Enhanced electron spin polarization in photoemission from thin Gaés
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The polarization of photoemitted electrons from thin GaAs layers grown by molecular beam
epitaxy has been measured. Polarization as high as 49% was observed for a 0.2-um-thick GaAs
sample at excitation photon wavelengths longer than 750 nm. The maximum polarization is
dependent on the thickness of the GaAs layer, decreasing te about 419% for a 0.9-pm-thick

GaAs sample.

Electron positron collisions at high energy are very im-
portant for studying the electroweak interaction. Since the
weak interaction distinguishes between lefi- and right-hand-
ed fermions, left- and right-handed clectrons interact with
positrons in 3 fundamentally different way and there is an
imporiant role for experiments with longitudinally polar-
ized electrons. Accelerators such as the Stanford Linear Coi-
tider (SLC) will utilize a polarized electron source capable
of providing the high-peak-current pulses suitable for injec-
tion into the accelerater. Although there are several types of
polarized electron sources available,' photoemission from a
negative-electron-affinity (NEA} photocathode is presently
the only type of source which meets the high peak current
requirements. This type of source was used guite successful-
Iy in the Stanford Linear Accelerator Center (SLAC) polar-
ized e-D scattering experiment providing in excess of
5% 10" electrons in a 1.6-us-long pulse with an average spin
polarization of 37%.” This type of source alsc has the advan-
tage that the electron spin can be readily reversed by revers-
ing the circular polarization of the excitation photons.

Although the electron polarization from NEA GaAsis
theoretically expecied to reach 50%, the maximum mea-
sured polarization has been about 42%. There have been
many theoretical and experimental investigations to under-
stand this spin relaxation effect.” Using a molecular beam
epitaxy (MBE) grown GaAs layer with a thickness 0.24 gem,
Alvarado ef al. observed a maximum spin polarization of
499, indicating that the reduced polarization in thick sam-
ples is due to the spin relaxation of the photoexcited elec-
trons drifting towards the GaAs surface before escaping into
the vacuum. The present experiment has been performed to
confirm this observation by systematically varying the thick-
ness of the GaAs layer. In addition, a barrier layer of
AlGaAs was used to prevent photocurrent contributions
from the GaAs substrate.

Thin GaAs samples were grown by MBE at the Coordi-
nated Science Laboratory at the University of [linois, as
shown schematically in Fig. 1. First, a 0.2-um-thick buffer
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fayer of p-type GaAs (Be doped to SX I8 em *) was
grown on the (100) GaAs substrate held at 580 °C, foliowed
by 2 0.9-um-thick layer of p-type Al, ; Ga, ; As (Bedoped to
5> 16" cm™?) at 610 °C. Then, the active Iayer of p-type
GaAs (Be doped to 5X 10" cm ™ ?) was grown at 580 °C.
The heavy p-type doping is a necessary condition for later
achieving a NEA surface. Since the photon absorption
length inside GaAs is about 1 um, four different samples
were grown with active GaAs layer thicknesses 0f 0.2, 0.4285,
0.7, and 6.9 gm. After the MBE growth, the samples were
capped with a 200 A layer of antimony for protection.’ The
Al Gag, As intermediate layer prevents clectrons pro-
duced in the substrate GaAs from penetrating to the active,
thin GaAs layer.

The electron spin polarization was measured by Mott
scattering at 65 keV. The electron gun and Mott scattering
apparatus have been described elsewhere.® A nitrogen laser-
pemped dye laser, using various dyes to obtain the desired
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FIG. 1. Schematic diagram of the sample structure.
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wavelength range, was used as the photoexcitation source.”
Circunlarly polarized light was produced by a linear polarizer
and a Babinet-Soleil compensator. Cesium and nitrogen-tri-
fluoride were used to obtain a NEA surface. Although ce-
sium and oxygen are commnonly used for NEA activation,
nitrogen-triffuoride has been found to give & higher quantum
yield and more stable photocurrent than oxygen.® The anti-
mony cap layer was removed during a heat cleaning process
{600 °C for 1 h) before the first activation. The photocurrent
decreased rapidly for the initial two activations with a life-
timne® less than about 20 h. At least three activations were
typically required to obtain stable photocurrents with life-
times as Jong as 500 h.

The photoelectric guantum efficiencies were measured
using two methods. A 2.6 mW HelNe Jaser was used to mea-
sure the absolute guantum efficiency at a photon wavelength
of 632.8 nm. A xenon flashlamp and a monochromator,
whose output was monitored by a photodiode, were used to
measure the relative guantum efficiency as a function of pho-
ton wavelength and these measurements were then normal-
ized to the HeNe laser measurement at 632.8 nm. Although
the gun assembly had the capability for cooling the cathode
to Hquid-nitrogen temperature, the present measurements
were made with the cathode 2t rcom temperature.'®

Figure 2 shows the measured clectron polarization as a
function of photon wavelength for the 0.2 gm Gahs sample.
The etectron polarization was also measured as a function of
time to investigate the cathode aging effect. Three sets of
measurernents are shown in the figure: within 5 b after the
activation, one day, and four days later. Electron poiariza-
tions as high as 49% were observed at wavelengths longer
than about 750 nm. The error bars shown in the figare repre-
sent the statistical error only. The cathode activation and the
polarization measurement were cach repeated several times,
and the polarizations were found to be reproducible. For the
particular activation shown in the figure, the photocurrent
decreased with a lifetime of about 80 h for the first 1.5 days
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FIG. 2. Electron polarization as a funciion of excitation photon wavelength
for the 0.2-pm-thick GaAs sample measured within £ h after activation
{closed cireles), after 1 day (open circles), and after 4 days (triangles). The
dashed curve shows the gquantum efficiency as a function of wavelength.
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and then stabilized with a lifetime of about 400 h. The data
show a systematic increase in the electron polarization below
A =750 nm during the initial decay period. This is due to the
fact that photoemitted electrons with lower energy in the
conduction band undergo more spin-depolarizing interac-
tions, but are less likely to contribute to the photocurrent as
time passes since the surface electron affinity is increasing
with time. This has the effect of shifting the polarization
versus wavelength curve toward shorter wavelengths. Once
the photocurrent decay rate decreased, the electron polar-
ization became stable. A similar polarization increase asso-
ciated witk cathode aging has been reported.!! The dashed
curve in Fig. 2 represents the guantum efficiency as a func-
ticn of photon wavelength, measured immediately after
cathode activation. The quantum efficiency decreases as the
wavelength increases. The guantum efficiency at 4 = 750
nm where the maximum spin polarization is reached, is
about 1%.

The polarization and quantum efficiency measurements
were repeated for the other GaAs samples. Figure 3 shows
the electron spin polarization as a function of excitation pho-
ton wavelength for all four GaAs samples. In consideration
of the cathode aging effect described above, all the measure-
ments shown in the figure were made within 5 h after cath-
ode activation. For wavelengths longer than about 760 nm,
the electron polarization depends strongly on the GaAs
thickness, decreasing from 49% for the 0.2 pm sample to
about 41% for the 0.9 um sample. The results are consistent
with the hypothesis that spin relazation is occurring while
electrons are drifiing towards the surface, and that the effect
of spin relaxation can be reduced by limiting the electron
érift distance. The data for the 0.2 um sample are in good
agreement with the results of Alvarado ez ¢f.* The data for
the 0.9 um sample are consistent with the data for bulk
GaAs samples measured with the present zpparatus and
with other published data.””

There is a systematic uncertainty in the absolute polar-
ization measured by Mott scattering. The present polarized

50 7 T T
~ 40 t— &
@
=4
@
[ ;
30 =
z
o
<
N 20 -
E(i % (o} @ 0.2 um
8 A 0425 pm
10 4 A 0.7 um
o O 0.5 um
ol b _[_«Jd_LJ
550 855G 750 850
A (nm)

FIG. 3. Electron spin polarization as a function of excitation photon wave-
length for four different thicknesses of GaAs samples. All the measure-
ments were made within 5 h after cathode activation.
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TABLE L. Quantum efficiencies at a wavelength of 632.8 nm. The numbers
in parentheses indicate the maximum observed quantum efficiency but not
necessarily at the same activation when the polarization was measured.

(GaAs thickness Q.E. (%)
0.2 1.8 (1.8)
0.425 a.5 (3.3}
0.7 0.4 (1.5)
0.3 0.5 (2.6)

electron gun and Mott polarimeter were previously used for
the SLAC inefastic electron scattering experiment which ob-
served a parity viclating asymmetry.? During that experi-
ment, the electron polarization was measured regularly by
high-energy elastic electron-electron scattering (Méller
scattering) and compared to the polarization measurements
using the Mott apparatus. From this comparison, the aver-
age ratio of Méller to Mott polarization was found to be
0.979 + 0.011."* Since this experiment, electron polariza-
tion measurements have been frequently made with the Mott
apparatus and no indications of calibration drift have been
found. The systematic uncertainty of the present measure-
ments is thus estimated to be 6P, /P, = 4 0.05, which is
the estimated systematic uncertainty of the Méller polari-
meter.

Table I shows the quantum efficiencies of the samples
measured at the HeNe laser wavelength of 632.8 am, and at
the time of the polarization measurement. The numbers in
parentheses indicate the maximum observed quantum effi-
ciency for each sample but not necessarily at the same activa-
tion when the polarization was measured. There is no signifi-
cant observed correlation between the guantum efficiency
and the thickness of the surface GaAs layer. This is not sur-
prising for variable GaAs surface conditions. The quantum
efficiency for an NEA cathode can be expressed by

P
I Y
14 (aL)

(1 (rL)(l/L}‘E

Q.E

where P, is the surface escape probability, @ ' the light
absorption length, Z. the electron diffusion length, and 7 the
thickness of GaAs active layer. Since @™ ' is sbout 0.5 um at
632.8 nm and L is between 2 and 5 pm for MBE-grown
GaAs, the quantum efficiency is expected to vary systemati-
cally with thickness by as much as a factor of 3 for a constant
P_.. The scatter in the results for the quantum cfficiency
indicates that in the present case the determining factor for
the guantum efficiency is a variable surface escape probabili-
ty. This parameter is critically dependent on the surface con-
ditions of the MBE growth, the cleanliness of the Gads sur-
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face remaining after heat-treatment removal of the 8b cap
tayer, and the cathode activations.

In conclusion, the polarization of phoicemitted elec-
trons from thin GaAs layers has been measured as a function
of the GaAs layer thickness. Polarization as high as 45%
with a quantum efficiency of about 1% was observed for the
0.2-um-thick sampie. The maximum polarization is depen-
dent on the GaAs layer thickness, decreasing to about 41%
for the 0.9 ym sample.
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