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Abstract

  Polarized electron emission from a series of new strained short-period

AlInGaAs/AlGaAs superlattices (SL) is investigated. The In layer content

was chosen to give minimal conduction-band offset with large strain

splitting of the V-band. Simultaneous changing of Al content in both SL

layers provides variation of the structure band gap. We demonstrate that

tuning of the SL to the excitation energy can be achieved without loss of the

electron polarization. The polarization of up to 84% was measured at room

temperature.
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The sources of highly polarized electron beams are actively investigated in a view

of their successful and growing applications in high energy physics, atomic physics,

studies of thin film, and surface magnetism [1]. In order to produce highly polarized

electrons strained GaAs layers on GaAsP pseudo-substrates are most frequently used.

The strain-induced valence-band splitting leads to very high (close to 100%) initial

electronic optical orientation under excitation by circularly polarized light at the inter-

band absorption edge. The emission of polarized electrons in vacuum is provided by

activation of the clean GaAs surface by Cs(O) deposition which drastically reduces the

electron work function and leads a negative electron affinity (NEA) surface formation. It

has been found that there is a limit to current density that can be extracted from a GaAs

film [2], which results from the photovoltage effects in the band-bending region near the

activated surface. A new generation of highly polarized electron sources is associated

with semiconductor superlattice (SL) structures in which the valence band splitting is

achieved as a consequence of hole confinement in the SL quantum wells (QW). The main

advantage of SL-based photoemitters is the possibility to vary the properties of the active

layer over a wide range by the appropriate choice of layer composition, thickness, and

doping profile [1,3].

Recently a new strained short-period AlxInyGa1-x-yAs/GaAs superlattice with a

minimal conduction-band offset was proposed [1]. The main advantage of the SL results

from the band line-up between the semiconductor layers of the SL. The Al content

determines the formation of a barrier in the conduction band, while adding In leads to

conduction band lowering, so the conduction band offset can be completely compensated

by appropriate choice of x and y, while barriers for the holes remain uncompensated. As a
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result a high vertical electron mobility and simultaneously a small spin relaxation rate is

achieved while also a large enough valence-band splitting is remained. Additional

improvement of the emitter parameters is expected for the SLs with wider band gap.

Wider gap ensures higher NEA and therefore higher quantum yield and emitted currents.

We show that the performance of this new superlattice exceeds that of the GaAs strained

layer cathodes while tuning of the band gap gives additional advantages.

Description of samples.

The SL samples were grown by solid-source molecular beam epitaxy on

GaAs(100)-oriented substrates. The SL samples consisted of 12-15 pairs of AlGaAs (4

nm) and AlInGaAs (4 nm) doped with Be and were terminated by a 6 nm (or 8 nm)

heavily-doped GaAs layer capped with As to ensure stable activation and an NEA surface

state. The parameters of the samples are listed in Table 1. All the samples were capped by

As for the surface protection. The As cap thickness was estimated to be 0.1 mm based on

Auger profiling measurements. The characterisation of the samples was done using

luminescence and X-ray diffraction techniques. The X-ray diffraction patterns show that

in the case of the GaAs substrate and x≤0.2, the strain relaxation in the thin 4-nm

AlxInyGa1-x-yAs layers remains negligible for the total SL thickness, d, up to d≤150 nm.

Choice of the SL layer composition. The miniband spectrum of the SL is

determined by the band offsets at the heterointerfaces. In the case of a heterointerface

with lattice matched ternary solid solution (e.g. AlxGa1-xAs-AlzGa1-zAs) the conduction-

band offset ratio, Qc1, defined as Qc1=∆Ec(x-z)/ ∆Eg1(x-z) (where ∆Eg1(x) is the difference

in the  band gaps of the contacting crystals) is known to remain constant, Qc1 ≅  0.66. For

an InyGa1-yAs-GaAs interface the offset is modified by the strain distribution in the
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Table 1.The strained AlxInyGa1-x-yAs/AlzGa 1-zAs superlattice samples.

Sample SL1

(3-336)

SL2

(3-657)

SL3

(3-895)

SL4

(3-896)

Be doping:

Surface 7 á1018 2á1019 5á1019 5á1019

Inside 4á1017 5á1017 5á1017 5á1017

d, µm 0.136 0.12 0.096 0.096

x, % 20 30 30 32

y, % 18 18 18 18

z, % 0 10 14 17

Eex (pol.max), eV 1.45 1.54 1.58 1.6

max P, % 82.7 83 84 81

Y(pol.max), % 0.094 0.1 0.09

contacting layers. For the structure with a thin InyGa1-yAs layer grown on a thick GaAs

substrate all the strain is assumed to accumulate in the InGaAs layer. For the case of the

AlxInyGa1-x-yAs/AlzGa1-zAs SL, a linear interpolation between the values for AlxGa1-xAs-

GaAs and InyGa1-yAs-GaAs interfaces should be valid for small x and y. The schematic

of the position of the band edges for x=0.30, y=0.18, z= 0.1 is shown in Fig. 1.

We have found that for taken band offset parameters the conduction band offset appears

to be minimised for z = 1.1 (x-1.1y). For the thermalised electrons at room temperature

the influence of the resulting periodical potential should be negligible. Besides, as a result
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of the conduction-band line up, the 4-nm barriers for the electrons in the SL are

transparent. Thus the changes of electron mobility and spin relaxation
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Fig.1. Energy band diagram of AlxInyGa1-x-yAs/AlGaAs superlattice. The minibands (thin

lines) are identified by notation e1 and hh1, lh1 for electrons and holes respectively.

rate should be small compared to pure GaAs. Using the structures based on quaternary

AlxInyGa1-x-yAs alloy one can change the band gap by varying the Al content in the layers

while In concentration remains unchanged to keep high deformation and strain-induced

valence band splitting. It is seen from Fig. 1 that the strain of the AlxInyGa1-x-yAs layers

produces barriers for both heavy and light holes, the barrier for the light holes being

75meV higher, which leads to additional hole-miniband splitting favourable for the

electron optical orientation. The choice of the layer thickness is dictated by the need to

split the hole minibands. The splitting grows when barriers are broad enough and wells

are narrow and deep.
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Experimental results and discussion.

The Mott analysers both at St.-Petersburg Technical University (SPTU) and at the

Stanford Linear Accelerator Centre (SLAC) were used to measure the spin polarization of

photoelectrons. In Fig. 2 the polarized emission data are shown as a
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Fig. 2. Electron spin polarization spectra for AlxInyGa1-x-yAs/AlzGa1-zAs superlattices.

function of the optical excitation energy. The maximum polarization obtained with local

optical excitation was 84% and the corresponding quantum yield, Y, was 0.1 %. The

observed emission spectra can be interpreted in terms of a three-step model linearised for

the thin-film emitter case [4]. The emitted electron polarization can be expressed as

P h P h d S S

S

S emi

( ) ( )( ( ))ν ν τ
τ

τ τ
= −

+0 0

1

1

1 , (1)

where P0 (hν) is the initial electron polarization upon excitation by circularly polarized

light, S0 is the surface  recombination velocity, τS is the spin relaxation time in the SL, τS1
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the spin relaxation time in the band bending region. The factors in Eq. (1) account for

polarization losses at three steps of emission process. The polarization dependence on the

excitation energy near the excitation edge comes from P0 ( hν). The decrease of the

polarization from its maximum value with decreasing excitation wavelength starts with

electron excitation from the first light-hole miniband. The fall off of polarization as

excitation drops below the conduction band minimum can be associated with electron

excitation in indirect transitions with electron scattering on the defects or with absorption

of the optical phonon in which electrons with both orientations of electron spin are

created in the conduction band. A sharp decrease of Y and P below the band edge

indicates good quality of the structures.

Thus, the position of the polarization maximum is close to the SL band gap. In the

SL the band gap is larger than that in GaAs layers by quantisation energy of the heavy

holes and some shift of the conduction band minimum. Calculation of the miniband

energies for SL-1 using the model described in [5] gives absolute values of the hole

miniband energies Ehh1=13 meV ; Elh1=54 meV. Therefore the splitting of the valence

band is close to 40 meV and it does not change much with simultaneous changes of Al

content in both SL layers. The edge of the electronic band in a SL with a small

conduction-band offset is close to the average conduction -band energy in the contacting

layers.

The calculation of the band gap using the data given in Table 1 gives for all

samples values that exceed the experimentally observed energy of the polarization

maximum by ~20 meV. This shift of the band gap values is equivalent to a deficit of ≈3%

of Al concentration. The regular difference in the calculated and observed band gap value
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in the strained quaternary alloy can be attributed to the uncertainties in the conduction

band offset calculations and also to some tensile deformation of GaAs layer resulting in

less strain in the contacting AlxInyGa1-x-yAs layer. This misfit can be rather easily

corrected by choosing a SL with larger x when some tuning of the SL band gap to

excitation source is needed. Indeed, adding of Al does not influence the deformation so

that the band gap variation with x is predictable.

Fig. 3. The values of the light energy Eex (pol. max.), corresponding to the polarization

maximum as a function of the mole fraction Z of Al in the samples under investigation.

The dependence of the polarization maximum on the excitation energy is shown in

Fig 3. Linear dependence is found that makes possible the tuning of the maximum to the

excitation wavelength. One can expect larger splitting with thicker barriers and thinner
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AlGaAs wells. Then, one can expect a smaller spin relaxation rate for optimally chosen

doping of the SL, compatible with needed extracted emission current. Thus, the

optimisation of the SL structure parameters and doping profile can lead to further

improvement of the proposed new SL photoemitter structure. Finally, the maximum

current density that can be extracted from these SL samples at high voltage has yet to be

determined. Initial measurements using sample 1 gave anomalously low value. Definitive

measurements are underway.

Conclusions

Electron spin polarization as high as 84% has been reproducibly obtained from

strained AlxInyGa1-x-yAs/AlzGa1-zAs superlattices with small conduction band offset at the

heterointerfaces. The position of the polarization maximum varies linearly with Al

concentration and can be easily tuned to an excitation wavelength by choice of the SL

composition. Conduction band offset at Al zGa1-zAs/AlxInyGa1-x-yAs interface changes its

sign at z ≅  1.1(x-1.1y). The modulation doping of the SL is found to be essential for high

polarization and high quantum yield at the polarization maximum. Further improvement

of the emitter parameters can be expected with additional optimisation of the SL structure

parameters.
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