Electron-spin polarization in photoemission from thin Al,Ga;_,As
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The polarization of photoemitted electrons from thin Al,Ga, .As layers grown by
molecular-beam epitaxy has been studied as a function of Al concentration by varying x in steps
of 0.05 from 0.0 to 0.15. As the fraction x is increased, the wavelength dependence of the
polarization shifts toward shorter wavelengths, permitting wavelength tuning of the region of
maximum polarization. A maximum electron polarization of 42%-43% is obtained for
Al,Ga;_,As samples with x>0.05 while the maximum polarization of GaAs (x=0) samples
reaches 49%. To investigate the lower polarization of Al,Ga,_,As, additional samples have
been studied, including a short-period superlattice (GaAs); - (AlAs), .

. INTRODUCTION

Photoemission from negative-electron-affinity (NEA)
GaAs has long been used as a source of polarized elec-
trons.! This type of source has many advantages among
which are: relative simplicity, high electron yield, and easy
reversal of the spin direction. However, there have been
two problems in polarized photoemission from GaAs: (1)
the maximum measured electron polarization has been
about 409:—42% whereas the theoretically expected polar-
ization is 509; (2) the excitation photon wavelength to
achieve maximum electron polarization is required: to be
longer than about 750 nm. The first problem _waé studied
by Alvarado ef /.* and Maruyama ez al.’ using molecular-
beam-epitaxy (MBE)-grown thin GaAs layers. These au-
thors observed that the maximum electron polarization de-
pended on the active GaAs layer thickness. Polarization
consistent with 509 was observed for samples with GaAs
layer thicknesses less than 0.4 um and an excitation photon
wavelength longer than about 760 nm. More recently
much effort has been devoted to achieving polarization
much higher than 50% by removing the valence-band de-
generacy at the I' point of the III-V compounds. Polariza-
tion in excess of 70% was observed from a strained
InGaAs layer grown on a GaAs substrate, and subse-
quently polarization as high as 909 was achieved using
strained GaAs grown on GaAsP.? Polarization enhance-
ments were also observed in GaAs-AlGaAs superlattice
structures.® However, photoemission quantum efficiencies
of these high polarization materials are typically less than
0.1%, and further developments are required to utilize
these materials for polarized electron sources.

The second problem is of a more practical nature. If
high peak electron currents are not required, lasers in the
appropriate wavelength region are available (e.g., AlGaAs
diode lasers). However, in a situation where high peak
currents are required, the choice of lasers is limited. The
polarized electron source for the Stanford Linear Collider
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(SLC)” must deliver in excess of 10'! electrons in a 2-ns
pulse at 120 pps, corresponding to a peak current as high
as 8 A. These conditions require an excitation laser pulse
with a peak power of more than 50 kW. Such a high peak
power laser with a wavelength of ~760 nm and a 120 pps
repetition rate is not readily available, and a flash lamp
pumped dye laser is one of the few available options. Based
on studies of laser dyes; it was found that the laser dyes in
the infrared wavelength region have short active lifetimes.?
For example, the dye LD700, lasing at 1=740 nm, de-
graded in output power with a lifetime of 41 h when op-
erated at 60 pps, whereas the dye Oxazine 720 lasing at
A=700-710 nm had a lifetime of about 200 h. Since the
accelerator must be operated without any interruptions for
many days, it is highly desirable to be able to operate the
laser using Oxazine 720. However, the polarization ob-
tained with this wavelength is only about 30% since the
appropriate wavelength to saturate the polarization near
50% requires a wavelength in excess of 760 nm.® If the
polarization wavelength dependence were to be shifted
about 50 nm toward a shorter wavelength, a maximum
polarization near 50% could in principle be achieved with
a flash lamp pumped dye laser using Oxazine 720.

There are two ways to achieve a wavelength shift: (1)
cool the GaAs crystal to liguid-nitrogen temperature, thus
increasing the band gap to 1.51 eV from 1.42 eV at room
temperature; (2) add about 10% of aluminum or phos-
phorus to GaAs. Although method (1) is relatively simple,
the cathode quantum efficiency decreases rapidly because
the residual gases, particularly carbon dioxide and carbon
monoxide, are adsorbed on the cold GaAs surface.” In the
present study, method (2) was used. Studies of polarized
electron sources using the III-V bulk alloys AlGaAs and
GaAsP have been reported previously, showing spin polar-
izations of 35%-45%.'° The present work attempts to
achieve 50% polarization using MBE-grown thin
AlGaAs layers.
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FIG. 1. Schematic diagram of the sample structure.

l. EXPERIMENT

For the present experiment, thin Al,Ga; ,As samples
were grown by MBE at the University of California in
Berkeley. A schematic diagram of the sample structure is
shown in Fig. 1. The substrate material used was (100)
n-type (Si doped to 5% 10'® cm~3) GaAs. Since heavy
p-type doping is necessary to achieve a NEA surface, a
tunnel junction was formed in the buffer layer in order to
change the carrier type by depositing a 0.4-um-thick n-type
GaAs (Si doped to 510" cm ) followed by a 0.2-um-
thick p-type GaAs (Be doped to 53X 107 em™3). Then, a
0.9-um-thick layer of p-type Alg4sGagssAs (Be doped to
5% 10'® cm™?) was grown, followed by the active layer of
p-type Al Ga;_,As (Be doped to 5Xx 10'® cm™3). The
Aly4sGag ssAs intermediate layer serves as a potential bar-
rier to isolate the active AL, Ga,_,As layer from the sub-
strate GaAs. Three different samples were grown with
nominal aluminum concentrations of x==0.05, 0.10, and
0.15, as well as a GaAs(x=0) reference sample. The active
layer thickness of all the samples was 0.3 um. A thin GaAs
layer was grown on top of the active A1, Ga,_,As layer to
prevent oxidation of aluminum in the active layer.'! The
thickness of the cap GaAs layer was 5 nm for the x=0.05
and x=0.10 samples, and 10 nm for the x=0.15 sample.
After the MBE growth, the sample was cooled to below
room temperature in about 3 h and was then exposed to an
arsenic beam for 10 min to deposit a protective cap layer."?

Photoluminescence measurements were performed to
determine the aluminum concentration of the samples. The
measurements were made at room temperature using a
HeNe laser (633 nm) and a diode laser with wavelength
750 nm. As a cross check, the nominal x=0.15 sample was
also analyzed with a double-crystal x-ray diffractometer
using the (004) Bragg refiection of the CuKa radiation.
The relation E(x)=E(0)+ 1.455x was used to determine
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FIG. 2. (a) Cathode quantum efficiency as a function of excitation pho-
ton wavelength for the AlGaAs and GaAs samples. The band-gap ener-
gies of the samples measured by photoluminescence are indicated. (b)
Electron-spin polarization as a function of excitation photon wavelength
for the AlGaAs and GaAs samples. The solid curves are drawn to guide
the eye.

the value of x from the photoluminescence data.!® Here
E(0) and E(x) are the measured photoluminescence peak
energies (eV) corresponding to x=0 and x, respectively.
Using the measured E(0) = 1.43 eV, the resulting values of
x were x=0.068, 0.106, and 0.144 for the nominal x=0.05,
0.10, and 0.15 samples, respectively. The aluminum frac-
tion for the nominal x=0.15 sample, measured using x-ray
diffraction, was determined to be x=0.143, consistent with
the photoluminescence measurement.

The electron-spin polarization was measured at room
temperature by Moit scattering at 65 keV. The electron
gun and Mott scattering apparatus have been described
elsewhere.!* Cesium and nitrogen-trifluoride were used to
obtain a NEA surface. The arsenic cap layer was removed
during a heat treatment (600°C for 1 h) prior to the first
cathode activation. A dye laser, pumped by a nitrogen la-
ser, was used as the photoexcitation source. Circularly po-
larized light was produced by a linear polarizer and a
Babinet-Soleil compensator. A more detailed description
of the experimental setup may be found in Ref. 3.

1. RESULTS AND DISCUSSION

Figure 2(a) shows the measured photoelectric quan-
tum efficiencies (Q.E.) as a function of the photon wave-
length for the three Al,Ga;_,As samples and the GaAs
(x=0) reference sample. The band-gap energies for each
sample obtained - from photoluminescence measurements
are also indicated in the figure. The rollover near the band
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gap of the x=0.10 and 0.15 samples is due to photoemis-
sion from the GaAs cap layer. As expected, the quantum-
efficiency curve shifts toward shorter wavelength with in-
creasing aluminum concentration in accord with the
increase in band-gap energy.

Figure 2(b) shows the electron polarization as a func-
tion of excitation photon wavelength measured within 5 h
after cathode activation.!® The measurements for the GaAs
(x=0) reference sample are also shown in the figure. The
wavelength dependence of the polarization is seen to shift
toward shorter wavelength as the aluminum concentration
is increased. However, the maximum electron polarization
is 4295-439% for all three aluminum concentrations and
never reaches the level observed for the thin GaAs sample.
The sharp polarization increase near the band gap ob-
served by Ciccacci er al. for AlGaAs (Ref. 16) is not seen
in the present experiment. Since the Q.E. decreases for
longer wavelengths, the optimum operating wavelength is
where the maximum electron polarization is reached from
the shorter wavelength side. For the laser wavelengths of
700-710 nm obtained with Oxazine 720, the required alu-
minum concentration is about 13%.

In order to investigate the effect of Al concentration on
spin depolarization, sample characteristics were changed
and additional samples were studied.

(1) Since the effectiveness of the cap GaAs layer
against oxidation of the Al,Ga;_,As was uncertain, the
x=0.05 and 0.10 samples were grown with a 5-nm-thick
cap layer, while for the x=0.15 sample the thickness was
increased to 10 nm. No difference in the maximum polar-
ization was observed, as shown in Fig. 2(b).

(2) For the 10-nm cap layer of an additional x=0.10
sample, the first 5 nm (nearest the active layer) was graded
from x=0.10 to x=0.0. This procedure was used to re-
move any possible band discontinuities in the conduction
bands of the active Al,Ga; _,As and the cap GaAs layers.
Such a band discontinuity might be responsible for electron
scatterings and consequent spin depolarization. No change
of the maximum polarization was observed (not shown in
the figures).

(3) Two 0.3-um-thick GaAs (x=0.0) samples were
made to check for any systematic problems in the MBE as
well as the Moit polarimeter. Figure 3 shows the results of
the measurements for the two 0.3-um GaAs samples: one
sample was grown and the polarization measured (solid
circles) before the growth and measurement of the
AlGaAs samples [the same data are shown in Fig. 2(b)],
while another sample was independently grown and the
polarization measured (open circles) after the AlGaAs
measurements were completed. The measurements were
reproducible, and a maximum polarization of 49% was
also observed.

(4) A sample was prepared with the active region alu-
minum concentration reduced to x=0.01. As seen in Fig.
3, a maximum polarization of 49% was observed.

(5) To study the effect of alloy scattering of photoex-
cited electrons in Al,Ga, _,As, a superlattice structure of
(GaAs); - (AlAs), with an effective aluminum fraction
x=0.125 was grown using phase-locked epitaxy.!” This
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FIG. 3. Electron-spin polarization as a function of excitation photon
wavelength for some of the additional samples grown to investigate pos-
sible depolarization effects of AlGaAs: the two GaAs samples (solid and
open circles), the x=0.01 AlGaAs sample (square), and the (GaAs), -
(AlAs), superlattice (triangle).

material is expected to have a band-gap energy close to
1.61 eV, the value expected for an alloy Alg1,5Gag g7sAs.
However, due to the superlattice structure, the actual
band-gap energy may be slightly larger than this value, and
an energy-band splitting is expected between heavy- and
light-hole bands. As shown in Fig. 3, although the maxi-
mum  polarization reached 46% near the band gap, the
plateau polarization was 42.5%. The polarization increase
near the band gap may very well be associated with the
valence-band splitting. From these studies, it was con-
cluded that the spin depolarization effect seen in the
Al,Ga, _,As samples with nominal x=0.05, 0.10, and 0.15
values was associated with the aluminum in the samples.

IV. CONCLUSION

The polarization of photoemitted electrons from MBE-
grown thin AlGaAs layers has been measured as a function
of aluminum concentration in AlGaAs. By increasing the
aluminum concentration, the wavelength dependence of
the polarization shifts toward shorter wavelengths. How-
ever, the observed maximum polarization is 42%—43%
compared to the near 50% level observed in comparably
thin GaAs (x=0) samples. This spin-depolarization effect
is believed to be associated with the aluminum in AlGaAs,
but the mechanism is unknown.
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