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Abstract 

Mesas are prepared from ap-i-n stack wafer, on which a Fe film is grown. A Ti:Au contact 
is found to be the suitable electrode contact on the Fe film. On the mesas, both photo- and 
electroluminescence experiments are performed. The spectra show clear differences, due toa 
different injection level. We observed a degree of circular polarization, in the light emitted 
in the electroluminescence experiment, on both a mesa with as without Fe film. We did not 
observe any spin injection. 
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Chapter 1 

Intrad uction 

Irnagine a world in which information transfer is totally secure. Protocols for extrernely secure 
information transfer, based on quanturn cryptography, have already been developed [7}[9}[58}. 
The technology, however, is far frorn reality. A part of this technology exists of an electrically 
controllable single photon source. Ideally, the quanturn state of these polarized single photons 
should be cornpletely controlled. Besides this rnain application, an electrically controllable sin
gle photon souree would be a novel tool to study all kind of interference effects in science. This 
example is given to illustrate a possible application of our research. 

The design of a device, able to produce polarized light {not particularly single photons), 
is shown in figure l.I. For such devices, another closely related field is of importance. This 
is the subject of spin injection, i.e., having a spin polarized current enter from a material 
into a semiconductor. This could enable us to have spin polarized carriers reach an active 
layer, where they can radiatively recombine. Besides, a spin-based transistor has already been 
proposed [17]. 

The polarization of a number of carriers is defined as 

'P = _n_,_r_-_n~! 

nr +n! 
{I. I) 

where nr ,! are the concentration of carriers in the spin up and down state, respectively. The 
spin polarization is often determined by measuring the circularly polarized light, emitted when 
spin-polarized carriers are recombining in the active layer . The {dipole) selection rules claim 
that photons with an angular momenturn of ±li are created, when the spin polarized carriers 
recombine. Therefore, radiative recombination can lead to a polarization, but in the nurnber of 
photons. The optical polarization degree differs from the carrier polarization degree, because 
certain transitions are more probable than others. 

Quanturndots ( QDs) are the possible elements for the active layer in our proposed photons 
source. A QD is an island of a material, embedded in a different material, with the dimensions 
of the order of nanometers. lts quantummechanical treatment is the of a partiele-in-a-box 
problem. At the energy level of a quanturn state in a QD, only one li} {spin-up) electron and 
one ll) {spin-down) electron will enter. The first electron is likely to form an exciton with a 
hole. Consequently, it is likely that a biexciton is formed when a second electron enters. This 
is shown in figure 1.2. The photons emitted always have an opposite circular polarization. 
Whereas, in the literature, mainly the biexciton recombination is considered, we hope that it 
is possible to have only one electron enter the QD, creating a single photon, when recombining. 

As mentioned, researchers are investigating the possibility of spin injection. As a spin 
aligner, ferromagnetic metals are good candidates. This materials are able to store 'spin infor-
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Figure 1.1: In the ferromagnetic film, on top, the spins of the carriers are 
polarized by a magnetic field. A current could enable spin injection. The spin 
polarized carriers can reach an active layer, which in this design, contains InAs 
QDs. Due to the selection rules, the spin polarized carriers produce polarized 
light, when recombining. 

Exciton Exciton 

tf -*-·-r-·1 + 
ho . ec n electron i hole 

L-·-·-··--··· .. ·-··J 
Exciton 

Biexciton 

photon 

t+ -> ;ç 
phot~· / 

(er:·) ~ ---__} 
~Epboton = 4 me V 

Figure 1.2: A biexciton is formed by two excitons. The electrons, coupled in 
the biexciton, have an opposite spin sign, due to the Pauli principle. The 
biexciton decays, emitting a pboton with a slightly higher energy than the 
decay of the exciton. The created photons have an opposite polarization. 
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mation', due totheir hysteresis. On the other hand, the growing of metals on semiconductors 
is not an easy job. 

The injection of a spin polarized current into a semiconductor has been a challenge for 
many years. One might intuitively think that high spin injection levels are not straightfor
ward, because ferromagnetic metals and semiconductors are completely different materials. 
This intuition is right, as the theory prospects very low injeetion efficiencies. Main authors, 
treating the subject of spin injection theoretically are Van Son et al. [62] and Rashba [54]. A 
fundamental hazard is the conductance mismatch of the metal and the semiconductor. This 
pro blem can be overcome by a tunneling contact ha ving a higher resistance than both the 
metal and the semiconductor. 

Althougb the theory prediets very low spin injection, with no explicit tunneling contact 
used, injection in this way is proven to be possible by Zhu et al. [65]. This injection, however, 
is explained by the forming of a Schottky contact between the metal and the semiconductor. 
This Schottky contact can beregardedas a tunneling contact. 

Another possible spin alginer is a paramagnetic or ferromagnetic semiconductor. These 
spin aligners are easier to grow on the semiconductor. Experiments witb GaMnAs [50] and 
BeMnZnSe [24], have already been successful. The latter showed the highest spin injecting 
efficiency so far, (~ 90%). 

Besides the injection of a spin polarized current, it would be necessary for a device, to 
transport spin over a distance. The spin sbould be coherent over a certain distance. The 
Russians were vast investigators of the spin behavior in the solid state, which resulted in the 
common spin scattering mechanisms. The three main theories were formed by Bir-Aranov
Perel (BAP mechanism) [10], which is important in p-type semiconductors, D'yakonov-Perel 
(DP mechaniSm) [18], important at higher temperature, and the Elliot-Yafet {EY mechanism) 
[20], important at low temperatures for mainly n-type semiconductors. The first two are the 
most common. Several experiments were performed to confirm these theories [25]. A very 
important experiment, which gave hope for the spin-based device really to be realized, was 
performed by Kikkawa et al. [37]. Their experiment showed that spin coherence was possible 
over a distance of 100 f-Lm. This distance is bigger than the size of common electronic devices. 

Besides the mentioned applications for the quanturn cryptography, other applications of 
single pbotons might be the following. An entangled pboton souree could be able to beat 
tbe diffraction limit in lithography. Whereas classica! optica! litbography is limited to sizes 
of "" >.j2, where ). is the optica! wavelength, nonclassical N entangled pboton states could 
reach to sizes of >.j(2N) [12]. Furthermore, the field of quanturn computation needs sourees to 
produce single and entangled photons. In this field, quanturn gates, the quantummechnanical 
alternative of classica! ports, are already intensively studied [42]. One quantummechanical 
operation could embody several classica! operations, increasing computation speed. 

The production of nonclassicallight has also been demonstrated by other techniques than 
QDs. Beveratos et al. [9] showed the production of single photons by a nitrogen vacancy 
in diamond. Production of single photons from a single molecule in a microcavity trap was 
performed by De Martini et al. [45]. In a cavity, one can exploit an effect, known as the 
Pureeli effect, to enhance the spontaneons emission in the direction of, and in the frequency 
that is resonant in the cavity [55]. 

Our research is focussed on combining two emerging technologies: Firstly, the spin injec
tion, and secondly, tbe electrically controlled single pboton production. Both of these tech
niques have been demonstrated experimentally very recently [65] [22]. The merging of them 
sbould tberefore be feasible. 

In our report, we investigate possible spin injection from a Fe layer into a p - i - n diode. 
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Figure 1.3: The experimental method to detect single photons was introduced 
by Hanburry-Brown and Twiss (HBT). The essence of the HBT setup is a beam 
splitter, two detectors and a correlator. The correlator gives the product of 
both detectors intensities. A single photon will, due to its quanturn nature, 
either hit detector 1 or detector 2. The product of the correlator, shown in 
the graph, will show a dip on a very short timescale. 

Photoluminescence and electroluminescence experiments are performed on the p - i - n diode, 
as well as measurements of the circular polarization. Further more In the next chapter, we treat 
some general semiconductor and diode theory, and the theory of spin injection. In chapter 3, 
we explain the setup and the preparation and characteristics of our samples. Chapter 4 treats 
the photo- and electroluminescence experiments and chapter 5 the polarization experiments. 
The last chapter concludes our observations. In this chapter, figures 1.3 and 1.4 give some 
additional information about the method to detect single photons and the subject of quanturn 
communication. 
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Figure 1.4: The quanturn communication, already a field of its own, uses com
monly the imaginative Allee, Bob (the two persons who would like to commu
nicate) and Eve ( the eavesdropper). Wherea.s the codes shared in a classica!, 
public way are always breakable by enough computational effort, quanturnme
chanical code sharing gives a fundamental limit to the chance that a code can 
be broken. Through the quanturn channel, Allee prepares a random sequence 
of horizontally (i-+), vertically (!), right-circular (bere denoted as /') and left
circular ( denoted as '\J polarized photons. The i-+ and ! are eigenstates of the 
orthogonal x and y basis, while /' and ""'- belong to the orthogonal basis u and 
v. Consequently, Bob measures the incoming photons with a random sequence 
of bases. Bob calls Alice through the classical channel to verify which of bis 
bases choices were the same as Alice's choice. Only the photons for which 
Allee and Bob have the samebasis are kept, the rest is discarded! The i-+ and 
/' are interpreted as 0, the ! and ""'- are interpreted as 1. The parity of the 
subset of the key, embodying the photons with the samebasis for both Alice 
and Bob, is checked through the classical channel, at the cost of the parity bit. 
If a part of the subset is not correct, this test would reveal that with a chance 
of ! . Repeating the parity check k times, leads to an 'secure probability' of 
1 - 2-k, reducing the key length by k bits. Experiments, exchanging a key 
over a distance of 1 km, have been performed [13]. 
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Chapter 2 

Theory 

In this chapter, we explain the necessary theory to understand our measurements. We will 
comprehensively treat some general semiconductor subjects. We review existing luminescence 
experiments. The diode is explained in the paragraph after that. We finish with the recently 
developed theory and experiments about spin injection. 

2.1 Properties of doped semiconductors 

In our samples, we use Zn and silicon as a p-type and n-type doping in GaAs, respectively. 
The valenee of this doping differs with unity from its surrounding atoms. It is therefore 
called shallow doping. The Bohr radius, a'll, of a hole, bound to the acceptor is given by 
aÊ = 4m;;li2 jm*e2 • This differs from the 'free hydrogen' Bohr radius in the effective mass, m*, 
and the electrical permittivity, e. Some necessary valnes of properties of GaAs are given in 
table 2.1. 

The concentration of carriers, n- or p-type, can be calculated from the integral of the 
product of the density of states and the Fermi-Dirac distribution. In a short notation, this 
yields: 

(2.1) 

where F1 is the Fermi-Dirac integral [60]. The Ne and Nv are called the effective state 
2 

density in the conduction band and valenee band, respectively, and are calculated from Nc,v = 
2( 27rmh,tkT) ~. These valnes correspond to the concentration of carriers when the Fermi level 
is on the conduction and valenee band, respectively. 

Generally, a large negative value of fJ, corresponds to a dilute partiele gas. In this limit, the 
nondegenerate Boltzmann distribution holds. 

Electrical permittivity, E: 

Approximate Bohr radius, aB 

Conduction electron mass 
Heavy hole mass 
Light hole mass 

13.18 x 4~(!2 
lOOÁ 

0.067 X illfree 
0.35 X illfree 
0.07 X illfree 

Table 2.1: Valnes for the electrical permittivity, Bohr radius and effective 
masses in GaAs. The value of mrree is 9.1 x w-31 kg. The value of c is 
3.0 x 108 ms-1. 



14 

I ,,. 

B 8 np 

(a) (b) 

I • : t I t I t ---- ___ : __ ____ l_ __ ----

I ,, 

i B, np' 

(c) 

(g) (h) 

(d) (e) (f) 

(i) 

Figure 2.1: Several possible recombination processes in semiconductors. 

Recombination 

Figure 2.1 shows a couple of recombination processes. vo and v1 denote the concentratien of 
unoccupied and occupied impurity states, respectively, n and p denote the concentratien of 
holes and electrons, respectively. These impurity states have their energy level in the bandgap. 
Some of the processes are radiative, namely (a), (c) and (f), the rest is nonradiative. A 
recombination process depends on the concentmtion of carriers involved, and a recombination 
coefficient, denoted by B and T in figure 2.1. 

The first three cases, (a), (b) and (c), exist by the virtue of bandgaps. Therefore, they exist 
in every semiconductor, regardless of its doping concentration. The other processes involve 
traps, i.e., impurity energy levels. The processes in (b) and (c) are called the Auger process. 
It consist of an electron giving up its energy and transferring this energy toa second electron. 
The processes (e), (f), (h) and (i) arealso Auger-type processes. 

Casey and Stern [35] find a radiative recombination time of 2 x w-9 s for p-type GaAs with 
a concentratien of~ 1018 cm-3 , at 297 K. This is large compared to the relaxation processes 
within the conduction band, which range from 10-11 to 10-13 s. In the case of some carrier 
injection in the conduction band (e.g., by a laser), one can assume, that, on the timescale ofthe 
radiative recombination, the electrans and holes are in equilibrium with themselves. Between 
the electrans and holes exists no equilibrium. 

In the literature, the Auger process is described to behave like 

1 2 1 2 
- = Cpp or - = Cnn 
Ta Ta 

(2.2) 

for a p-type and n-type material, respectively. The Cp,n is called the Auger coefficient. It 
is assumed that the minority carriers do not play any restricting role. In table 2.2 gives an 
overview of several Auger coefficients, found in the literature. 
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Auger coeff, 
temp conc. Cn,p 

dopant (K) (cm-3) (cm6s-1) 

Benz & Conradt '77 [8], experimental Zn 77 (2-5)x1017 10-(31±1) 

Takeshima, '83 [61], theoretical - 100 2 x 1018 ~ 2 x w-31 

Lush et al. '92 [43], experimental n-type,Se 297 3.8 x 1018 < 1.6 x 10-29 

Strauss et al. '93 [59], experimental no 297 (7 ± 4) x 10-30 

Marin et al. '98 [21], experimental n-type 297 1018 ~ 1.3 x 10-30 

Picozzi et al. '02 [53], theoretical - 297 6 x 1016 ~ 6 x 10-31 

Table 2.2: Several Auger coefficients, Cn,p, found in the literature. 

Trap-assisted (Shockley-Reed-Hall) recombination 

Besides the Auger recombination, there is another recombination mechanism: Shockley-Reed
Hall (SRH) recombination. In this recombination process an electron or hole is captured by 
a deep center, emitting a photon. Therefore, a cross section, O", arises in the decay time 
by this mechanism. The typical decay time of a single hole or electron capture is given by 
T(p,n)srh = Vth,(p,n)NO"p,n• where Vth,(p,n) is the thermal velocity of the corresponding carrier. 
The N denotes the concentration of deep centers, which are able to capture carriers. The rate 
of SRH recombination is a n-type material is given by 

(2.3) 

With b.p being the injected concentration of holes and N1 is the con centration of the impurities. 

The density of states 

lmpurities create energy levels within the bandgap, which influences luminescence spectra. 
As impurity concentrations get larger, a spectrum of states in the bandgap arise. For very 
highly doped semiconductors (;?:: 3 x 1018 cm-3 ), a merying between the bulk density of states 
(DOS) and the states within the gap occurs. The density of statescan be approximated by a 
shifted unperturbed (,i.e., parabolic) density of states. The material can become conducting 
at T = 0 K, while it was not conducting without impurities at T = 0 K. This transition from 
nonconducting to conducting is known as the Mott-Hubbard transition. 

The density of states, p, for a bulk material without impurities, as a function of the energy, 
E, is [39] 

P(E) = ~(2m)3/2 E1/2 
27r2 fi2 • 

(2.4) 

The V is the volume of the sample used, the m the effective mass. 
The theory of Kane [36] explains how the nonhomogeneous distribution of the impurities 

leadstoa spread of the absorbtion edge. Figure 2.2 shows the shape of hls expression for the 
density of states. 
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Figure 2.2: The function y(x) = J~00(x- () 112 exp(-(2)d(, which shows the 
shape of the DOS near the absotbtion edge due to doping, according to Kane 
[36]. The edge of an unperturbed band would beat x= 0. 

The optical matrix element 

The optical matrix element, M, is a measure for the chance for an optical transition to occur. 
When the value is high, the transition is likely to occur and the lifetime of the initial state will 
be short. Due to the uncertainty principle, a slight change in k is possible, commonly written 
as flk <a~. 

Fora transition between a localized state (e.g. a hole bound toa Zn impurity) and a plane 
wave state (e.g. a free electron), one could approximate the matrix element by M = MnMJr• 
where 

(2.5) 

The factor M fr is the element concerned with the eikr part of the Bloch function ( '1/Jenv 

is the eikr part). The factor Mn is the element for the remaining periadie parts of the 
Bloch functions around the cores. For the M fr• Eagles [19] finds an expression for hydragenie 
impurities, which implied that 

2 1 
IMJrl oe (1 + atk2)4 • (2.6) 

Figure 2.3 shows the shape of expression 2.6. The other factor, Mn, is not dependent on the 
k, but mainly on the size of the energy gap. 

Sametimes the matrix element is chosen as a constant. Pankove [52] claims that this is 
justified for heavily p-doped materials. 
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-18+08 

Figure 2.3: The shape for the optical matrix element for a hydragenie impurity, 
according to Eagles (19], for aB = 100 A. 

2.2 Luminescence spectra 
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Because we want to unambiguously identify the observed transitions in our luminescence mea
surements, we now review some literature on this subject. 

Luminescence of a material is the emitting of photons through recombination of excess elec
trans with holes. This carriers can be injected by a current ( electroluminescence) or can be 
created by absorbtion of laser light (photoluminescence). The intensity of a luminescence spec
trum depend on several factors. First of all, the carrier concentration plays a role. Secondly, 
the strengthof the optical matrix element is important, since it gives information about the 
lifetimes of states. The way of material growth is important, as it influences the trap-assisted 
SRH recombination. The bandgap for the pure GaAs at 4,2 Kis 1,518 eV. 

The photoluminescence spectrum of p-type GaAs is widely investigated [51] [5] [64] [48] 
[30] (14] [29] (38] [41] [52] [11] (31]. Only one of these authors, Natban et al. (48], compare 
the photoluminescence with the electroluminescence experiment. Less literature is found on 
n-type GaAs (52] (31] (48]. First of all, we treat the PL spectra of p-type GaAs and n-type 
GaAs. After that, we treat the electroluminescence of a GaAs diode (48]. 

Figure 2.5 gives a compilation of the maximum intensity peak, the full width at half max
imum (FWHM), the position of the shoulder, the position of the absorbtion edge and several 
fits for the bandgap shrinkage. To clarify the meaning of 'shoulder' and 'absorbtion edge', we 
show figure 2.4 of the original artiele of Hudait et al. (30]. 

Several conclusions can be made from this figures. AB the concentrations of the doping 
get higher, there is more spread found in the positions of the maximum intensity peaks. A 
bigger spread is found in the FWHM at higher doping levels. The absorbtien edge position 
goes down when the doping level is raised: the higher the doping level, the deeper the impurity 
states reach in the bandgap. This leads to bandgap narrowing, which is widely investigated in 
the literature. Generally, for p-type GaAs, the bandgap shrinks proportional to p1/ 3 . 

In the literature, the explanation found for the shoulder is anything but unanimous. Olega 
and Cardona [51] claim that the energy in the spectrum where the shoulder abruptly ends, is 
the Fermi energy, since the change of finding any holes below the Fermi energy is very small. 
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Figure 2.4: A figure from the paper of Hudait et al. [30], which shows the pho
toluminescence spectra of samples with different concentrations p-type GaAs. 
The 'shoulder' is denoted with an arrow, and the 'absorbtion edge' with a line 
(the 'absorbtion edge' is apparent in every spectrum). As the concentrations 
get higher, the shoulder disappears. 

In this reasoning, it is tacitly assumed that the matrix element for the transitions is constant. 
The intensity of the signal, I, is then proportional to I ex pf, where fis the Fermi-Dirac 
distribution. The sudden cutoff in the spectrum signal then corresponds to the Fermi level. 

Kim et al. [38], however, think this is nat the position of the Fermi energy. They claim the 
Fermi level is further in the band and thus correspond with even higher pboton energies than 
the shoulder level. In our reasoning in chapter 4, we use the view of Olega and Cardona [51]. 

For n-type material the maximum intensity peak is found at a higher pboton energy. Borghs 
et al. [11] findit at 1.520 eV for n = 1.8x1018cm-3 up to 1.535 eV for n = 3.0x1018cm-3 . They 
abserve a shoulder at energies of ~ 1.53 eV. N athan finds a peak at 1.52 e V for concentrations 
of the same order. The spread of the peak is much bigger. The FWHM is bigger than 50 me V. 

Natban et al. [48] measure the electroluminescence spectrum of a GaAs diode. The maxi
mum intensity peak of the diodes is around 1.47 eV for carrier concentrations ~ 1018 cm-3 . 

In the whole carrier concentration range, varying from 1016 cm-3 to 2 x 1018 cm-3 , the peak 
position does nat get above the peak position of the purely Zn-doped material. This suggests 
that the diode emission is predominantly coming from the p-side of the junction! 

This suggestion does nat mean that there is nat any emission coming from the n-type 
region. The pboton energies created in the n-type material can be absorbed in the p-type 
region. A lot of re-absorbtion will take place. 
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Figure 2.5: A compilation of information over photoluminescence measure
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Figure 2.6: A p- n semiconductor diode junction. nno (pp0) denotes the equi
librium electron (hole) concentration in the n-type (p-type) material. np0 (pno) 
denotes the equilibrium electron (hole) concentration in the p-type (n-type) 
material. 

2.3 The semiconductor p-n diode 

To understand the behavior of our sample, we explain the working of a semiconductor p-n 
diode. In our sample, we have a p-i-n diode, but the p-n diode is based on the same principles. 

A p - n semiconductor diode is created by attaching a p-type and n-type material to each 
other. This leads to an area of depletion. In this depleted area, ion impurities are left, which 
leadstoa space charge. In the p-type (n-type) material a negatively (positively) charged area 
arises. With this space charge, an electric field is apparent in the depletion layer. Using 
Paissans law, \124; = ~. one finds that the valenee and conduction band bends in the layer. 

When there is no external voltage applied over the junction, there is an equilibrium between 
a drift current, due tobuilt-in electric field, and a dijjusion current, due to the differences in 
concentrations of the electrans and holes in bath materials. For the drift current holds Jfield = 

O"~ dE~int, where O" is the conductivity. For the ditfusion current holds Jdif = -qDp,n liJ:, where 
Dp,n is the ditfusion constant, N is the concentration of the carriers. 

The diode I-V characteristic 

The electrastatic potential, formed by the built-in electric field, is 

Vbi = kT ln nn0 ' 
q npO 

(2.7) 

where nno is the equilibrium electron concentration in the n-type area and np0 is the equilibrium 
electron concentration is the p-type area. With 'equilibrium' we mean the undisturbed p- or 
n-type material: the concentrations far from the depletion layer. 

We are now going to apply an external voltage over the diode, denoted by V. A positive 
V corresponds to a higher voltage for the p-type material. A higher voltage on the p-type 
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Figure 2.7: Thls figure shows the concentration of the ~ and n-type carriers 
( note the log scale) in the junction area. Between the dashed lines is the 
depletion area. In the forward bias, there is an injected concentration: the 
difference between its value at the boundary of the depletion layer and the 
equilibrium value. In the reverse bias, the opposite is the case. 
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(n-type) side leadstoa smaller (wider) depletion region in the diode [60]. The voltage is said 
to he applied in the forward (reverse) direction. 

We assume that only the minority carriers are significantly deviating intheir concentration, 
near the depletion layer. At the edges of the depletion layer, the boundary condition can he 
written as 

qV qV 

np- np0 = np0(e kT - 1), Pn - Pno = Pno(ekT - 1) (2.8) 

Here is np ~) the concentration of electrous (holes) at the edge of the ~type (n-type), adja
cent to the depletion layer. Pno is the equilibrium hole concentration in the n-type materiaL 
Thls difference in concentration, at the edges of the depletion layer, is the injected concentra
t ion. 

By using the boundary condition 2.8, one can calculate the concentrations of the holes 
and electrons. Figure 2. 7 shows the concentration distri bution throughout the junction. The 
resulting I-V curve of the diode is [60, page 87] 

(2.9) 

The first factor in this expression is called the saturation current. 
Up to now, we did not include recombination processes in the diode. Recombination 

embodies the capture and emission of centers in the gap (SRH recombination), but also the 
band to band recombination (both radiative and Auger recombination). In a light-emitting 
diode, there is radiative recombination. When a voltage is applied over the diode, the carrier 
concentrations get out of equilibrium. In the forward bias, there are relatively more carriers 
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vacuum energy level 
(continuous@ interface) 

n-type semiconductor 

Figure 2.8: In this example, we have chosen a n-type semiconductor connected 
to a metal. The vacuum energy level has to be continuous. The band of 
the semiconductor will therefore bend. The higher the doping level in the 
semiconductor, the smaller the peak will be. This feature is used to have 
electrous tunneling. 

in the depletion area, which enhances SRH and radiative recombination (ex (n- n 0 ) and 
ex (p- p0 )). Recombination in the depletion layer always leadstoa higher saturation current. 

When the reverse bias voltage is increased to a high level, the junction will lose its high 
resistance. The common reasous for this breakdown are the tunneling effect and the avalanche 
multiplication. The avalanche multiplication only occurs at very high reverse biasses, and will 
be discarded in this story. In our samples, breakdown occurs through tunneling. When the 
electric field in the depletion layer get of the order 106V m -l, breakdown through tunneling 
occurs. 

Our sample actually contains a p - i - n diode, and not a p - n diode. The i denotes 
that there is a intrinsic semiconductor layer between the p and n-type materiaL The added 
intrinsic layer leads to a higher resistance for the w hole diode. However, also for the p - i - n 
junction, the exponential character of equation 2.9 still holds. 

The Schottky harrier 

A Schottky harrier arises at the interface of a semiconductor with a metal. Commonly, the 
metal has a higher work function than the semiconductor [46]. For Fe and Ti, this work ftmction 
is 4.5 eV and 4.3 eV, respectively. For GaAs, the work function is 4.1 eV. The theory of 
Mott and Schottky claim that the work function should be continuous at the interface. This 
leads to band bending near the interface, which is shown in figure 2.8. 

In contrary to the diode, the current across a Schottky harrier is driven by the majority 
carriers. We assume that only carriers, with an energy higher than qcjJ B, are able to participate 
in the current. Figure 2.8 shows that in a forward (reverse) bias, the harrier is made lower 
(higher). The current is described by 

J = (A*T2e-qrPB kT)(e'f.~ - 1) (2.10) 

The A* is the effective Richardson constant [60, page 255]. For the Fe and n-type GaAs 
interface, the harrier height is ::::::; 0.7 eV. In the paragraph about the spin injection theory, we 
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Figure 2.9: In a ferromagnetic metal, the spin flip length, >.ft, is much shorter 
than in the (normal) semiconductor. The resulting development of the elec
trochemical potential, (f,!• is shown here. Whereas the current is proportional 
to the derivative of the (t,!• one can see that the currents are higher in the 
ferromagnet, at the interface. 
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shall see that this is theoretically too high to get a reasanabie spin injection [2] [3]. BarTier 
lowering can be achieved by very high doping concentrations, through which a tunneling region 
arises. 

2.4 Spin injection: theory 

In this paragraph, we will leave the basics and get on with the modern theory of spin injection, 
as it has recently settled itself in the literature. 

Spin dependent electronic devices utilize different conductivities for electrans in a I i) or 
11) state. Different conductivities in a material, for these states, occur due to a different 
concentration of the electrans at its Fermi level. The relation between the conductivity, t7t,!• 
and the density of states at the Fermi energy, PT,! ( E F), is given by the Einstein relation: 

2 - O"f,! 
e Dt,!- (E )' 

Pt,! F 
(2.11) 

where Du is the diffusion cocfficicnt for the I i) or 11) state and e is the electrical charge of 
an electron. 

For a ferromagnetic materials, the conductivity is different for the I i) and 11) states. A 
normal material has the same conductivity for the li) and 11) states. 

Basis forthespin injection is a different current (of course related to the conductivity) for 
the I i) and 11) electrons. We are not interested in the holes, because they are not injected 
from the ferromagnet. We consider a ferromagnetic (F), at x < 0, connected at x= 0 toa 
normal (N) metal, for x > 0. Each carrier current is related to the electrochemical potential, 
(,as 

(2.12) 
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where er is the conductivity and ( 1 denotes ~. We assume, that if the matenals are connected, 
the h and j! are continuous, i.e., that no spin conversion takes place at the interface. 

Because the conductivities of the ferromagnetic material and normal material are differ
ent, at the interface, a nonequilibrium electron concentratien arises. This different electron 
concentrations at the interface is embodied in a different electrochemical potential for the I i) 
and 11) states. Figure 2.9 showshow the (splits for the different spin states at the interface. 

Using the continuity equation (in one dimension), we can write, that the derivative of the 
current is proportional totheinverse spin flip time, jT,J. (x) ex: T;/ The total current, .7, is the 
sum ofthe li) and 11) currents: .7 = jr+jl. This total current should be constant throughout 
the sample. The ratio of the li) and 11) changes, of course. 

Ftom now on, we will work with symmetrie variables, defined as (F,N(x) = (r(x) -
(J.(x), jF,N(x) = h(x)- jl(x), crF,N = crr + CTJ., and DF = <7lDr:;rDl, where the F and 
the N denote the difference in the ferromagnetic and the normal material, respectively. The 
D F is a weighted ditfusion coefficient for the ferromagnet, and arises in the following equation 
[62]: 

DF(p(x) = (F~). 
Tsf 

(2.13) 

The electrochemical potential behaves 'diffusion-like '! The ( will decay in a typical ditfusion 
length, LF = (DFT:J) 112. The shorter the T;j, the faster the (F will decay to its equilibrium 
value, far away from the interface. For the normal material, one can write a similar ditfusion 
equation. For the normal material, a ditfusion lengthof LN = (DNT;j) 112 holds. 

It is known, that for semiconductors, the T 8J is larger than in metals. One can even as
sume that there is no spin relaxation takes place in the semiconductor part of a ferromagnet
semiconductor-ferromagnet junction [23]. At low temperatures, spin relaxation times are in 
the order of 10-7 ,...., w-8s-1 for n-GaAs and of the order 10-9s-1 for p-GaAs, at doping con
centration of N = 1019 cm-3 [57]. Kikkawa [37] measured a Lsf of 100 J.Lm in a semiconductor, 
which is larger than the dimensions of common devices. 

To get the polarization, injected in the normal material, we first need to know the jF(x) 
and the jN(x). In the artiele by Rashba [54], this is shown to be 

(2.14) 

where !:l.cr = cr1-cr1. For the normal material, there is no difference between the conductivities 
for the I i) and 11) electrons, so !:l.cr = 0 and crr = CTJ. = CTN /2. 

At the interface, we claim that jF(O) = jN(O), so that 

CTfCTJ. 1 ( f:l.cr 1 1 ( ) 2--(F x)+ -:J = -
2

crN(N X 
CTF CTF 

(2.15) 

Furthermore, we claim that (N(O)- (F(O) = 0, the continuity of the electrochemical potential 
at the interface. Combining these two conditions gives the actual injected polarization at the 
interface, P = (h(O)- j!(0))/.7, 

(2.16) 

where rF = LF A;:P and rN = b.N.., these are the typical resistances involved with the spin ....,iql <7N 
relaxation process, for the ferromagnet and normal material, respectively. This result was first 
obtained by Van Son et al. [62]. 
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Figure 2.10: This figure shows how low the injection efficiencies are, when no 
tunnelling contact is used.. This case is treated by Van Son [62]. The values 
are low, because the conductance of the ferromagnetic roetal is much higher 
than the of the (normal) semiconductor: there is a conductance mismatch. 

Whereas the conductivity for a ferromagnetic roetal is way higher than the conductivity of 
a semiconductor ( the normal material), the 1' is, in this case, low. The injection is low due to 
the conductivity mismatch. Figure 2.10 shows how low the injected. polarizations are. 

2.4.1 The theoretica! solution: a tunneling contact 

Rashba [54] showed. that by introducing a tunneling contact with a resistance higher than 
both the resistance of the ferromagnet as the of the normal material, the injection level would 
get higher. A tunneling resistance with a low tunneling transparency leads to electrochemical 
potential differences between the ferromagnetic and normal material side of the contact. This 
leads to a discontinuous behavior of the (, at the interface. Therefore, the (p(O} and (N(O) 
differ from each other, which is not true for the case of Van Son's [62] treatment, without 
tunneling resistance. Figure 2.11 shows the jump of ( at the interface. 

We can define a 'current' at the interface, due to this discontinuity in (at the fermmagnet 
and normal material side. With a jump .!1( i,! at the interface, the current at the interface, 
it.! (0), is 

jr,!(o) =~i.! .!1(u(o), (2.17) 

where ~ is the conductivity at the interface. In terros of the (p(O) and (N(O), the interface 
yields the condition 

(2.18) 

where .!1~ =~i-~! and ~=~i+~!- This condition, different from the (N(O)- (p(O), used 
by Van Son et al. [62], gives rise toa higher injection level. With this condition, together with 
the condition in equation 2.15, we get the injection polarization, 1', of 

r (t:..u) + r (t:..E) 
P= F Up cT. 

rp+rN+rc 
(2.19) 
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ferromagnet normal 

Figure 2.11: The behavior of the electrochemical potential, (, at the 
ferromagnet-semiconductor interface, where an tunneling contact with a low 
tunneling transparency is put in between. At the tunneling contact, the ( is 
discontinuous, due to the low tunneling transparency, which is denoted with 
the arrows. In this configuration, theoretically, a high injected polarization 
can be obtained. 

Here is r c = E /4Er E!. The first term in the denominator is often small, but the second, 
related to the tunneling contact, can he chosen high. To get the highest injected polarization, 
the r c should be chosen high, compared to the other resistances. With a high r c, the injection 
level gets determined by the spin selectiveness, i.e., the 1f value of the contact. 

2.4.2 A possible practical tunneling contact application: The Schottky har
rier 

If a Schottky harrier interface is doped with a high concentration at the semiconductor side, 
the contact can become a (partial) tunneling contact. This is shown in figure 2.12. With 
a tunneling region between the metal and the semiconductor, the situation actually matches 
with the proposal by Rashba [54]. 

In two articles by Albrecht and Smith [2] [3], calculations for the possible spin injection are 
performed. By a very high doping on the n-type side of the Schottky contact, it is assumed 
that a partial tunneling region exists. The effective harrier height, eVbi (for which above these 
energies, tunneling is possible), is therefore lower than the theoretica! e<PB· In order to achieve 
reasanabie spin injection (polarizations > 10%), the eVbi should not exceed 0.2 eV [2][3]. 

2.5 Spin injection: experiments 

Inthelast couple of years, several groups have demonstrated spin injection. The first exper
iment was by the group of the Naval Research laboratoryin Washington D.C., in July 1999. 
They used permalloy (NisoFe2o) as a ferromagnetic material, and showed in polarization in
jection of 20% [27]. Several other followed, showing very high spin injection efficiencies, but 
using semiconductor spin aligners, like the diluted magnetic BeMnZnSe [24] and ferromagnetic 
GaMnAs [50]. A problem of these spin injecting materialsis that they do nothave these mag
netic properties at room temperature. Therefore, a lot of research is focussed on ferromagnetic 
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Figure 2.12: AB the concentration of the n-type material gets higher, eventu
ally, a tunneling region will be formed. This tunneling harrier can act as a 
tunneling contact, in the sense that Rashba [54] has proposed it. 

metals as a spin aligner. 
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It was only until July 2001, that the group of Ploog, of the PDI institute in Berlin, showed 
an injection from Fe into GaAs of 2 %, even at room tempemture [65]. For this experiment, 
they did not intentionally create a tunneling contact, but the Schottky harrier apparently 
functioned as a tunneling harrier. This suggested that Fe could be a very good candidate as 
the spin aligner in possible devices. The good relations between our group and them made it 
possible to have our samples' Fe film grown by them. Intheir latest article, however, they do 
not immersein the Fe films, but treat MnAs and its ferromagnetic properties [16]. 

The group of the IMEC were the fust to use a tunneling material, AlO, to enhance spin 
injection. They demonstrated a spin injection of 9% [47]. A recent artiele by Jiang et al. [32] 
showed hot electron spin injection into GaAs from a magnetic tunnel transistor source. Table 
2.3 shows the spin injection experiments performed so far. 

All experiments up to now have used a quanturn well as the active layer to detect spin 
injection (except the of Ghosh et al. [26], which is dubious, because they apply a Voigt 
geometry.) We could be the fust showing spin injection with quanturn dots as the active part 
of the sample, which eventually could lead to the electrical controllability of single (polarized) 
photons. 
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Tunneling Electrical 
Spin aligning material/ injection 

Date, first author material type Geometry Temp level 

July'99, Hammar[27] NisoFe2o (FM) Schottky Faraday room 20% 
Dec'99 , Fiederling[24] BeMnZnSe (PM) none Faraday room 90% 
Dec'99, Ohno[50] GaMnAs (FM) none Faraday 6K 1% 
Jan'OO, Jonker[34] ZnMnSe (PM) none Faraday 4.2K > 50% 
July'Ol, Zhu [65] Fe (FM) Schottky Faraday room 2% 
Jan'02, Johnston-Hal.[33] GaMnAs (FM) Zen er Faraday 5K 
Jan'02, Ghosh[26] GaMnAs (FM) none Voigt 5.1 K 36% 
Feb'02, Hanbicki[28] Fe (FM) Schottky Faraday room 30% 
July'02, Motsnyi[47] CoFe (FM) AlO Hanle ef SOK 9% 
July'02, Manago[44] Co,Fe,NiFe (FM) Al203 Faraday room 1% 
June'03, Jiang[32] CoFe, NiFe (FM) Al203 Faraday 1.4 K 10% 

Table 2.3: The experiments demonstrating spin injection so far. All spin injec
tion was detected with a quantumwell as active layer, except for the experiment 
by Ghosh [26]. 
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Chapter 3 

Experimental setup and preparation 
samples 

In this chapter, we discuss the setup used and the prepamtion of the samples. We made samples 
with and without Fe film. The process of the attaching of the electrode contact is discussed. 
The electrical chamcteristics of the samples are treated. 

3.1 Experimental setup 

The overall layout of the measurement setup is shown in figure 3.1. An important part of 
the setup is the, helium cooled, superconducting magnet, which can produce a field up to 7.0 
T. This 7.0 T field corresponds toa continuons current of 83.0 A. In this magnetic field, the 
sample is in an insert, which can also he helium cooled. Temperatures down to 1.4 K can he 
reached in the insert. 

Important is the direction of the emitted light with a circular polarization, compared to 
the direction of the magnetic field. We use a Famday geometry, which means that the emitted 
light with a circular polarization is pamllel to the direction of the field. Circularly polarized 
light will only he emitted in this direction. 

In the setup, the light gets through a photoeleastic modulator (PEM), after the heam is 
made parallel hy a lens. The PEM is the only active element in the track of the light. The 
analyzer is a linear polarizer, for which we had a Melles Griot and a Glan-Thomson prism to 
our disposal. 

The PEM exists of fused silica, which is hirefringent under mechanica! stress. A piezo 
crystal is campressing and extracting the crystal at high frequency. This frequency is :::::: 
42030 Hz for our module. Consequently, the fused silica is compressed and extracted with 
a high frequency. In the compressed state, the fused silica works as a >../4 plate, and in the 
extracted state, it works as a ->../4 plate. Gompression and extraction take place in the 
plane perpendicular to the direction of the light. The modulator actually makes a sinusoirlal 
movement. At a quarter of the period, the compression is at its maximum (>../4 function), and 
at three quarters of the period, the material is fully extracted ( ->../4 function). 

One should think classically to explain the effect of the >..j 4 plate on the circularly polarized 
light. Assume that the light hits the >../4 plate perpendicularly. The >..j4 plate bas two 
(imaginative) axis, with a different refractive index. Therefore, the waves along the fastest 
axis have travelled with a higher phasevelocity than the waves along the slow axis. The phase 
difference at the end of the plate is exactly 1r /2. The circular polarization of an incident EM 



30 

Sample in 
Hecooled 
inserf 

Monochromator 

To Computer 
&Dual 
window counter 

PEM compressed Analyzer 

~ t:o ~ 7!JJ dog~ 

Q l:JJ 'g) 

Figure 3.1: The setup used uses a photoelastic modulator {PEM) to collect 
both the right and left circUlar polarized light in one measurement. The beam 
is made parallel by a lens, befare it gets through the PEM. The signal intensity 
{count rate) is senttoa computer, where the degree ofpolarization is measured 
in real time. The working of the PEM, tagether with the analyzer, is shown in 
the inset. Right (Left) circularly polarized light gets linearly polarized, at 45 
(-45) degrees, out of the PEM. Through the analyzer, only one of these linear 
polarizations pass. 
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Figure 3.2: The DWC works as a >../4 ( ->../4) plate, when the crystal is com
pressed (extracted). Our time windows are set around the peaks of the sine 
movement. The width of the windows is 4 J.LS. The first window collects one 
type of polarization, while the second window collects the other type. The 
rest of the times are also shown in the figure. 
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wave is cancelled and this results in linearly polarized waves. Vice versa, linearly polarized 
waves will get circularly polarized. 

Eventually, the beams gets through a monochromator. The wavenumber measured by the 
monochromator can he controlled via the computer and an electrical stepping motor. 

After getting through the monochromator, the intensity of the beam is measured by an 
avalanche photomultiplier. The discrete signa! of this photomultiplier, which is called the 
count rate from now on, is sent to a computer. We have a view on the count rate from the 
photomultiplier on the computer and on a separate counter. The PEM is also connected 
to this computer. To measure what the degree of circular polarization of the emitted light 
is, we use two time windows of the 'dual window counter' (DWC). This DWC is a custom 
made hardware device, made by the 'bedrijfsautomatisering' group of the faculty. Figure 3.2 
explains the working of this device. The degree of observed circular polarization is measured 
by evaluating the counts in the two time windows of the DWC as: 

'P _ #time window 1 - #time window 2 
obs - #time window 1 + #time window 2' 

{3.1) 

where # denote the counts. The computer calculates the degree of polarization in real time. 

3.1.1 Testing angle dependenee analyzer 

The sensitivity of the analyzer toa deviation in the angle setting is tested. Figure 3.3 shows 
how the degree of circular polarization of light of 846.0 nm, emitted by one of the samples, 
after laser excitation, depends on the angle of the analyzer. An error bar of 0.8% bas been 
taken into account, which will he explained in chapter 5. The setting of the angle of the 
analyzer does not seem to he a very critica! step. 
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3.2 Preparation samples 

For the preparation of the samples, we had two wafers available. The top part of the growth 
(n-type and Fe film) was performed by the PDI institute in Berlin, the rest was grown in 
Eindhoven. 

Figure 3.5 shows how the sample is built up. On a heavily p-type, Zn-doped substrate, an 
intrinsic layer is grown, with a thickness of ~ 260 nm. The p-type substrate has a Zn-doping 
concentration of NA~ 1 x 1019 cm-3 , which we concluded later from the PL spectra. InAs 
QDs are embedded in the middle of this intrinsic layer with a concentrationof 108cm-2. The 
n-type GaAs layer was 70 nm thick and the Fe layer had a thickness of 20 nm. The n-type 
layer was silicon doped. The concentration of the silicon doping is nat exactly known, but 
we know that this concentratien is much lower than the concentration of the p-type. The 
Fe layer growth was carried out in an As-free metal MBE chamber connected to the III-V 
semiconductor MBE machine [56]. The growth rate for the Fe layer was 0.2 nm/min and the 
growth temperature was 50 degrees Celsius. Our Fe film should have a coercivity of~ 1.5 T 
[65]. 

The band diagram of such a stack of materialsis shown in tigure 3.6. A Schottky harriers 
arises between the n-type material and the metal. The p-i - n di<;>de is an asymmetrical 
diode, since there is a big difference in the doping concentratien of the p-type and n-type 
materiaL In chapter 4, we will see, that this has consequences. 

Somewhere in the process, in Berlin, the samples have probably been heated toa temper
ature which affected the QDs. We compared the intensity of the peak coming from the QDs 
in the PL spectrum, befare and after the treatment in Berlin. The peak coming from the QDs 
in the PL spectrum had lost a significant part of its intensity. The secoud wafer did show 
the same bad PL spectrum, with almast na signal coming from the QDs. This wafer showed 
inhomogeneity of the QDs concentration, as shown in tigure 3.4. Eventually, the first wafer is 
used to prepare the samples. 

We consequently prepared mesas from the wafers. Besides a series of roesas with top Fe 
film, we also made a series of mesas without a Fe film. The series with Fe film contained 9 
mesas, while the without Fe contained 7 mesas. By holding the wafer in a HCl solution, the 
Fe was etched away. A mask with circles with radii of 200p,m was used. The photo liquid, 
for the photolithography, had dried overnight. The mesas had an area of~ 1.3 x 10-7m2. A 
current of 1 mA corresponds to 8 x 103 Am-2. 

Ta create the mesas depth, the wafer was wet etched in a H2S04: H202 : H20 etch (1:8:11). 
For the mesas with Fe layer, the wet etch was executed 40 seconds, while for the mesas without 
the Fe layer, it was executed 25 seconds. Therefore, the mesas with and without Fe layer had 
a height of ± 1300 nm and ± 1000 nm, respectively. The etch is deep enough to etch out the 
whole diode. Pictures, taken later with a laser microscope, showed that the edges of the Fe 
film had dissolved slightly. 

Befare the attachment of the contacts, the mesas had undergone a 'cleaning' plasma etch 
for ~ 2 minutes. We used a plasma of N2, mixed with 8% H2 at a pressure of 5 x w-6 bar. 

Ta farm a circuit, two electrode cantacts had to be connected on the sample. One contact 
is attached on the p-type substrate with the regular material of tin-salder, attached by a 
soldering-iron. One such a contact was attached for the whole series of mesas ( with ar without 
Fe film): a single series of mesas is made from one piece of wafer. The attachment of the other 
electrode contact, however, is much more difficult, which is outlined in the next paragraph. 
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Figure 3.4: The second wafer did show an inhomogeneous signa! coming from 
the QDs. Different positions showed a different intensity of the signa!. It 
should be noted, that the sample on which this PL was performed, was taken 
from the edge of the wafer. This could also be a souree of the inhomogeneity. 

3.2.1 Attaching an electrode contact on the Fe film 
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The attaching of the electrode contact is a very delicate job, since the Fe film is very reactive. 
The Fe can react with the As in the GaAs, forrning a 'magnetically dead layer', making spin 
injection less probable. The mesas should therefore nat be heated to a high temperature. 

The electrode contacts are put on by evaporation of the contact material, in a low pressure 
bell glass. The heating of the electrode material is generated by a high current. Unfortunately, 
we were not able to monitor the temperature at the sample, to know whether the Fe would 
have reacted. 

In first instance, we had mesas with a diameter of 200 J.LID, on which the contact layer was 
hard to position. We decided to use roesas with a diameter of 400 J.LID, on which the contact 
easily could be positioned. For the samples without Fe film, we were successful in placing an 
Al contact. However, for the samples with Fe film, the placing of the contacts was absolutely 
not an easy job. 

To avoid reactions of the Fe film, we could not heat the mesas to high temperatures. Fe 
can already react with As in the GaAs at low temperatures. A candidate for the contact was 
Al, ha ving a relatively low melting point. We hence tried to evaporate an Al contact ( thickness 
150 nm, radius 50 J.LID) on top of the Fe film, but this affected the Fe film drastically. Images of 
the samples, taken with a laser microscope, show cracks around the place wetried to conneet 
the contact. From the mesas with Fe film and an Al electrode contact, none of them eventually 
had the I-V characteristics of a diode. The reason that the correct I-V characteristic is not 
observed, is found in shortcuts, since we just observed a linear I-V behavior, on a normal scale. 

Note that the reacting of the Fe film does not lead to the disintegration of the diodes I-V 
behavior. Therefore, if the I-V behavior is not correct, it does not imply that the Fe film has 
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Figure 3.5: The design of the sample with Fe fihn. Several of such mesas were 
made from one wafer. The InAs QDs are embedded in the intrinsic GaAs 
layer. Our last, successful mesa design had an Ti:Au contact. The distance 
from the contact to the InAs QDs is ~ 200 nm. The samples without Fe film 
are the same, except a slight difference in total height. 
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Figure 3.6: The band diagram of the sample. A Schottky harrier is formed 
between the Fe and the n-type GaAs. 
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reacted, and vice versa. 
A second candidate for the electrode contact was silverylue. This did not yield any suc

cessful contacts either. The silverglue did not dry fast enough to position the contact well. 
Consequently, the silverglue had spread over the mesa, before the substance had dried. 

Our last candidate was Ti, tagether with Au. The Ti was evaporated first. Several authors, 
working on spin injecting devices, mentioned the use of a Ti:Au contact [27] [15]. Ti is known 
for its adhesion, although it should be used with Au then. Table 3.1 shows the properties of 
several elements, for the use of evaporated films. Ti has a melting point far above the melting 
point of Al at room temperature. However, at a low vapor pressure, the melting point of 
Al goes up, while the melting point of Ti goes down. At a vapor pressure of w-4 bar, the 
difference between the melting points is ~ 500 K. Even though high temperatures were needed 
to evaporate Ti, we gave it a try. To minimize the heating of the sample, the heater was 
turned on for only 40 seconds. A part of this time, the Ti was evaporating. The eventuallayer 
thickness was 18.7 nm and its radius was 50 JLm. For the gold, the heater was turned on for 
80 seconds, which resulted in a layer thickness of 102.3 nm. At the top of the gold contact, a 
gold wire was attached. These resulting contacts did not destray the diode 1-V characteristics 
of the samples: we were successful. Still, we do not know whether the Fe film has reacted. IJ 
it has reacted, we do not know if there exists a magnetically dead layer, big enough to be a 
hazard for spin injection. 

Eventually, for both the samples with and without Fe film, we used a Ti:Au contact. 
The Schottky diode formed is not the same for both samples: for the sample without Fe 

film, the roetal in the Schottky diode is Ti, while in the sample with Fe film, the roetal in the 
Schottky diode is Fe. Their 1-V curves are treated in the next paragraph. 

3.2.2 1-V characteristics samples 

The samples' electrical components consist of a p - i - n junction and a Schottky harrier 
between the Fe layer and the n-type GaAs layer. Therefore, the 1-V characteristic is not a 
straightforward one. The sample actually exists of two components, of which both have a 
diode-like 1-V characteristic: the p-i - n junction and the Schottky harrier. The components 
are connected in series and mutually oppositely directed. 

The samples with the Al contact occasionally showed a good diode-like 1-V characteristic, 
but this was always continued by degrading of the characteristic. An example of (not yet 
shortcut) I-V characteristic of a mesa with an Al contact is shown in figure 3.7. A lot of the 
I-V characteristics just showed a linear behavior (on a normal scale), which indicated that on 
some point, a shortcut through the sample had formed. For the samples with an Al contact, 
cracks on Fe film were clearly visible on the images made by a laser microscope. These are 
probably the origin of the shortcuts. 

Of the mesa set without the Fe film and a Ti:Au contact, 4 of the 7 roesas connected 
showed a stable diode-like 1-V characteristic. Of the set with Fe film and a Ti:Au contact, 
3 out of 9 connected showed a stabie diode-like 1-V characteristic. A common succes rate is 
15 % "' 20 %, so our technique can be regarcled as successful. Throughout all measurements 
performed, these samples stayed stable. 

Figure 3.9 shows the 1-V curves of several mesas, both withand without Fe film, at different 
temperatures. With such a varying current (as a function of the voltage), the Schottky diode 
part of the system, in reverse direction, must have broken down. For currents below w-8 A, 
the measurements showed a noisy behavior. This is not observed with all mesas, and it stays 
unclear what the cause is. Due to this noise, the exact point of breakdown of the Schottky 
harrier could therefore not be observed. 
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M.P. 
q<Pw M.P. @ Rel 

Ferro @ w-4 b sput (eV) 
Material magn R.P. V.P. rate [46] Remarks 

Aluminium (Al) no 660 1010 4.3 
evaparate rapidly to 

Cadmium (Cd) no 321 180 3.0 ensure condensation 
very adherent, 

high rates possible, 
Chromium (Cr) no 1900 1157 0.7 4.5 sublimes 

' alloys with 
Cabalt (Co) yes 1478 1200 0.6 5.0 refractory metals 
Capper (Cu) no 1083 1017 1.1 4.7 poor adhesion 

films soft, 
Gold (Au) no 1063 1132 1.1 5.1 poor adhesion 
Molybdenum (Mo) no 2610 2117 0.4 4.7 films smooth & hard 
Nickel (Ni) yes 1455 1262 0.7 5.2 

films soft, 
Platina (Pt) no 1774 1747 0.6 5.7 poor adhesion 
Titanium (Ti) no 1727 1453 0.2 4.4 

films hard, 
good adherence, 

Tungsten (W) no 3382 2757 0.3 4.6 farms volatile oxides 
Zirconium (Zr) no 2127 1987 0.3 4.1 

Table 3.1: An overview of several electrode contact materials, each with their 
melting point at normal pressure (M.P.@ R.P.) and at a 10-4 bar vapour pres
sure (M.P.@ 10-4 b V.P.). For every material is denoted if it is ferromagnetic. 
lts relative sputtering rate is denoted in 'Rel sput rate'. The last column gives 
the work function, q</Jw, of the metals. This q</Jw should be higher than the 
value for GaAs, 4.07 eV. Remarks are given on the film quality and the adhe
sion quality. This table shows that Au, Cu and Pt cantacts are not desirable, 
due to their poor adhesion. W, Mo and Zr have relatively high melting points. 
We experienced that Al is not suitable contact. We were successful placing a 
Ti contact without destroying the I-V characteristic of the diode. Sou ree: the 
Megatech Ltd. company on internet {1} and Michaelson {46}. 
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Figure 3.7: The I-V behavior of mesa with a bad Al electrode contact. The 
mesa does show some exponential behavior, but the symmetry indicates that 
this can not be qualified as a diode. 
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Figure 3.8: The I-V curves belong to the individual curves of the two comp~ 
nents. The accolades show the voltage drop over each component, in the case 
of a total applied voltage of""' 0.5 V (upper figures) and""' 3 V (lower figures). 
When the total voltage over the system is of the order,...., 0.5 V, the Schottky 
diode has not yet broken down. The Schottky diode has a high resistance, and 
'claims' most of the voltage drop. When the Schottky diode breaks down, it 
loses its resistance. Consequently, the Schottky diode will not 'claim' a big
ger voltage drop over the Schottky diode. From the breakdown point of the 
Schottky diode on, the voltage drop over the p - i - n diode can raise. 
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Figure 3.9: The I-V curves of several mesas, both with and without Fe film. 
In the low current regime, < w-8 A, some mesas showed a noise behavior. 
The I-V curves are therefore only shown in their positive voltage range, with 

currents > w-8 A. 
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The individual shifts between the lines indicate that there is a temperature dependenee of 
the Schottky diode breakdown. 

While the Schottky diode has not broken down, the Schottky has a very high resistance: 
for low voltages, every extra applied voltage, dV, would be 'attributed' to the voltage over the 
Schottky diode part of the system. It is only until the breaking down of the Schottky diode, 
that the voltage over the p-i-n part of the junction raises. Figure 3.8 shows how the voltage 
is 'distributed' to any of the systems part. 

The raising of the current can not be accounted solely to the p - i - n junction behavior, 
because of the nonlinearity of the system. 

All mesas showed a clear temperature dependenee in their 1-V behavior: at higher tem
peratures, the Schottky diode breaks down at a lower voltage. The lowering of the breakdown 
voltage, when raising the temperature, indicates that the origin of the breakdown of the Schot
tky diode is the tunneling of carriers from the metalto the semiconductor [60, page 98]. (This 
in contrary to the breakdown due to avalanche multiplication, which has a higher breakdown 
voltage at higher temperatures.) 

The depleted n-type layer gets a higher resistance at low temperatures, due to the fact 
that there are less carriers available at low temperatures. 

Besides this effect in the depleted n-type material, there is also a higher tunneling cur
rent, at high temperatures, due to the distributions of electrous and holes on the roetal and 
semiconductor side, respectively. The tunneling current is proportional to these distributions, 
Itun ex: !D,met(l- JD,sc) [40]. At energies above the Fermi level, the increase of !D,met is always 
bigger than the decreasein (1- !D,sc), when the temperature is raised. This higher current 
could mean that the interface breaks down at a lower voltage. 

All mesas show clear individual differences in their point of breakdown of the Schottky 
harrier. Although mesa I, 11 and lil all have Ti as the metal intheir Schottky contact, their 
lines are mutually shifted (at the same temperature). Mesa IV, the only mesa with Fe, has a 
relatively early breakdown of the Schottky diode. This might indicate a lower quality of the 
Schottky interface. 
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Chapter 4 

Analysis luminescence spectra 

Luminescence spectra are taken to investigate the properties of the sample before and after 
the Fe layer growing. Photoluminescence (PL) spectra are important to characterize the QDs 
and whether they are inftuenced by the Fe growing. Electroluminescence (EL) spectra are 
measured to investigate whether the sample behaves like a light emitting diode. The photo- and 
electroluminescence spectrum show clear differences. 

4.1 Photoluminescence and Electroluminescence spectrum 

The photoluminescence measurement is performed with an exciting laser, tuned on a wave
lengthof 630 nm (1.96 eV). For the electroluminescence measurement, the current is 2.5 mA. 
Both measurements are executed at 5 K. 

Figure 4.1 shows the PL spectrum of the sample, before the n-type GaAs and Fe film 
were grown. A peak is seen around 1.33 eV and around 1.47 eV. The peak around 1.33 eV 
is coming from the InAs QDs. We can conclude from our research in paragraph 2.2, that the 
peak at 1.47 eV concerns tran.sitions in the p-type GaAs, from the conduction band to the Zn 
impurity levels, lying 30 ,.__ 40 me V above the valenee band. The position of this peak belongs 
toa p-type substrate with a doping concentration of:::::: 1019 cm-3 . 

Figure 4.2 shows the PL and EL spectrum of the sample, after the Fe growth. The PL 
spectrum shows that the peak of 1.33 eV is shifted to 1.37 eV and has lost a significant part 
of its intensity. This indicates, that somewhere in the Fe growth process, the size and the 
distribution of the QDs have been affected. 

In the EL spectrum, there is no signai around 1.33 eV, but only at 1.47 eV. In this EL 
measurement, there is no recombination taking place at the QDs. Neither is there recombi
nation taking place at the n-type GaAs: this would give a signai around 1.52 eV [11][48]. A 
similar observation was done by Nathan et al. [48], who did not abserve a signai from the 
n-type material 

As mentioned in paragraph 3.2, we have an asymmetrical diode, which is shown in figure 
4.3. The n-type GaAs is so low doped, it gets airoost totaily depleted. Therefore, almost all 
free carriers are needed to form the depletion layer. The depletion layer forms due to intimate 
contact with both the intrinsic GaAs and the Fe. 

We observed, in figure 4.2, that the EL spectrum doesnotshow a signai coming from the 
QDs, contrary to the PL spectrum. We can explain this as follows. IntheEL experiment, 
there is a diffusive current from the holes in the p-type into the intrinsic GaAs ( where the 
QDs are). Here, the holes airoost can not find an electron to recombine with, because there 
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Figure 4.1: The PL spectrum of the sample, before the growing of the Fe film 
and the n-type GaAs. The FWHM of the InAs signal is approximately 70 
me V. 
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Figure 4.2: The EL and PL spectra of the sample, after the growth of the 
n-type GaAs and Fe film. Figure A and B only differ in their range. In the 
EL measurement, there is no signal coming from the InAs QDs. The peak at 
1.4 7 e V is much wider in the EL measurement. 
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Figure 4.3: We have an asymmetrical diode, because the p-type is much heavier 
doped that the n-type. In the EL measurement, radiative recombination takes 
place in the p-type material: the rate, n, is proportional to the concentration 
of majority carriers, therefore, n '"'""' pn. The n-type material is almost totally 
depleted, therefore, it can not inject carriers in the depletion layer anymore. 
The holes, which have diffused into the depletion layer, will recombine at the 
deep centers at the interface. Electrous are able to tunnel through the Schottky 
harrier, since the voltage applied is much higher than the breakdown voltage. 

are barely any free carriers available in the n-type. If it finds an electron, there is a very small 
change that it recombines at the place where the QDs are: the surface concentration of the 
QDs (108 cm-2 ) is much smaller than the of the Zn impurities (> 1012cm-2 ). This argument, 
however, also holds for the PL measurement. If the holerecombines in the n-type material, 
emitting a photon with energy 1.51 eV, there is a chance that it gets re-absorbed in the p-type 
materiaL 

A lot of holes, which have diffused into the depletion layer, will recombine at the deep 
centers at the interface of the semiconductor and the metal. 

Furthermore, there is a significant difference between the Zn impurity peak in the PL and 
EL spectrum. In Figure 4.2 B, the peak of the spectra are shown in a different range. The 
EL spectrum has a wider peak. The PL transitions from the bottorn of the conduction band 
to the Zn impurity levels end at ~ 1.48 eV, neglecting the high energy tail. The EL spectrum 
shows signal up toa shoulder at 1.505 eV. The energies above the 1.48 eV are due toa higher 
carrier injection level in the EL experiment. 

The difference between the maximum PL transitions and the shoulder energies, ±25 meV, 
approxhnates how high the quasi-electrochemical potentialis up in the conduction band. Com
monly, it is said that the Fermi level is ±25 me V up in the conduction band [51]. 

Using the bulk effective mass of the electrons, 0.067mrree, and a parabolic expression for 
the density of states, the saturation value of the injected Àn is estimated to be 3 x 1017 cm-3 

, for the EL measurement. 
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4.1.1 Type of recombination in the EL measurement 

The radiative recombination is not dominant, as we can estimate this as follows. In this 
reasoning, we neglect the effect of re-absorbtion. 

When the monochromator is set on 846.0 nm ("-' 1.47 eV), we measure a count rate of 
the order of 103s-1. The detection efficiency can be estimated on 10% and an estimated 
percentage, leaving the sample and getting detected is estimated to be 0.01% (the percentage 
of leaving the sample is estimated on 2% [6]). The total lifetime of the carriers in our small 
energy interval (resolution of~ 1 meV) canthen be estimated on T = w-8 s. 

To investigate how much of the recombination is mdiative recombination, we have to 
integmte over all energiesof importance: the transition from the conduction band to the Zn 
levels. The integml of these transitions is the sum of all measured counts in the spectrum. 
This integral has a value of~ 30 (resolution ~ 1 me V, width peak ~ 60 meV). Summing the 
inverse lifetimes of the transitions at different energies leads toa lifetime of Trad= 3 X 10-lO 
s (or a rate, R, of 3 x 109 s-1), for all radiative transitionsin the sample. 

A current of the order of mA's injects 1016 s-1 carriers in the p-type materiaL In an 
equilibrium situation, all these carriers have to find a way of recombination. With a radiative 
recombination rate of 3 x 109 s-1, only one in the 3 x 106 carriers recombine radiatively. There 
must be a more dominant recombining mechanism. 

Since we find the radiative recombination not to be the dominant mechanism in the EL 
experiment, we investigate the Auger recombination. Withap-type doping concentration of 
1019 cm-3 and an Auger coefficient of 10-30 cm-6 (Table 2.2), the Taug can be estimated on 
10-8 s. This is the same value as found for the radiative recombination. This value follows 
from a calculation assuming low injection levels. For our sample, the injection level can be 
considered high, which would imply a shorter Taug· In spite of this argument, the Auger 
recombination is not the dominant one. 

The trap-assisted (Shockley-Read-Hall) recombination could occur a lot at the Schottky 
barrier interface. It is generally known that a lot of deep centers can be formed at interfaces. 
With T;1 ex Na, with N the concentration of deep centers and a the cross section for capture, 
the Tsrh is short for high concentmtions of deep centers. The trap-assisted recombination is 
the most dominant process. 

4.2 Electroluminescence in magnetic fields 

We investigated the effect on the EL spectrum in a magnetic field. These measurements 
were performed with a current of 7.5 mA and at a temperature of 1.4 K. Figure 4.4 shows 
the EL spectrum of the sample in a magnetic field of 3.4 T and 6. 7 T. The main peak has 
approximately the same shape as the EL spectrum of the sample without magnetic field. The 
only difference is that it is slightly smaller, probably due toa (electron) temperature difference 
between the measurements with and without field. The difference in energy between the peak 
and the position of the shoulder has stayed the same in the magnetic field, for both the 3.4 
Tand the 6.7 T measurement. For the 3.4 T field, the position of the peak and the shoulder 
coincide with the spectrum without magnetic field. For the 6. 7 T field, the position of the peak 
and shoulder have shifted to an higher energy, compared to the spectrum without magnetic 
field. The whole spectrum has shifted to higher energies, in the 6. 7 T field. This shift embodies 
approximately 5 me V. 

Whereas this shift only appears at 6. 7 T, and not at 3.4 T, this indicates a secoud order 
phenomenon. The explanation can be found in a well known 2 dimensional effect [4]. 
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Figure 4.4: The EL spectra in a magnetic field, tagether with the spectra (EL 
and PL) without magnetic field. In a magnetic field of 3.4 T, the spectrum 
hes not shifted, while it hes in a magnetic field of 6. 7 T. For the EL spectra 
in magnetic field, the current is 7.5 mA, and the temperature 1.4 K, while it 
is 2.5 mA and 5 K for the spectra without field. 

4.3 Concluding remarks 

After the growth of the top of the stack in Berlin, the peak of the signal from the QDs had 
shift~d from 1.33 eV to 1.37 eV, in the PL meesurement. This shift to higher energies indicate 
that the average dimension of the QD hes decreased. As the 'box' of the QD gets smaller, the 
quanturn states get to higher energies. 

The rate of photons coming from our 4.5 m W diode, in the PL meesurement, is 1.4 x 
1016 s-1 . Only a fraction of this value is exiting electrons; The current of 2.5 mA, in the EL 
meesurement, corresponds to an injected carrier rate of 1.6 x 1016 s-1. The injection rate in 
the EL measurement really is higher. 

In the EL measurement, the low energy photons, emitted in the SRH recombination, can 
be absorbed by (the few) electrans at the QD sites. This absorbtion could be an obstacle for 
recombination at the QDs. There is a quadratic term, (ap) 2 , in equation 2.3, which could be 
the reeson that this effect is only apparentintheEL meesurement (high injection level), and 
not in the PL meesurement (low injection level). 
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Chapter 5 

Polarization measurements 

In this chapter, we look at the degree of circular polarization of the light emitted from the sample 
with and without Fe film. We hope to conclude whether the sample with Fe film really can supply 
a polarized current to the position where recombination takes place. In the concluding remarks, 
it is discussed what the possible reason for the observed behavior is. 

5.1 Bulk p-type GaAs 

Photoluminescence was performed to measure the degree of circular polarization of the radiar
tive recombination of p-type bulk GaAs. The electrous are excited by a 4.5 mW diode laser, 
which has a wavelength of 630 nm. The monochromator and PEM are set at the wavelenth of 
846.0 nm (1.47 eV). 

Figure 5.1 A shows the results. The light coming out has a polarization, even when there is 
no magnetic field on. A polarization of approximately 3.2% is apparent, withno field applied. 
Over the whole range, the p-type substrate shows a linear behavior. The derivative of this line 
is 0.7 T-1. 

Figure 5.1 B also shows the dependance of the measured polarization on the angle of the 
analyzer. A simHar measurement was already shown in paragraph 3.1.1. 

The PEM works as a linear polarizer in the time windows, in which we measure, of the 
DWC. The intensity, I, of the light getting through two linear polarizers, behaves as I "" 
cos2 (aB), where ao is the difference in angle between the two linear polarizers (or"" sin2(aB), 
by a different definition of angle). Note that in figure 5.1 B, one should take the absolute 
valnes for the negative angles. Figure 5.1 B actually has an error bar of 0.8% for the valnes 
of the polarization, therefore, we can notclaim a sine square behavior. However, the sine like 
behavior is visible. 

For the explanation of the 'offset' polarization of 3.2%, we use the fact that this offset can 
only be found in this photoluminescence experiment. The other polarization measurements 
use electroluminescence and do not show such an offset. Therefore, the explanation for this 
can be found in an initia! rest polarization of the exciting laser. 

5.2 Measurements on Samples 

These measurements are done with electroluminescence. The current is set on 7.5 mA. The 
applied voltage for the sample without Fe film is 5.6 V, while the applied voltage for the 
sample with Fe film is 5.2 V. All measurements are taken at a temperature of 1.4 K. For 



48 

A B 

- bulk GaAs, optically excited 
'#. 8 -~ 4~~~---r~~~~--~~~ : bulk GaAs, B - 6 

~ ~ 4 ~ ~ ~ 0 1 2 3 4 5 6 

Magnatie Field (T) 

0 -c: 
0 

:;:I 

~ 
"L: 
ct! 

ë5 -1 a.. 
'ö -2 

Cl) -3 
~ 
0> 4 
Cl) 

0 ~0 40 -20 0 20 40 

Angle analyzer (deg) 

Figure 5.1: Figure A shows the degree of circular polarization of bulk p-type 
GaAs, in a photoluminescence measurement. The 45/-45 degrees denote the 
angle of the analyzer. When changing the angle of the analyzer from 45 to 
-45 degrees, the sign of the polarization changes. This cari be expected from 
equation 3.1. Figure B shows the polarization at B = 0 T, when the angle of 
the analyzer is changed, from -50 up to 50 degrees. 
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all tneasurements, the monochromator and the PEM are set on 846.0 nm (1.47 eV). The 
monochromator has a resolution of ~ 1 me V. 

Befare discussing the results, we should note that the amount of points sampled, for each 
point in the graphs, are different for the with and without Fe film case. For the sample without 
Fe film, the points in the graphare not averaged. Note that we use equation 3.1 to calculate 
the degree of circular polarization. We had the counter in time window 1 run to ~ 5 x 103 

counts, when the value was recorded. 
For the sample with Fe film, the points are averaged. Besides that, the counter had run to 

a higher number, when the polarization was recorded. For high magnetic fields (> 3 T), we 
averaged 12 "' 20 points and had the counter run to 3 x 104 counts in window 1. For lower 
fields ( < 3 T), we averaged 30 times and had the counter run to ~ 2 x 104 counts in window 
1. 

Figure 5.2 shows the degree of circular polarization, for both the samples with and without 
Fe film. The error bar is ± 0.8%, which will be explained later. Both samples have a polar
ization of~ 5% at 7 T. Both samples seem to have a 'threshold' magnetic field at~ 1.5 T. 
We will now try to explain the observations. 

First of all, the electrans in the conduction band experience paramagnetism. This means, 
that density of states for the li) electrans starts at a different energy than for the 11) electrons. 
The energy splitting between the DOS for the li) and 11) electrans is 9eJ.LnB, where gis the 
Lande factor for the electrans in the conduction band, J.LB the Bohr magneton, and B the 
magnetic field. The value for the 9e for the conduction electrans in GaAs is -0.44 [49]. The 
splitting is 0.18 meV at 7 T. 

The total polarization (of the Ij) and 11) electrans in the conduction band) depends on 
the Fermi level in the conduction band. For the same energy splitting at the bottom, a low 
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Figure 5.2: The measured degree of circular polarization in a electrolumines
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with Fe film is measured for the first time. Because there seems a threshold 
of 1.5 T, this measurement is performed again in a lower range. This series U 
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Figure 5.3: The degree of polarization of the carriers, through splitting of the 
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duction band is given by the solid line. The dasbed line shows the consequence 
for the optica! polarization of the light emitted when radiative recombination 
takes place. This is half the value of the carrier polarization. 

Fermi levelleadstoa higher carrier polarization than a high Fermi level. Figure 5.3 shows the 
polarization of the carriers, calculated from geJ.l-DB /E:.F, where E:.F is the Fermi level. 

The optical circular polarization, arising when the carriers in the conduction band radia
tively recombine, is not the same as the carrier polarization, due to a different matrix element 
for the electron-heavy hole ( e-HH) and the electron-light hole ( e-LH) transitions (we discard 
the effect of the splitting of the valenee band fora moment). The e-HH transition is 3 times 
more probable [63]. The optica! polarization can therefore be expressed as: 

p = ..:...(3_n..:...r _-_n--'!-'-) ---'('-3n-'!'---n""-r) 
(3nr- n!) + (3n!- nr) 

(5.1) 

where n denote the concentrations of carriers. The difference in this matrix element leads to 
the half of the polarization of the carriers for the optical polarization. These valnes are also 
shown in figure 5.3. Figure 5.4 shows the splitting of the conduction band and the selection 
rules. Note that the matrix element does not only differ in size for the transitions to HH and 
LH, but also depends on k. The model of Eagles [19], where Moe (1 + a1k2 )-4, allows only 
slight changes in k. Furthermore, we would like to point out that we measure at 1.47 eV, with 
a resolution of 1 meV. Not all transitlens from the conduction band to the valenee band fall 
in the measured range. 

In chapter 4, we measured a relatively high Fermi level of 25 meV, up in the conduction 
band. The valnes for the polarization (optica! or carrier) corresponding to this Fermi level are 
< 0.5%. The measured value of 5% polarization at 7 T is too high to only attributed to the 
effect of the splitting of the conduction band and the difference in matrix element. 
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Figure 5.5: This tigure shows the degree of circular polarization of both sam
ples (with and without Fe film) in one graph. Again, an error bar of ±0.8% 
bas been taken into account. 

Besides the splitting of the conduction band, we should also take into account the splitting 
of the valenee band. But, since we are working with such a heavily doped material, the wave 
functions there are not the eigenjunctions of the opemtor Jz anymore. It is therefore not clear, 
how the valenee band splits (literature on the g factor for holes at Zn impurities in not found.) 
The selection rules, as we know them from the one-atom case, are note applicable anymore. 
The effect from the valenee band on the measured polarization is therefore not transparent. 

Figure 5.5 shows both the measurement of the sample with and without Fe film in one 
graph. There is no observable difference between both samples. This means that no spin 
injection is observed. The derivative found in this measurement is approximately the same 
as found in the p-type bulk GaAs, both around 0.7 T-1. This gives further evidence for the 
condusion that most of the recombination takes place in the p-type material in the sample, as 
we already concluded from chapter 4. 

With the current knowledge, we can not explain the reasou for the threshold at 1.5 T. 

5.2.1 Error range 

In measurement series II of the polarization measurements on the sample with Fe film (results 
shown in figure 5.2, we were able to record the monitored count rate. Figure 5.6 shows the 
average signal of the count rate and its standard deviation (SD), at the different magnetic 
fields. The average signal raises slightly, as the magnetic field is increased. The reasou for this 
is not exactly clear. A SD of ±2.5 x 102 s-1 counts on "' 2.0 x 103 s-1 was observed. 

This is higher than what could he expected from the theory: The emitting events follow 
a Poissonic distribution. The SD for a single recorded measurement, after 2.0 x 103 counts, 
is "' 90 s-1 . An average of multiple measurements should even have a lower value, namely 
fo2Fi. 

With a raw estimate of the SD of ±2.5 x 102 s-1 , on "" 2.0 x 103 s-1 , we can estimate 
what the error in the polarization would be after a single measurement. The SD of the 
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denominator ( see expression 1.1) in the polarization is "' 3.5 x 102 s-1 ( (2502 + 2502 ) t). The 
SD of the nominator is the same. The relative deviation for the total polarization would be 
0.35 ((350/2000)2 + (350/2000)t). 

Another measurement, indicating that the statistics do not follow the Poissonic distribu
tion, is a measurement of the (expected) zero. No magnetic field is applied in this measure
ment. Figure 5.6 B shows the range of values for the degree of polarization for four of these 
measurements. This is a compilation of recorded points of the polarization, with an interval 
time of 1000 counts, over the denoted range. From this measurement, we can estimate an 
absolute error about 0.8 %. 

5.3 Concluding remarks 

On the sample with Fe film, no spin injection is observed. Several scenarios for our sample are 
possible: 

1. There could really be no actual spin injection. 

2. Carrier spin injection occurs and the carriers reach the detection point (Zn impurities), 
but the polarization is so small that it falls in our error range. 

3. There could be a significant carrier spin injection, but this is not detected by our detector, 
the Zn impurities. The Zn impurities are inherently nota good detector. 

4. There could be a significant carrier spin injection, but this is not detected by our detector, 
the Zn impurities. The carriers do lose their spin coherence before they get to the Zn 
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impurities, where they are detected. 

ad 1) This could be the case in our sample. Firstly, we did not monitor the tempera
ture of the Fe film when we were evaporating the electrode contact on top of the Fe film. A 
magnetically dead layer could have been formed. Secondly, from a theoretical point of view, 
spin injection is not probable, because we do not have a tunnelling contact ( which could be a 
Schottky harrier). Our n-type material is too low doped for this. 

ad 2) For this, the error range should be made smaller. This could be done by applying 
even more averages. 

ad 3) Indeed, the degeneracy of the Zn impurities make it inherently not a good carrier 
polarization detector. Our high doping levels in the p-type A good detector exists of a non
degenerate system, where transitionsin a certain energy range are subject to certain selection 
rules. A quanturn wells or dots are good options. The experiments in the literature, so far, 
have all used a quanturn well or a quanturn dot as an active layer to measure on the injected 
spin level. 

ad 4) This could be the case for our sample. First of all, the carriers already have to 'travel' 
further, since their detection point is not at the QDs, but in the p-type GaAs. 

Furthermore, there is a possible effect of a ( too) high voltage. Sanada et al. [55] showed 
recently that the electric field in a sample can be of great influence. He observed an immediate 
loss of the spin coherence at electric fields exceeding 3 kV /cm, which corresponds to 2.0 V 
for his samples. He explains this by a higher kinetic energy of the electrons, which leadstoa 
quicker depolarization due to the D'yakonov-Perel mechanism [18]. 

In the degenerate p-type material, the Bir-Aronov-Perel mechanism [10], which is dominant 
in degenerate p-type material, could also lead to the losing of the caberenee of the spin of the 
carriers. 

From the point of view of a designer of a device, our sample would not have the desired 
controllability. In a bulk material like the p-type, one can not use for example a Coulomb 
blockade, to have only one electron enter the active detector area at a time. 
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Conclusion 

While preparing the samples, we have experienced how difficult it can be to find a good 
material for the electrode contact on top of the Fe film. Eventually, we succeeded in placing 
a Ti:Au contact. 

Chapter 4 bas shown us that the QDs are affected by the Fe film growth. The initial 
peak signal from the QDs ("" 1.33 eV) bas shifted toa higher energy ("" 1.37 eV), in the PL 
measurement. In EL measurement, no signal was observed from the QDs, but only from the 
p-type GaAs. Similar measurements by Natban [48], did notshow any signal from the n-type 
either. 

The injection level intheEL measurement is observed to be higher than in the PL mea
surement. The saturated value of the injected carriers is estimated on 3 x 1017 cm-3 , following 
from the estimated Fermi level of 25 me V up in the conduction band. 

In chapter 5, we have seen that a degree of circular polarization arises as a function of the 
magnetic field. The measurements are subject to a big error range. The polarization comes up, 
aftera threshold of 1.5 T, linearly, ending at"" 5% at 7.0 T. The polarization can be explained 
by the splitting of the conduction band, the splitting of the valenee band. We can not get 
insight into the splitting of the valenee band, since the ftmction are no eigenfunctions of the 
Jz anymore. The problem gets therefore so complex that we can nat oompare the measured 
valnes with a theoretica} value. 

The derivative of the observed values, in the EL measurement of the prepared mesas, are 
the same as for the PL measurement on the bulk p-type substrate. This gives further evidence 
that the radiative recombination takes place in the p-type material. 

In chapter 5, we have shown several reasans forthefact that nospin injection is observed. 
These reasans embody possible failure of the actual spin injection, spin coherence and spin 
detection. 

Spin injection through a Schottky contact (Fe and n-type GaAs) is possible, as shown by 
Zhu et al. [65]. Desirably, therefore, our sample should have a high n-type doping concentra
tion near the interface. To achieve spin injection into QDs, we should have a sample where 
the radiative recombination takes place in the QDs. 
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