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Abstract

A major improvement in the performance of ®leC wasachieved withthe introduction of thin
strained-layer semiconductorystals.After some optimization, polarizations @6-85% became
standard witHifetimes thatwere equal to obetter than that of thickinstrained crystal¥Other
accelerators of polarized electroggnerally operating with a much higher déagtor, have now
successfully utilized similar photocathodes. For future colliders, the principal remaining problem is
the limit on the total charge that can be extracted in a time scale of 10ns.100addition, higher
polarization is criticafor exploring newphysics,especiallysupersymmetry. However, dppears

that strained-layer crystals have reachedithie of their optimization. Today strained superlattice
crystalsare themost promising candidatder better performanceThe individual layers of the
superlattice can be designed to be below the critical thickness for strain relaxation,pitnsple
improving the polarization. Thin layeedso promote high electron conductiontit@ surface. In
addition the potentiabarriers atthe surface for both emission of conduction-bagldctrons to
vacuum andor tunneling of valence-band holesttee surfacecan be significantljessthan for

single strained-layer crystals, thus enhancing both the yield at any intensity and also decreasing the
limitations on the totatharge.The inviting properties of the recently developed AllInGaAs/GaAs
strained superlattice with minimal barriers in the conduction band are discussed in detail.
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Abstract

A major improvement in the performance of the SLC w

achieved with the introduction of thin strained-layer
semiconductor crystals. After some optimization,
polarizations of 75-85%ecamestandardwith lifetimes
that were equal to obetter than that of thickinstrained
crystals. Other accelerators of polarizedelectrons,
generally operatingvith a much higheduty factor, have
now successfully utilized similar photocathodes. F

future colliders, the principal remaining problem is th

limit on the totalchargethat can beextracted in a@ime
scale of 10 tal00 ns. Inaddition, higher polarization is
critical for exploring new physics, especially
supersymmetry. However, iappearsthat strained-layer
crystals havereachedthe limit of their optimization.
Today strained superlattice crystals are the mostising
candidates fobetter performancelhe individual layers of
the superlatticean bedesigned to béelow thecritical
thickness for strain relaxation,thus in principle

improving the polarization. Thin layers also promote hig

electron conduction to the surface. In addition the poten
barriers atthe surfacefor both emission ofconduction-
band electrons to vacuunand for tunneling of valence-
band holes to the surface can be significantly less than
single strained-layercrystals, thusenhancingboth the
yield at anyintensity andalso decreasinghe limitations
on the total charge. The inviting properties of theently
developed AlinGaAs/GaAs strained superlatticavith

minimal barriers inthe conductionband are discussed in

detail.

1 INTRODUCTION

The polarization of electronsextracted from IlI-V
semiconductorcrystals has a theoretical uppkmit of
50%. In 1991 it was firsdemonstratedhat growing a
thin crystalline layer on a substratbaving aslightly
different lattice constantould raisethis limit [1]. The
lattice mismatchintroduces astrain in theepilayer that
removes thalegeneracy ofhe heavy-hole (hhjand light-
hole (Ih) valence bands. Polarizations on t¢inger of 80%
areroutinely achievedfrom thesestrained-layer cathodes
which simultaneously exhibiguantum vyields,Y, of
>0.1%. Such aathode,consisting of 100-nm ofzaAs
grown on a GaAsP substrateecamethe standardor the

SLC polarized electrorsource, eventually accumulating

~20,000 hours of operating time for ti&.C program,

making possible the single-mostecise measurement of

the electro-weak mixing anglei,n2 9\7\7 .

Future colliders will require both higher polarization and
more charge. Higher polarizatiosill not only increase
%Re effective luminosity of acollider, but if 295% will
also significantly increase the physiesach, especially in
the exploration of supersymmetry [2]. For JLC/NLC, the
requiredcharge pefl00-ns macropulse is ~300 nC at the
gun, which is an order of magnitudeeaterthan produced
for SLC. The problem is that the maximusteady-state
current in a long macropulse that cangreducedfrom an
X|_C-typecathode is orthe order of 0.2 A cn¥, which
fould require animpracticalcathode diameter of 4 cm to
meet the collider charge requirementThe maximum
current of an SLC-typeathode carprobably beincreased
by an order of magnitudeimply by increasing thedopant
density from the mid ¥ cm? range tothe low 16° cm?®
range. Howeverboth experimentabndtheoreticalefforts
to datepoint to a limitation of the polarization of the
strained-layer cathode at the 85-90% level [2].

A major source of depolarization fahe strained-layer
athodes is the relaxation of the strain asdiseance from

e heterojunctiofincreases beyonthe critical thickness,
i for maintaining perfect strain, thus decreasing the
average hh-lh separation. Typicallyi$i ~10 nm,whereas

e optimumepilayer thickness tamaintain both high

larization and high charge is ~18fh. This problem is
overcome in principle using the superlattice (SL)
structure, in which the hh-lh degeneracy is removed by the
localization of holes in quantumeells. Since theoverall
critical thickness, Hc, for ashort-period SL can be
considerably largethan h, the total thickness of the SL
can be orthe order of 100 nm withoutrelaxation of the
strain.

SL structures were shown to produce >5p8tarization
in 1991 soorafterthe first strained-layeresults, but the
path to simultaneously high polarizatiandhigh Y has
taken longer. Recently however, polarizati@pproaching
90% with Y within anorder of magnitude ofthat of the
SLC cathodes have appeared [3,4].

2 SUPERLATTICE WITH ZERO
CONDUCTION BAND OFFSET

t

"In previously used AGa As/GaAs, InGa,_As/GaAs and

Al,Ga As/InGa_As SL, the holeminiband splitting
was accompanied bythe building of highbarriers for
electrons as a result of tiégh value of the ratio of the
conduction-band offseiE_ to the valence-banaffset AE,
(AEJAE,=2) at theheterointerfaceThe necessity for the
electrons to tunnel through the Siarriersresults in a
lower electron diffusion ratealong the SL axis
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accompanied bygrowth of the spinrelaxation rate. the band gap induced by strain that can be expressed
Thereforethe spindiffusion length restricts the thicknessthrough interpolated deformation potentials, elastic
of the active layer for these structures. constants, and the lattice constant mismatch. For the case
The main advantage ofthe AlIn Ga, As/GaAs SL of the AlInGa. As/GaAs SL, a linear interpolation
proposed hereomes from thebandline-up between the between the values for Ma As/GaAs and ljGa.
semiconductor layers ofthe SL. The Al content ,As/GaAs interfacesshould be valid for small x andy. We
determinesthe formation of abarrier in the conduction have found that interpolation starting with the unstrained
band,while adding In leads t@onductionband lowering, value of the band offset for the g As/GaAs
so the conduction band offset can be completely heterointerfacgives band-gap values that are far from the
compensated by appropriate choice ofamd y, while experimental data obtained from emission spectra. Using
barriers for the holes remain uncompensalderefore the the band offset value for the strainedGe As/GaAs
use of superlattices with the optimizedaternaryalloy interface, we get:
composition can provide a higlertical electrormobility — 0O x i x( + e ef )
and simultaneously a small spin relaxatiate while also Ao (x) QCl_ AEG (Y QCZ_’U_'ef AEg2(3)+ gz (¥)
maintaining a sufficiently large valence-band splitting.  The schematic of the position of the band edges for
We have studied an AG'.ZO'”O.lBGaO.BZA‘S/GaAS SL x=0.20, y=0.18 is shown in Fig.1. Takl@1:066 and
consisting of 17 pairs oBaAs (4 nm)and AlinGaAs (4 Qcz~0.7, we have found that the conduction band offset
nm) Be dopedwith density 4x10" cm® exceptthe top appearsto be minimized for x=1.1y.
layer, GaAs, with 4x188 cm?®. The dopant density was The calculatedpositions of the band edges of the layers
maintained low in the bulk to minimize depolarization buf the strained SL sample are given in Table 1. It is seen
h|gh at thesurface to increasthe negative aff|n|ty The that the conducti_on band offset does not exceed 20 meV.
sample was grown by molecular beam epit@BE) by For the thermalized electrons at room temperature the
the loffe Physico-Technical Institute in St. Petersburg [4]fluence of the resulting periodical potential should be

A protective As coating was added as the final step. negligible. Besides, as a result of the conduction-bandline
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

:GaA s _E, GaAs.

— ] ol It is seen from Fig. 1 and the data of Table 1 that the
E . .

ol ! strain of the Alin,Ga,, As layers produces barriers for
both heavy and light holes, the barrier for the light holes
being 75 meV higher, which leads to additional hole-
miniband splitting favorable for the electron optical
orientation.

i

—

o

AL, 6 8;As

Mg ~ 5 hhi Table 1. The positions (in eV) of the band edges at room

ffffff <E, o temperature in an Aldn, ;sGa s, As/GaAs SL sample.

: H Ev|2 : Eu Ep Ey E, | = Ep

! ; ' -0.056° | -0.138 1.423 1.445 1.422] 1.50]
#1- GaAs, 2- Alln,Ga,,, As layer.

b Zero energy Is at valence-band edge of the GaAs layer.

Fig. 1. Energy band diagram of /,Ga, , As/GaAs SL.

The minibands (thin lines) are identified by notation el thg choice of the layer thickness is dictated by the need
and hh1, Ih1 for electrons and holes respectively. to split the hole minibands. The splitting grows when

The miniband spectrum of the SL is determined by t;ggrriers are broad enough and \_/vells are narrow and deep.
band offsets at the heterointerfaces. In the case of°d the thickness of the strained,M,Ga,, As layer
heterointerface with lattice matched ternary solid solutior/0U!d b€ less than the critical thicknegyh The overall
(e.g., AlGa_As/GaAs) the conduction-band offset ratiocritical thickness for the superlattice with alternating

; ; Z .« layers of equal thickness can be estimatediah (y/2).
, defined =A AE , Where AE . . c
Qu, i definedasQy = AB(X)/ABg(X), whereAEy is The thickness of a single AhGa,, ,As layer was taken

the differencein the band gaps of the contacting crystgdSpe 4 nm (to be less than the calculatgg)py and in

so that the valence band offset rat@, is Q=1-Q. For accordancevith X-ray data the chosen thickness of the
an InGa_As/GaAs interface the offset is modified by thes) sample (0.13¢im ) exceeded, much less than in the
strain distribution in the contacting layers. For thgsse of a cathode structure with one strained GaAs layer.
structure with a thin |©a As layer grown on a thick A model-dependent calculation of the hole miniband
GaAs substrate all the strain is assumed to accumuIat<%3;1{13r91i63S yields absolute values &, =13 meV and

the InGaAs layer. For this casag; is given by: Ejnp =54 meV. For a small conduction-band offset the
AE(Y) = Qco, def X(AEgz(Y)+5Eg§f (y)) electronic band can be taken as the average of the

where Qu, g4 is the conduction-bandoffset ratio for the&onduction-band energies of the contacting layers. Thus
©e the band gapEy, can be estimated as:

strained IpGa, As layer, WhiledEg'gf (y) is the change of
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Fig. 2. Electronspin polarizationand quantum yield as #&unction of excitationenergy at room
temperature for the Abdn, 1Ga c AS/GaAs SL sample (SPTdata). The bandgap energy E and the
light hole excitation energy,Fare indicated by arrows.

Eg = Egy * Enm +(Ecz ~Ec1)/2,
which is in line with experiment.

3 EXPERIMENTAL RESULTS

The Mott analysersboth at St.PetersburgTechnical
University (SPTU) and at the Stanford Linear
AcceleratorCenter (SLAC)were used tomeasure the
spin polarizationP, of photoelectrons.

In Fig. 2 thepolarized emissionand quantumyield
data measured &PTU areshown as a function of the
optical excitation energy. The maximupolarization
obtained was 86% arttie corresponding quanturyield
was 7.%10%%. The yield forthe excitationenergy at
the polarization maximum is sensitive to the activation
procedure andhe vacuum in the setup. ASLAC,
P=82.7% withY=9.4x10%% wasobtained for a crystal
obtained from the same wafétor another sample (not
shown), in which the time lapdeetweenthe two sets
of measurements was verghort, the polarization
resultswere found to beimilar despitethe somewhat
different techniques ofample preparation, activation,
andvacuum. Due to better vacuum conditions in the
SLAC apparatus, the values %f measuredhere were
regularly higher than those measured at SPTU.

The maximumcurrent densitythat can beextracted
from the SL samples similar to the odescribed above
have yet to be determined.Initial measurements at
SLAC gaveanomalously low valuegperhapsbecause
the surfaces werdeing heat-cleaned &@00 °C exactly
as for the SLC strained-layer cathodeOther SL
structures—all of whichwere produced in Japan-that
have beerstudiedfor chargelimit haveshown normal
emission after removal of the A=sp atlow (~400 °C)
temperature [5,6].

There isnow strongevidencethat the SCLcan be
overcome bé/using extremely high dopant density
(=4x10"° cm®) in at least thesurface layef6]. This
greatly reducesthe barrier to holes tunneling to the
surface, which are responsible for neutralizing the
surface charge. It may also hecessary to increase the
negative affinity at thesurface byusing alarge band
gapandalso possibly darge offset ofthe conduction
miniband. All of thesgarameters areasily controlled
for an MBE-grown SL structurenvith compensated
conduction band as described here.

4 CONCLUSIONS

Electron spin polarization as high as 86% hlsen
obtained at roontemperaturdrom strained Alin,Ga, .
/As/GaAs superlattice witminimal conduction band
offset. Modulation doping of the Slprovides high
polarizationand high quantum vyield. Theposition of
the polarization maximuntan beeasily tuned to an
excitation wavelength by choice ofthe SL
composition. Further improvement of themitter
parameters can be expected with additi@maimization
of the SL structure parameters.
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