this behaviour 
especially at small thickness values. 

4. CONCLUSIONS 
We have prepared bulk material and PLD films of 
the systems MnGeSb:(Co; Fe) and ZnSnSb2:(Fe) 
The EDX analyses normalised to the Mn, 
respectively Zn content (at%) yielded acceptable 
composition variations. The XRD patterns show 
disordered II-IV-V2 materials. MnGeSb:Co films 
show a independent of thickness SAXs profile. The 
XRD patterns show a disordered material ZnSnSb as 
either bulk or thin film. Hall effect measurements at 
room temperature show semiconducting like 
behaviour in all films, with n-type conduction for all 
Fe-doped samples.  

 Spectral reflectivity measurements of PLD films 
deposited on Si from each of the ternary systems 
confirm a semiconductor like structure with mixed 
Drude and intraband contributions.  

Most of the films in the MnGeSb system are p-type 
and showing a slight variation of the electrical and 
optical properties with thickness. 

MnGeSb is likely to become a new material but 
much effort is necessary in the future to get close to 
the appropriate stoichiometry  
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