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Abstract: The rare-earth nitrides appear as attractive alternatives to dilute ferromagnetic 
semiconductors for spintronics device applications. Most of them combine the properties of the 
ferromagnet and the semiconductor, an exceedingly rare combination. In this work we have grown 
n-type polycrystalline semiconducting GdN layers between pre-deposited contacts made of Cr/Au 
and Cr/Ag. The resistivity of the GdN layers ranges from 4.4 × 10−4 Ωcm to 3.1 × 10−2 Ωcm 
depending on the nitrogen pressure during the growth. The electrical properties of metal/n-type 
GdN/metal planar junctions are investigated as a function of the temperature. The current voltage 
characteristics of the junctions were linear for temperatures ranging from 300 K down to 5 K, 
suggesting an ohmic contact between the Au or Ag metal and the n-type GdN layer. 
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1. Introduction  

Dilute ferromagnetic semiconductors (DMS), which are formed by a dilute concentration of 
magnetic atoms incorporated into a semiconducting material, are seen as the most promising 
materials for spintronics device applications. To date the front runners are GaN and wide band gap 
materials doped with transition or rare-earth metals, based on the expectation of these devices 
operating above room temperature [1,2]. However although there has been a lot of progress over the 
last decade to accomplish this task, there is still a lack of complete understanding of the 
ferromagnetic exchange interaction. Furthermore growth issues such as the segregation of secondary 
phases or generation of defects when increasing the dopant concentration must still be     
overcome [3,4]. On top of that, in such systems the magnetic dopants also tend to act as electronic 
dopants making it difficult to control independently the carrier concentration and the     
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magnetism [5,6]. These problems have motivated us to seek intrinsic ferromagnetic semiconductors. 
In this context we have shown the rare-earth nitrides (RENs) are almost unique, displaying the 
properties of both semiconductors and magnets, even in their purest (intrinsic) state. They offer 
opportunities across a broad range of optoelectronic technologies and “spintronics” applications, an 
emerging energy-saving branch of electronics, which utilize both the charge and the spin of  
electrons [7]. There is enormous potential provided by the facility for doping control of spin-aligned 
electrons in these intrinsic ferromagnetic semiconductors: non-volatile random access memory, 
reduced energy consumption, increased data processing and storage speed are only three examples of 
a very long list. Among the REN compounds, GdN is the most studied in part because of the 
maximum spin moment of 7 μB and zero orbital angular momentum in the half-filled 4f shell of Gd3+. 
It has also the highest Curie temperature (Tc) of the series, reported as 70 K in most experimental 
studies of the past 50 years, though theoretical treatments estimate Curie temperatures that are 50% 
or less of the experimental values [8]. From a spintronics perspective, several groups have already 
succeeded in obtaining proof of concept GdN-based device structures. These include GdN-based 
spin-filter Josephson junctions [9,10], field effect transistor structures [11] and, most recently, the 
use of GdN quantum dots to enhance the efficiency of GaN tunnel junctions, [12] the development of 
topological insulator/GdN heterostructure devices [13] as well as magnetic tunnel junctions [14]. In 
part with such future device application development in mind, we have investigated planar 
metal/REN/metal heterojunctions composed of Au or Ag metal and polycrystalline n-type GdN. 
Au-based metallisations are the oldest and most widely used ohmic contacts due to the relatively low 
electric contact resistance and excellent resistance against corrosion. For comparison we have use an 
Au-free metal contact made of Ag. In order to gain insight into the details of electronic nature and 
charge transport across these interfaces, current-voltage measurements at different temperatures from 
300 K down to 5 K have been performed.    

2. Materials and Method 

The films used here were grown on pre-deposited contacts on sapphire substrates. Prior to the 
GdN growth, two sets of contacts Cr(3 nm)/Au(50 nm) and Cr(3 nm)/Ag(50 nm) were made by 
evaporating Cr and Au and Cr and Ag respectively onto the sapphire substrate through a shadow 
mask. The sapphire substrate was cut into 15 × 20 mm rectangles before contact deposition. Cr was 
deposited first to improve the adhesion of Au and Ag onto the sapphire substrate. The metal 
deposition rate was kept around 0.5 Ås−1. The shadow mask produced a few sets of six contact pad 
pairs with a spacing of between 30 and 100 µm. Figure 1 shows the typical pattern of the 
pre-deposited contacts on the substrate. After deposition the sets of contacts were sonicated in 
acetone at room temperature for 10 minutes to remove kapton tape residues from the mounting 
process during contact deposition. No thermal annealing on the pre-deposited contacts was 
performed. The pre-deposited contacts were then introduced into an ultra-high vacuum system (base 
pressure < 5 × 10−8 Torr), and the GdN layers were deposited at ambient temperature between the 
pre-deposited contacts. The pre-deposited contacts were partially protected by a shadow mask in 
order to leave part of the contact uncoated for making electrical contact. The GdN growth rate was 
maintained at 2 Ås−1 controlled by the Gd evaporation rate and monitored throughout by a 
piezoelectric quartz crystal monitor, in an atmosphere of nitrogen ranging from 2.4 to 3.6 × 10−5 
mbar. Nitrogen purity of 99.999% was used with content of carbon dioxide less than 1 ppm, 
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hydrocarbons (as methane) less than 1 ppm, oxygen less than 2 ppm, moisture less than 2 ppm. The 
Gd was thermally evaporated using an electron gun on a solid Gd target (purity: 99.9%). The GdN 
films grown were ~150 nm thick and to prevent their decomposition in air they were capped with a 
~50 nm thick GaN layer. X-ray reflectometry performed on GdN layers grown on sapphire substrates 
without pre-deposited contacts and under similar conditions yielded a thickness of 150  5 nm, 
consistent with the crystal monitor. The crystalline structure was assessed by X-ray diffraction 
(XRD). A single polycrystalline GdN phase is observed in the XRD 2θ-scans (Figure 2), as expected 
for the growth of an fcc rock-salt structure on a (0001) wurtzite surface [15,16]. In addition to the 
(0001) sapphire peak we observe only (111) and (222) reflections of GdN. No evidence of impurity 
phases, such as GdxOy or pure Gd, is found. The out of plane lattice constants of the GdN films are 
about 5.01 Å, close to the bulk value of 4.998 Å reported in the literature and suggesting that all 
films are fully relaxed [6]. The XRD linewidths yield crystal coherence lengths in the sample plane 
of typically 10 to 15 nm. 

 

Figure 1. Schematic illustration of the planar metal/GdN/metal junctions prepared 
for the contact-resistance measurement. 

 

Figure 2. 2Θ-scan XRD scan of a polycrystalline GdN films grown at room 
temperature on a sapphire substrate. 
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3. Results and Discussion 

We turn to the electrical properties by showing first the temperature dependent resistivity for 
GdN films without pre-deposited contacts measured in the van der Pauw geometry (Figure 3). The 
room temperature resistivity is rather low for a semiconductor. This indicates that the low nitrogen 
pressure during the growth results in an n-type layer with a high concentration of free electrons due 
to nitrogen vacancies (VN), as both we and others have concluded previously [17]. The film with the 
highest resistivity was grown in a nitrogen partial pressure of about 3.5 × 10−5 mbar compared to  
2.4 × 10−5 mbar for the film with the lowest resistivity signaling that a reduced concentration of VN 
in the film grown with a larger nitrogen pressure. The resistivity of the GdN layers in this study 
ranges from 4.4 × 10−4 Ωcm to 3.1 × 10−2 Ωcm depending on the nitrogen pressure during the growth. 
In each case the n-type GdN films show a semiconductor-like resistivity behaviour and the peak in 
the resistivity coincides with the ferromagnetic ordering temperature (Tc~50–70K) as previously 
reported [8,15,16,18].  

 

Figure 3 Temperature dependent resistivity for samples grown under different 
nitrogen pressures. In each case the peak in the resistivity coincides with the 
ferromagnetic ordering temperature. 

We now focus on the electrical properties of Au/n-type GdN/Au junctions made of GdN layers 
with resistivity of 4.4 × 10−4 Ωcm (sample A) and 3.1 × 10−2 Ωcm (sample B), respectively. The 
temperature dependent resistance of the Au/n-type GdN/Au junction-sample A (figure 4) suggests it 
is dominated by the Au contact, with a positive temperature coefficient of resistance (TCR) 
characteristic of a metal. Indeed a similar GdN film grown in the same condition without 
pre-deposited contacts shows a semiconductor-like temperature dependence of the resistance similar 
to the samples displayed in Figure 3, leading us to conclude that the TCR of the resistance versus 
temperature of sample A is due to the Au contacts. However note that a resistivity peak at the 50 K 
suggests also a significant contribution of the GdN layer in the total resistance. Interestingly sample 
B (Figure 4), which is more resistive, shows a GdN-like resistance behavior suggesting that the 
resistance of the planar junction is completely dominated by the resistance of the GdN layer. The 
current-voltage (I-V) characteristics at 290 K, 60 K and 5 K of sample A and sample B are displayed 
in Figure 5. The curves are linear at all temperatures, from 290 K down to 5 K, suggesting an ohmic 
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Figure 4. The temperature dependent resistance of: (a) the Au/n-type GdN/Au 
junction-sample A and (b) the Au/n-type GdN/Au junction-sample B. For both 
samples the distance between the contacts is 40 µm. The schematic illustration 
shows the geometry used for the measurement. 

 

Figure 5. Current-voltage characteristics of (a) sample A and (b) sample B at 
different temperatures.  

behavior. Note that all the junctions in the studied range show ohmic behavior irrespective of their 
contact separation. We have also investigated the electrical properties of an Ag/n-type GdN/Ag 
junction-sample C, made of a GdN layer with resistivity identical to sample B, 3.1 × 10−2 Ωcm. The 
resistance of the junction is dominated by the GdN layer resistance in the same way as sample B (not 
shown). The I-V characteristics also show a linear behavior at all temperatures, characteristic of an 
Ag/n-type ohmic contact. It worth pointing out that the resistivity of the polycrystalline GdN layers 
in this study is comparable with the resistivity of a wide range of epitaxial GdN thin films that would 
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be used in most of the REN-based spintronics devices [19]. This makes Au and Ag promising metal 
candidates for the fabrication of ohmic contacts on not only n-type GdN but any semiconducting rare 
earth nitrides. 

4. Conclusion 

We have fabricated and studied the electrical properties of metal/n-type GdN/metal planar 
junctions. The GdN layers are grown at room temperature between either pre-deposited Au or Ag 
contacts, and show an n-type conductivity, primarily due to doping by nitrogen vacancies. The 
current voltage characteristics of the junctions were linear for temperatures ranging from 290 K 
down to 5 K, suggesting an ohmic contact between the Au and Ag metal and the n-type GdN layer. 
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