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Abstract

High resolution energy distribution curves (EDC) and a polarization versus
energy distribution curves (PEDC) of the electrons, photoemitted from strained
GaAg/GaAsP layers are experimentally studied. In the vicinity of the
photoexcitation threshold the polarization does not vary across the energy
digtribution, which means that no depolarization occurs during energy
relaxation in the band bending region (BBR). The electron energy distribution is
interpreted in terms of the electron energy relaxation in the band tail states of
quantum well formed by the BBR. Polarized electron emission from a series of
new strained short-period AlInGaAs/AlGaAs superlattices (SL) is investigated
as well. 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 as well 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.

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.



Near -threshold emission from strained GaAs/GaAsP layer

The polarized electron photoemission from the stressed film is understood as a
multi-step process, consisting of: (i) electron excitation under optical pumping, (ii)
electron energy relaxation to the local equilibrium state, (iii) capture in the band
bending region (BBR), then (iv) energy relaxation in the potential well formed by the
band-bending region and, finally (v) electron escape into vacuum throughout the
weakly transparent surface barrier formed by the activation layer.

The minimum energy of the EDC's are determined by the vacuum level
achieved during the activation procedure and the aging processes, whereas the
maximum energy corresponds to the ballistic emission of electrons photoexcited from
the uppermost valence band level to the conduction band. The precise shapes of the
EDC's are determined by the electron kinetic, the details of which are still not
completely understood, specialy steps (iii - v). For bulk unstrained GaAs, activated to
NEA, the EDC's peak at an energy a few hundreds of millivolt below the bottom of
the conduction band is observed revealing the effectiveness of energy relaxation in the
BBR [2-5]. For excitation energies close to the band gap the polarization of the
emitted electrons is essentialy constant throughout this distribution and its value
decreases with increasing hv . For higher excitation energies the polarization tends to
increase at large kinetic energies where electrons are emitted without any energy or
spin relaxation [2].

Additional information is obtained in thin-layer cathodes [6] when the electron
emission times are comparable to the energy rel axation times either in the active layer
or on the BBR so that a large fraction of electrons are emitted prior to complete
thermalisation. The PEDC's reflect the spin relaxation kinetics.

In the paper [7] the first experimental results for energy and polarization
distribution curves of electrons photoemitted from a highly strained GaAs layer were
reported. We show that the results for near band-gap excitation are in line with the
model of highly localised electron statesin the BBR.

Experimental results. The experimental set-up was described in [2]. The
sampleisilluminated by o" or o~ circularly polarized light from a Ti:Sapphire or He-
Ne laser normal to its surface. The photoemitted electrons are energy selected by a
cylindrical 90° electrostatic deflector operating in the constant-energy mode. The full
width at half maximum of the transmission function is AE = 20 meV. The polarization
of the energy-selected electrons is measured by Mott scattering on a gold foil at the
voltage 30 or 100 kV. NEA state was achieved by activation of atomically clean
surfaces with cesium and oxygen. The therma cleaning procedure (at residual
pressure not exceeding 1*10° Torr) consisted of gradual heating of the samples up to
400° C and 30 min exposition at this temperature, then heating up to 500° C and 30
min exposition and finally the heating up to 620° C with 1 hour exposition at this
temperature. The value of a sample temperature was controlled by a thermocouple.
The structure of the sample under investigation was described in [8]. A 140 nm thick
GaAs overlayer is MOCVD grown on a GaA s 72Po 28 buffer at the top of commercial
GaAs (001) wafer. To reduce the overlayer relaxation effects, a special type of
heterostructure with the intermediate GaA Sy 55P0, 45/ GaA So,85P0,15 Superlattice has been
used. As aresult a strain-induced energy splitting of & = 40 meV in the vaence band
has been achieved so that high values of the photoelectrons spin polarization of >80%
at room temperature were reached even after severa re-activation cycles.



The EDC and PEDC data at room temperature for near band-edge excitation
are presented in Fig. 1. The position of the EDC peak is shifted below the conduction
band edge as in the most of unstressed GaAs cathodes, though, EDC are rather narrow
(FWHM does not exceed 100 meV) at room temperature and do not change much at
120 K. The shape of the EDC peak remains ailmost unchanged in the excitation range
in the vicinity of the photothreshold E4-0.02 eV < hv < E4+0.07 eV , where Eq=1.47
eV. The observed shapes of the EDC are typica for the cathodes with two-stage
surface activation procedure [4,5]. It is clearly seen that the polarization remains
constant across EDC, so that no depolarization effects for the electronsin BBR region
are registered. As a result the integrated values of the electron polarization for the
P(hv) spectrum and the P values measured at the EDC maximum (both at 20, and 80
meV resolutions) are found to be about equal at given hv.

Fig.1. Polarized electron distributions and electron energy distributions of the emitted
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electrons for GaAs/GaAsP strained cathode. EDCs (solid line- hv = 1.472 €V ; dots -
hv =1.517 eV) are normalised to the maximum value. T = 300 K, energy resolution
is20meV. Band gap value of the strained overlayer is shown by arrow.

Discussion. In the case of near band-edge excitation, hv - E; < KT, asit is
evidenced by Fig. 1, the electrons are captured in BBR prior to the emission. Monte-
Carlo modelling of the spatia distribution of the electron potential in BBR [9] reveals
large fluctuations of the electronic potential at the surface, originated from randomly
distributed ionised acceptors and Cs- originated donor centres. This implies that all
the electronic states in the BBR below a certain energy defined as an electron
Mobility Edge (ME) are localised also in the surface plane by the potential
fluctuations. The density of the localised states g(¢) below the ME is a rapidly
decreasing function of the localisation energy £in the bang gap (measured downwards
from the ME). The estimated and measured time of the electron emission from the
BBR in vacuum 7o =5 ps is much larger that the time of the delocalised electron



energy relaxation due to the emission of the phonons Tpozl.SEILO'13 s. Therefore the
experimental results can be analysed in terms of a model that consider the EDC
formation as a result of competition of the processes of the electron emission in
vacuum and the electron hopping in tail states with emission of the optical phonons.
The model was developed in [10] for interpretation of the luminescence spectra in
mixed crystals and generalised in [11] for electron emission from BBR.

In this model g(¢) is approximated by an exponential law with an energy width
y. Therefore, below the ME, the probability for an electron to emit a phonon is
proportional to exp(- & y) and the electron energy relaxation is rapidly suppressed

10 |
T=300K

hv =1.472 eV

Inesty, au

1.30 135 1.40 1.45 1.50
Energy above I's , eV

Fig. 2. Experimental electron energy distribution curve at T = 300 K, together with
the results of the calculations (solid line) using Eq. (2) of the localised states model
with y=28.7 meV and o =0.11. Band gap value is shown by arrow.

because of the lack of resonant localised final states in the vicinity of the occupied
one. To be more specific, we assume that the main energy relaxation process is by
phonon emission with an average energy loss o much smaler than y; and with a
probability 7'(e) = r*(0)exp(- y) . It is then possible to write the energy relaxation
for the electronic surface density n(¢) as a Fokker-Planck type equation:

on/ot = - 8LD/0e { n(e)/t(€) } - N(€)/Temi Q)
In this equation the first term describes the flow of electrons through the states with
energy & n(e- J)lr(e- 9 - n(e)/1(e) and the second one is just the emission current

Jemi(€). In stationary conditions dn/ot = 0 and one obtains the energy dependence of
the emission current in the BBR

Jemi(€) = Jemi(0) exp {ely - alllexp (ely) - 1]} (2)



where the parameter aisgivenby a= (U9 1 (0) 1emi] -
The results of the calculations of the EDC together with the experimental curve are
shown in Fig. 2. We use fitting of the Eq. (2) dependence to experimental data to
estimate the energy relaxation rate in BBR by the phonon emission. First, we note that
the value of y=28.7 meV obtained from the fitting is found to be not dependent on the
choice of a, whereas the value of a depends on the assumed position of the ME level
in BBR below the conduction band. In 2-d system the low-energy shift of ME should
be close to yvalue. So, we take the position of zero in Eq. (2) at E; - y(conduction
band edge E; being at 1.47 €V in the doped strained layer) which resultsin a = 0.11.

Then, for the localised states the phonon emission rate at ME 1/7(0) is equa to
the probability of a single jump multiplied by the number of fina states, that is, 1/7(0)
=1 rpha'gomz, where gp is the surface el ectron density of states at ME, a is an average
radius of localised states, so that go78%y = 1. That gives 1/7(0) = YUty dyand a =
§% é)ZZUrph/ Temi) . Taking dy= 0.3 we get 7y = 50 fs, which isin reasonable agreement
with the data for the energy relaxation rate for hot electrons in a narrow p-doped
GaAs quantum well [12].

Finally, note, that the main spin-relaxation mechanism of D’yakonov-Perel
(DP) is suppressed for the localised states due to the effective averaging of the odd in
k-vector terms in DP Hamiltonian at all directions, so that <kikk> = 0. Besides, the
weak overlap of the electron localised states with hole states out of BBR makes Bir-
Aronow-Pikus relaxation due to electron scattering on the holes ineffective. Thus
observed depolarization switching off below the conduction band energy is in line
with the assumption of localisation of electronic statesin this energy region.

Strained Al In Ga AgAl Ga As superlattices
with a minimal conduction-band offset

It has been found that there is a limit to current density that can be extracted
from a GaAs film [13], 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 structures in which the
valence band splitting is achieved as a consequence of hole confinement in the SL
guantum wells (QW). The main advantage of SlL-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 [1,14].

Recently a new strained short-period AlxInyGay..yAS/Al,Gay,As 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 result a high vertical electron mobility and simultaneously a
small spin relaxation rate is achieved while al'so alarge enough val ence-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
guantum 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.



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 AlxIn,Gay.x.;As layers remains negligible for the total SL
thickness, d, up to d<150 nm.

Table 1. AlxInyGay.«.yAdAl,Ga 1.,As strained superlattice samples.

Sample SL1 SL2 SL3 SL4

(3-336) (3-657) (3-895) (3-896)
Be doping:

Surface 7 -10° 2.10° 5.10° 5.10°
Inside 4-1¢ 5-107 5-107 5.10°
d, pm 0.136 0.12 0.96 0.96

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

Choice of the S layer composition. The miniband spectrum of the SL is
determinedy the band offsets at the heterointerfaces. In the case of a heterointerface
with lattice matched ternary solid solution (e.g.x@d.xAs-Al.Ga.,As) the
conductionbanddffset ratio, @y, defined as Q=AEc(X-z)/ AEq(X-z) (whereAEy(x)
is the difference in the band gaps of the contacting crystals) is known to remain
constant, @ 0J0.66. For an yGa.,As-GaAs interface the offset is modified by the
strain distribution in the contacting layers. For the structure with a th@alpAs



layer grown on athick GaAs substrate all the strain is assumed to accumulate in the
InGaAs layer. For the case of the AldnGayx,AS/Al,Gai,As SL, a linear
interpolation between the values for AlGaxAs-GaAs and InyGay.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=0.1isshownin Fig. 3.
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Fig.3. Energy band diagram of AlyIn,Gay.«,AS/AlGaAs superlattice. The minibands
(thin lines) are identified by notation el and hhl, Ihl for electrons and holes
respectively.

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 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 rate should be small compared to pure GaAs. Using the structures based on
quaternary AlyIn,Gay.xyAs aloy 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 vaence band splitting. It is seen from Fig.3 that the
strain of the AlxIn,Gay.xyAS 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.

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. 4 the polarized
emission data are shown as a 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 [15]. The



polarization dependence on the excitation energy near the excitation edge comes from
the initial electron polarization upon excitation by circularly polarized light. The
decrease of the polarization from its maximum value with decreasing excitation
wavelength starts with electron excitation from the first light-hole miniband.
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Fig. 4. Electron spin polarization spectra for AlyIn,Gay..,AS/Al,Gay.,As superlattices.

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 [16] gives absolute values of
the hole miniband energies Eyn=13 meV ; Ejn=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 al
samples values that exceed the experimentally observed energy of the polarization
maximum by ~20 meV. This shift of the band gap valuesis equivalent to a deficit of =
3% of Al concentration. The regular difference in the calculated and observed band
gap value in the strained quaternary alloy can be attributed to the uncertainties in the
conduction band offset calculations and aso to some tensile deformation of GaAs
layer resulting in less strain in the contacting AlxIn,Gay.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.



1,60

1,56

1,52

1,48

Eex (pol.max), eV

1,44

0,00 0,04 0,08 0,12 0,16

Al mole fraction Z

Fig. 5. The values of the light energy Ee (pol. max.), corresponding to the
polarization maximum as a function of the mole fraction Z of Al in the AlxInyGay.x.
yAS/Al,Gay,As superlattice.

The dependence of the polarization maximum on the excitation energy is shown
in Fig 5. 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 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. Initia measurements using sample 1 gave
anomalously low value. Definitive measurements are underway.

Conclusions

The EDC and PEDC measurements for the strained GaAs layer surface
activated to NEA, at near band edge excitation demonstrate the el ectron capture to the
band bending region before emission. The shape of the energy distribution peak isin
good agreement with the results of the model of the emission from the states localised
in the surface plane by the fluctuations of the surface potential. The localisation is
also manifested by switching off the spin relaxation across the emission peak.

Electron spin polarization as high as 84% has been reproducibly obtained from
strained AlyxInyGay.x.,AS/Al,Ga.,As 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 ,Gay,/As/AlxInyGay«.yAS interface changes
itssign at z [0 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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