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Abstract: 

The quality of interfaces is a key factor for efficient electrical spin injection into quantum 

well light emitting diodes. Here, we investigate the interfacial influence on the electrical 

transport properties in CoFeB|MgO|GaAs-InGaAs quantum wells hetero-structure, by 

considering textured MgO tunnel barrier fabricated by two different techniques: sputtering 

and molecular beam epitaxy (MBE). From forward and reverse current voltage 

characteristics, it is found that the threshold voltage decreases as the annealing temperature 

changes from room temperature to 300°C for sputtered samples, however there is not much 

difference in threshold voltage with the annealing temperature for MBE-grown samples. In 

combination with transmission electron microscope (TEM) studies, it is found the MgO|GaAs 

interface by MBE is sharp for both grown and annealed states. However, there is a thin (~0.4 

nm) amorphous MgO layer at the MgO|GaAs interface for sputtered samples with grown state, 

and the amorphous MgO can be improved and crystallized after annealing. The MgO|GaAs 

interface plays a role in modulating the band structure and has an influence on electrical 

injection. Our work demonstrated that CoFeB|MgO|GaAs interfaces are important and can be 

engineered thanks to the use of two types of growth for the textured MgO tunnel barriers, 

which ensures  efficient electrical injection. 
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1. Introduction  

 Spintronics has emerged as a rapidly expanding research area which explores the 

intrinsic spin of the electron in addition to its fundamental electronic charge, in solid-state 

devices.[1]-[3] It would lead towards new multifunctional devices offering non-volatility, 

higher processing speeds, higher packing densities and lower power consumption. The use of 

the electron spin instead of its charge to design electronic devices with alternate 

functionalities has stimulated intense investigation of spin properties in hybrid 

ferromagnetic-semiconductor systems in the past decades.[4]-[14] One important class of 

spintronic devices that has been actively pursued is spin-polarized light-emitting diodes 

(spin-LEDs). In spin-LEDs, spin-polarized electrons (or holes) are injected into an active 

region where they recombine radiatively with holes (or electrons) to emit preferentially right- 

or left-circularly polarized light, as shown in Fig. 1. Interestingly, these spin-LEDs present 

the ability to transfer the electron spin information into the photon helicity and could be 

potentially used in optical telecommunication devices. Among all of the methods proposed to 

date to inject spin-polarized currents in spin-LEDs, the primary issue for the realization of 

good quality spin-LEDs [8]-[16] is the efficient injection of spin-polarized electrons from the 

ferromagnetic source into the semiconductor LEDs.  

An efficient solution at room temperature consists of injecting spin-polarized electrons 

from a ferromagnetic injector through a tunnel barrier to the LEDs. It has been shown that 

inserting a thin MgO layer between the ferromagnetic contact and semiconductor can 

circumvent and solve the problem of large conductivity mismatch between ferromagnetic 

metals and semiconductors, therefore ensuring a very high spin injection efficiency.[17] For 

example, the CoFe|MgO injector has exhibited the highest spin injection yield at room 

temperature thus far.[18] This magnetic tunnel injector is constructed with two interfaces, 

namely the ferromagnet|MgO and the MgO|semiconductor interfaces. It still remains an open 

question as to what role these interfaces play for optimal electrical injection. In our study, we 

discuss the interfacial structural influence on band-diagram and transport behavior of 

CoFeB|MgO|GaAs-InGaAs quantum wells Spin-LEDs, by considering the textured MgO 

tunnel barrier fabricated with two different techniques: sputtering and MBE. 



2. Materials and methods 

 In our experiments, the p-i-n semiconductor structure was grown by MBE as the 

recombination active region. The GaAs-InGaAs quantum well LED device was designed and 

prepared with the following structure sequence (as shown in Fig. 1): p-GaAs:Zn (001) 

substrate ( )/500nm p-GaAs:Be ( )/200nm p-GaAs:Be 

( )/50nm undoped GaAs/10nm undoped In0.1Ga0.9As/50nm undoped 

GaAs/50nm n-GaAs:Si ( ). The LED surface was passivated with arsenic 

in the III V MBE chamber and then transferred through air into another MBE-sputtering 

interconnected system for the deposition of spin injector. The arsenic capping layer was well 

desorbed at 300°C in the MBE chamber with in-situ reflection high-energy electron 

diffraction monitoring. Two methods were then used to grow the MgO tunneling barrier layer. 

For the first method, MgO is grown at 250°C in the MBE chamber after arsenic desorption, 

and for the second method, the sample is transferred into the sputtering chamber through 

vacuum for MgO layer growth. In both cases, MgO layer has identical thickness of 2.5 nm. 

Finally, the 3 nm CoFeB ferromagnetic contact and 5 nm Ta protection layer were deposited 

by sputtering. Hereafter, we will name these   the 

two different spin-LEDs with MgO prepared by MBE and sputtering techniques, respectively. 

These two growth techniques produce a different quality of MgO barrier and hence also a 

different quality of interfaces (MgO|GaAs interface and CoFeB|MgO interface). It would 

allow us to determine the factor which is crucial for the efficient electrical injection, knowing 

that the thicknesses of all layers involved in the injector are kept the same for both types of 

sample. Finally, the processed wafers were cut into smaller pieces for rapid temperature 

annealing (RTA) at different temperatures for 1 min. The RTA procedure is a good way to 

promote the crystallization of CoFeB and improve the interfaces quality.  

 The transport measurements have been performed in a cryostat with varying 

We have used a Keithley 2400 to apply the bias, and used a 

Keithley 6487 pico-ampere meter to measure the current. Interfacial structural information 

was investigated by high-resolution transmission electron microscopy (HR-TEM) and 

high-resolution scanning transmission electron microscopy (HR-STEM) studies, which is 



performed by using a JEOL ARM200 cold field-emission gun working at 200 kV. 

In the band diagram simulation, "1D Poisson" program[19]-[20] has been utilized to 

calculate the energy band diagrams for Spin-LED structures. Normally, the exact analytic 

ation can be obtained for the CoFeB|MgO|GaAs-InGaAs quantum 

wells hetero-structure as long as electron density at the surface is not degenerate. Therefore, 

the yielding the electric field as a function of the 

potential in the Spin-LED.  

3. Results and discussion 

Following the experimental Spin-LED structure, we perform a simulation of energy band 

diagram of CoFeB|MgO|GaAs-InGaAs quantum wells hetero-structure with forward bias of 

0V(black), -0.5V(red), -1V(green) and -1.5V(blue), as shown in Fig. 2. The thickness of each 

layer in the built simulation structure is the same as the thickness of grown sample; the donor 

concentration and acceptor concentration used in simulation are also the same with the real 

sample. The MgO layer here is modeled as an insulator with a very large bandgap and can 

block the flow of carriers between the GaAs-InGaAs quantum wells and the CoFeB as bias is 

applied. In addition, the band bending in the GaAs-InGaAs quantum wells is almost 

consistent. From the band diagram, the presence of an electrical forward bias can lift the Femi 

level of CoFeB(EF, CoFeB). In particular, EF, CoFeB reaches the conduction band edge when a 

forward bias of ~-1.5V is applied. It is found that the Schottky barrier height (EC-EF, CoFeB) and 

tunneling barrier height are dependent and they decrease with increase of forward bias. 

Based on the understanding of the band diagram, we can discuss the transport behavior. 

Fig. 3 shows the semi-logarithmic forward and reverse current voltage characteristics of 

InGaAs/GaAs QW spin-LED measured from 20K to room temperature.When the negative 

bias is applied, for example as shown in Fig. 3(b), the LED is under p-i-n forward bias 

condition, with lower resistance compared with the resistance under reverse bias(when 

applying positive voltage). Obviously, the diodes show good rectifying behavior at all 

temperatures with the current showing an exponential increase in the forward bias and a 

weaker voltage dependence in the reverse bias. It is clear that the current through the diode 



increased with increasing temperature from 20K to RT at fixed bias voltage, due to the 

increase of thermionic emission[21]-[22]. It can also be noted that the reverse saturation 

current increases with the increase of measuring temperature, which is attributed to higher 

contributions from the thermally generated minority carriers. In the following discussions, we 

will focus on the forward bias condition which gives radioactively right-or left-circularly 

polarized light,[11] where small current flows initially until the applied voltage exceeds the 

threshold voltage (VTH). After this, current rises steeply with the bias. This can be explained 

by the VTH being related with barrier heights of Schottky barrier and tunneling barrier, as 

shown in Fig. 4. We plotted Schottky barrier height and tunneling barrier height extracted 

from simulated energy band diagram. As bias is applied from 0V to -1.5V, the tunneling 

barrier height drops from 2.9 eV to 2.6 eV, and Schottky barrier height drops from 0.75 eV to 

0 eV. Compared Fig. 4 (b-c) with Fig. 4(a), It can be found that the VTH is near to the bias, 

under which Schottky barrier height drops to zero. When the Femi level of CoFeB reaches the 

conduction band edge, the Schottky barrier height is zero and the carriers are injected into 

LED only through the tunneling barrier without being required to overcome the Schottky 

barrier height. 

Threshold voltage is related with quality of insulator|semiconductor interface, due to the 

interfacial trapping states. Thus, we can discuss the annealing effect on threshold voltage, to 

understand the annealing effect on the interface. Fig. 5 shows temperature-dependent 

threshold voltage for the sputtering and MBE samples before annealing, and annealed at 

200°C and annealed at 300°C, respectively. It can be seen that VTH for all the samples 

decreases with temperature due to the increase of thermionic emission. However, there is a 

big difference in the effect of annealing on VTH between sputtering samples (red) and MBE 

samples (blue). VTH of sputtering sample before annealing is much larger, and can be reduced 

by annealing. For example, the threshold voltage measured at low temperature 20K, VTH 

(before annealing)is 1.26V and VTH decreases to 1.11V(after annealing at 200°C) and 

0.56V(after annealing at 300°C). However, there is no obvious annealing effect on VTH for 

MBE samples, VTH of MBE sample after annealing at 200°C and 300°C is approximately the 

same as that before annealing. Considering that VTH is near to the bias under which Schottky 



barrier height drops to zero, we suggest that the annealing plays a role in reducing Schottky 

barrier height for sputtering samples but not MBE samples. It is known that the annealing can 

improve the crystallization and interfacial quality. Therefore, electrical injection and Schottky 

barrier height is related with MgO|GaAs-InGaAs interfacial sates. 

In order for us to have a clear understanding of the annealing on the interfacial structure, 

we performed the studies of interfacial morphological and crystallographic information by 

HR-TEM and HR-STEM, as shown in Fig. 6. Firstly, we compared the TEM images for MBE 

samples before annealing [Fig. 6(a)] and after annealing at 300 °C [Fig. 6(b)]. It is found that 

in both cases, the MgO|GaAs interface is sharp. Secondly, the presence of a thin amorphous 

layer (~0.4 nm) is detected at the MgO|GaAs interface (bottom interface) for the sputtering 

sample before annealing [Fig. 6(c)]This amorphous layer may play a role to induce interfacial 

states as discussed below. Finally, for the sputtering samples after 300°C annealing [Fig. 

6(d)], full crystallization of CoFeB layer is also confirmed, same as the MBE sample. It is 

also noted that the amorphous layer at MgO|GaAs interface is much reduced after annealing. 

This study reveals that control of the MgO|GaAs interface is essential for an optimal effective 

 injection. The MgO|GaAs can induce interfacial states which plays a role in 

modulating band-structure (Schottky barrier height) and VTH. 

The difference of annealing effect on the band schematic diagram between sputtering 

sample and MBE sample is demonstrated as shown in Fig. 7. Due to the MgO|GaAs interface 

being sharp for MBE samples at both grown and annealed states, the interfacial states is thus 

similar for MBE samples by both grown and after annealing states, as shown in Fig. 7(a-b). 

However, as studied by TEM, a thin (~0.4nm) amorphous layer at the MgO|GaAs interface of 

sputtering sample with grown state, this interfacial amorphous layer will induce more defects 

which increases the interfacial trapping states, hence it can heighten( EB) and widen Schottky 

barrier(w2-w1). The amorphous layer in the grown sputtering samples can be improved and 

crystallized after annealing, therefore the Schottky barrier can be improved to be the same as 

that of MBE samples, as shown in Fig. 7 (c-d). 

 

4. Conclusions 



In summary, the interfacial morphological and crystallographic information of 

CoFeB|MgO|GaAs-InGaAs quantum wells hetero-structure with textured MgO tunnel barrier 

fabricated by two different techniques of sputtering and MBE has been studied. The 

MgO|GaAs interface is sharp in both cases of grown sates and annealing states for MBE 

sample. A thin amorphous layer (~0.4 nm) is observed at the MgO|GaAs interface for the 

sputtering sample before annealing, and it can be much reduced and improved after annealing. 

The amorphous layer in sputtering sample can play a role as interfacial trapping to heighten 

and widen Schottky barrier to influence electrical injection. Accordingly, for forward and 

reverse current voltage characteristics, it is found the threshold voltage decreases as the 

annealing temperature changes from room temperature to 300°C for sputtering sample. There 

is not much difference in threshold voltage with the annealing temperature for MBE sample. 

Our study suggests that the control of MgO|GaAs interface is essential for an optimal 

 which play a role in 

modulating band-structure (Schottky barrier height) and VTH.  

Our work has demonstrated that the CoFeB|MgO|GaAs interfaces are important and can 

be engineered thanks to the use of two types of growth for the textured MgO tunnel barriers, 

which ensures the efficient electrical injection. 
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Fig. 1. (a) Schematic device structure of spin-LED device. (b) Structure of the recombination 

active region consists of a single InGaAs/GaAs QW by MBE. CoFeB/MgO/GaAs spin 

injector layers are decomposed in terms of a top interface CoFeB/MgO and a bottom interface 

MgO/GaAs, in which CoFeB/Ta is prepared by sputtering and MgO is deposited by MBE or 

sputtering. 

  



 

Fig. 2. Simulated energy band diagram of the spin-LED device. 

  



 

Fig. 3. Semi-logarithmic forward and reverse current voltage characteristics measured from 

20K to room temperature, for InGaAs/GaAs QW spin-LED with sputtering grown MgO 

annealed at different temperatures (a-c), and MBE grown MgO annealed at different 

temperatures (d-f). VT indicates threshold voltage, for example as marked in (b).  

  



 

Fig. 4. (a) Semi-logarithmic forward and reverse current voltage characteristics measured at 

20K sputtering grown MgO annealed, VT is threshold voltage. (b) Schottky barrier height 

extracted from simulated energy band diagram. (c) Extracted tunneling barrier height. 

  



 

Fig. 5. Temperature dependent threshold voltage, VT, for the samples with sputtering and 

MBE grown MgO annealed at different temperatures.  

 

 

 

 

 

  



 

 

Fig. 6. (a) HR-TEM images of sample with MBE grown MgO before annealing. (b) HR-TEM 

image of the sample with MBE grown MgO after annealing at 300 °C. (c) HR-TEM images 

of sample with sputtered MgO before annealing, there is one amorphous MgO layer at 

MgO/GaAs interface with thickness of 0.4nm as indicated. (d)  HRTEM image of the 

sample with sputtered MgO after annealing at 300 °C.  

  



 

Fig. 7. (a-b)Schematic of band diagram for MBE grown MgO sample before annealing and 

after annealing, respectively. (c-d) Schematic of band diagram for sputtering grown MgO 

sample before annealing and after annealing, respectively. 

 


