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GaAs-GaAsP and InGaAs—AlGaAs strained-layer superlattice photocathodes are presented as
emission sources for highly polarized electron beams. The GaAs—GaAsP cathode achieved a
maximum polarization of 926)% with a quantum efficiency of 0.5%, while the InGaAs—-AlGaAs
cathode provides a higher quantum efficiefi@y7%9 but a lower polarizatiofi77(+5)%]. Criteria

for achieving high polarization using superlattice photocathodes are discussed based on
experimental spin-resolved quantum efficiency spectra&2G05 American Institute of Physics

[DOI: 10.1063/1.1886888

I. INTRODUCTION (SL) cathode is capable of achieving much higher quantum
efficiency (QE) than the strained GaAs layer. Thus, while
At present, polarized electron beams are conventionallfeavy doping is used for surface layers to achieve large band
produced by photoemission from GaAs-type semiconduchending, medium doping is better for SL layers in order to
tors. This type of polarized electron souf€&ES is based on  avoid spin-flip depolarization. More importantly, however,
a combination of two fundamental technologies; opticalSL cathodes were found to provide a solution for the surface
pumping by circular laser photons, and emission of conduceharge limit(SCL) problem, whereby the maximum current
tion electrons into vacuum using a special surface with negadensity that can be extracted from the NEA surface is much
tive electron affinity NEA). Bulk GaAs is a direct-gap semi- lower than that determined by the space-charge eff&tis
conductor with degenerate heavy-hdleh) and light-hole effect is caused by a decrease in band bending at the NEA
(Ih) bands at the valence-band maximdrpoint) and maxi-  surface due to the surface photovolta@®\) effect. How-
mum electron-spin polarizatiofESP is limited to be 50%. ever, a GaAs—Al3Ga gAs (SL 7) cathode has been dem-
This degeneracy can be resolved through the use of anstrated to produce a space-charge-limited current of 14 A
strained GaAs layer, an unstrained superlattice structure, or@.3x 10! e in a 2.5-ns bunchusing a 120-keV gun with a
strained superlattice structure, for which our group previ-QE of 2.0% at a laser wavelength of 752 AMfhis means
ously achieved experimental ESPs of 859%80%7 and  that the use of a modulation-doped SL photocathode solves
83%2 respectively. the SCL problem for this beam condition.
In our studies it became clear that by using a  Encouraged by these results, the present authors have
modulation-doping method, the GaAs—AlGaAs superlatticecontinued research on the development of types of InGaAs—
AlGaAs (Ref. 6 and GaAs—GaAsP-strained SL structures.
JFAX: +81-52-789-2807; electronic mail: nakanisi@spin.phy.nagoya- W€ have also investigated the SCL problem in more detail
u.ac.jp using GaAs—AlGaAs and InGaAs—-AlGaAs SL photocath-
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4keV Gun | amounts of cesium and oxygen were supplied to obtain NEA
! 0 50cm surfaces by the “Yo-Yo” method. The QE was monitored by
—— simultaneous measurement of photocurrent and irradiation
laser power, and the ESP was measured using a 100-keV
Mott analyzer with 6 Au-foil targets for self-calibration of
the effective Sherman function. The maximum systematic
error for this ESP measurement was estimated to be +6%
(absolute valug

A number of different SL samples with various materials
and crystal parameters were fabricated and tested, from
which two samples from each of the InGaAs—-AlGaAs and
FIG. 1. A schematic view of a cathode test system at Nagoya University. GaAs—GaAsP groups were selected for detailed analysis:

SLSA 2 and SLSA 3 from the former group, and SLSP 9 and

odes irradiated by a nanosecond double-bunch laser witBLSP 16 from the latter group.
2.8-ns separation time® In this paper, we describe experi- The design parameters for each sample are given in
mental results demonstrating the improvements in ESP, QEfable |. The parameters included component ratios for In,
and SCL effect achieved using a GaAs-GaAsP cathode. Crza, Al, As, and P elements in the surface and SL layers,
teria for obtaining the highest ESP are also proposed basgflicknesses of the well and barrier layérs, andL,), surface
on spin-resolved QE spectra obtained experimentally fofayer thickness(Ly), densities(n) of p-type doping in the
GaAs-AlGaAs, InGaAs-AlGaAs, and GaAs-GaAsP SLsurface and SL layers, and pair numbéi) for the SL
photocathodes. layers. The modulation doping technique was employed for
whole samples. Be was employed for the SLSA samples and
Zn for the SLSP samples gstype dopant. The thicknesses

ESP and QE spectra were measured using a compaof the wells and barrier layers were chosen so as to obtain
cathode test system as shown in Fig. 1. The system consisterge hh—lh energy splitting, and the total thickness of the
of a diode-laser-pumped Ti:sapphire continuous-wés®)  samples was approximately 100 nm, set to minimize spin
laser, a 4-keV gun, a beam transport line with a spin rotatofgepolarization. The thicknesses of the wells and barrier lay-
and a standard 100-keV Mott polari_me?él'rhe base pressure grs and the component ratios of elements were checked after
was set at-2x 107 Torr after baking the gun chamber at sample fabrication and confirmed by standard x-ray analysis.
zooTﬁef%ég:é—AlGaAs SL samples were fabricated by The crystal s-tructure aqd doping densitie; for SLSP 9 are

shown schematically in Fig. 2. A commercially available

molecular-beam epitaxyMBE) at NEC, and the GaAs-— N
GaAsP SL samples were made by metal-oxide chemicaI-GaAS wafer with high Zn dopant content was used as a sub-

vapor depositiofMOCVD) at laboratories of Nagoya Uni- strqte, and g strain—rela.xed GaAsP buffer layer was formed
versity and Daido-Steel Company. The InGaAs—AlGaAsOn it to obtain large strains for the GaAs well layers. The 16
sample was prepared with a protective surface film of amorPairs of SL layers with medium Zn doping of 1.5
phous As, which was removed by heat cleaning at 400 °C in< 10'8/cm® were terminated with a heavily doped surface
a vacuum. The GaAs—GaAsP sample had no protective filfayer of GaAs(Zn 6.0x 10'%/cm?) to obtain a large band
and was heat cleaned at 550 °G fbh in avacuum. Small bending at the NEA surface.

Photocathode

" 100keV Mott Analyzer |

Laser System |

Il. EXPERIMENTAL PROCEDURES

TABLE I. List of specifications for InGaAs—AlGaAs and GaAs—GaAsP samples.

SLSA 2 SLSA 3
Surface 181Gy gsAS, L=4.8 nm,n(Be)=3.8X 10*° cm 2
Well layer Barrier layer Well layer Barrier layer
SL layer Iy 15G &y gsAs Alg 3658 6AS INg 155 gAS Alg 3658 6AS
L,=1.4 nm L,=3.1 nm L,=2.0 nm L,=3.1 nm
n(Be)=6.0x 10" cm n(Be)=5.8x 10 cm® n(Be)=4.6xX 10 cm™ n(Be)=4.5X 10 cm3
Np,=20 N,=18
SLSP 9 SLSP 16
Surface GaAsl,=5 nm,n(Zn)=6.0x 10'° cm3
Well layer Barrier layer Well layer Barrier layer
SL layer GaAs GaAssdo.34 GaAs GaAg s o33
L,=3.2 nm L,=3.2 nm L,=3.8 nm L,=3.8 nm
n(zn)=1.5x 108 cm3 n(zn)=1.5x 108 cm3
Np=16 N,=12
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FIG. 2. Crystal structure and doping densities of the SLSP 9 sample.

FIG. 4. Profiles of double bunch beam of laser and electron produced by

using the GaAs—GaAsP cathode.
Ill. EXPERIMENTAL RESULTS

The ESP and QE spectra for the SLSP and SLSA cathbeam could be also produced using GaAs—GaAsP photocath-
odes are shown in Fig. 3 against the laser wavelength. Thedes in combination with a 50-keV gun and a 0.7-ns double-
general trend is for the QE to rise at a laser wavelengttbunch laser, as shown in Fig. 4.
corresponding to the band-gap energy, and for the ESP to The full surface of a 14-mm-diameter photocathode was
peak at the QE threshold. Both of the SLSP cathodesradiated with a double-bunch laser at energy of
achieved maximum ESPs of higher than 90%, with SLSP 1&.6 xJ/bunch and a wavelength of 773 nm. The full width at
reaching 92% with a QE of 0.5% at 778 nm. The SLSAhalf maximum of the laser bunch was set at 0.7 ns with
cathodes showed lower ESPs of around 80%, but the higheseparation of 2.8 ns between double bunches in order to sat-
QE of 0.7% was reached by SLSA 2 at 741 nm with an ESRsfy the prospective requirements of linear colliders. The
of 77%. electron double bunches were all of the same pulse height

The reduction of the SCL effect is indispensable for re-and symmetrical shape. The peak current-df.7 A (~8.6
alizing polarized electron beams with sufficient current den-x 10° e/bunch and bunch width of~1.2 ns were deter-
sity for future electron-positron linear colliders, which will mined by the space-charge effect of the 50-keV gun. Thus,
require intense multibunch beams with separation times othe degradation of band bending due to the SPV effect is
1.4 or 2.8 ns? Systematic research on the reduction of thenegligible for this cathode.

SCL effect through the use of GaAs—AlGaAs and InGaAs—  Recently, this SPV effect for SLSP 16 was studied by
AlGaAs cathodes has already been reported by the preseahother approach using core-level photoelectron spectros-
authors"® Here, we demonstrated that such a multibunchcopy in combination with synchrotron radiation and a laser.
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JDos two dotted lines represent the JDOSs for strained layers, and
the two solid lines denote those for strained SL layers. The
latter exhibit a series of quantum jumps with a unit of
m/(7/?), wherem is a reduced mass defined g ,=(m,
Xmyy)/(m.+my,) for hh absorption, and mg,=(m,
X my,)/ (mg+my,) for Ih absorption. The width of the absorp-
tion edge(W,.pn or We.n) corresponds to the sum of widths
for both the conduction and the hh or Ih minibands.

For comparison of the experimental data with the above
JDOS-based\,, and A, spectra it is convenient to use the
spin-resolved quantum efficiencies for left-hand€y) and
right-handed Qg) electrons in an emitted beam as functions
of excitation photon energy. Th®, and Qg spectra are re-
lated to the experimental ESP and QE spectra Qy
FIG. 5. Schematic behaviors of JDOSs as functions of excitation photon: QE(1+ESRH/2 andQr=QE(1-ESRH/2, where the sign of
energy for strained layedotted ling and strained SL layefsolid line) in ESP is defined as positive for left-handed electrons. If the
threshold energy region. Both widths of absorption edge are also indicatedepo|arization effect inside the cathode crystal is small, we
for the hh and Ih absorption. can expect that th&®, and Qg spectra will exhibit quite

similar behavior to the corresponding JDOS spectra. For the
It was found that for liquid-nitrogen temperature the SPVanalysis of polarized photoluminescence, a similar method
effect in thg SL cathode is remarkably_ suppressed comparggag employed earliéf
with that in a bulk-GaAs cathode with Zn dopants of 1 The experimentaQ, and Qg spectra are plotted in Fig.
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Excitation Photon Energy

11
X 10°. 6. As expected from the typical JDOS spectra in Fig. 5, a
steplike jump in QE is clearly observed in tg spectra for
IV. DATA ANALYSIS both the SLSP cathodes, yet is difficult to discern for the

We have experimentally investigated SL photocathodeS-SA cathodes. No such QE steps were observed in any of
with GaAs—AlGaAs, InGaAs—AlGaAs, and GaAs—GaAsp the Qr spectra, probably due to the limited range of wave-
structures, and the highest ESPs obtained by these sampl€89ths covered by our laser system.
are 70%, 83%, and 92%, respectively. The maximum ESp  The parameters of the JDOS-baskg and Ay, spectra
does not equal but depends strongly on the initial polarizaWere determined for the SLSP cathodes using threshold en-
tion (P,) of excited electrons in the conduction band, &nd €rgies for hh and |h excitations calculated by the Kronig—
is in turn related to the coefficients of photoabsorption fromPenny (KP) model;* by approximating the shapes and
the hh(Ay,;) and Ih(A;,) minibands. The explicit relations are Widths of the hh and lh absorption edges by dispersion-
given by A,,=A(1+P;,)/2 andA,=A(1-P;)/2, whereA is  relation curves calculated using the KP model, and by mod-
the total absorption coefficient, and the signRyfis defined  €ling the unit of quantum absorption jump as being propor-
as positive for left-handed electrons. tional to m/(w#?) after the observed jump in QE. Table Il

These photoabsorption coefficiemig, and Ay, are pro-  lists the parameters calculated using the KP model: threshold
portional to the joint densities of sta@DO9 between con- energy(Ey,) and corresponding laser wavelengit), hh—lh
duction and hh or Ih band$.The typical behaviors of these energy splitting(8), and widthsW,, W,, andWj, for the con-
JDOSs in the threshold region are shown in Fig. 5, where thduction, hh and Ih minibands, respectively.
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JDOS-based\,, and Ay, spectralcalculated, where(a)
o.008 | SLSA#2 e=10% © . SLSA#3 £=1.0% T @ and (b) for SLSP and(c) and(d) for SLSA cathodes.
g . Q 1 g 0002} = Q,
4 o Q 2 °Q,
g ooer ” = & —An
E oona} E o001}
g 1649meV, g [1569mevi
& ooz} &
0.000 0.000 Hi AP .
1550 1600 1650 1700 1750 1800 1500 1550 1600 1650 1700 1750
Excitation Photon Energy(meV) Excitation Photon Energy(meV)

Downloaded 23 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



094907-5 Nishitani et al. J. Appl. Phys. 97, 094907 (2005)

TABLE II. Mini-band parameters calculated by the Kronig—Penny model 0.008 _GM&A&}?%AS superlattice
for each sample. g .Q, A
£ o006 | "%
SLSP 9 SLSP 16 SLSA 2 SLSA 3 g —A,,
E oo04 |
Eth (eV) 1.61 1.60 1.57 1.54 § :
3
(nm) 770 770 790 805 2 0002,
s(meV) 81 84 67 37
Wi(meV) 3.5 0.5 9.1 4.8 0.000 j
Wj,(meV) 80 35 113 85 1500 1550 1600 1650 1700 1750
W.(meV) 81 35 107 74 Excitation Photon Energy(meV)
C

FIG. 8. TheQ_ and Qg spectra obtained by the SL 7 cathode.

The calculated JDOS-baséy,, and A, spectra for the

SLSP cathodes are shown in Fig. 6. The threshold position%rejhgld lposition ti)s lsme:;redhby sr?:” amounlts Olf ri%ht—
for the Q_ and Qg spectra do not coincide with those of the handed electrons below the threshold energy level. These

Ann and Ay, spectra, instead being shifted to lower photonright'h"’Inded electrons appear o pe created from Ieft-handed
energies. This discrepancy can be resolved by taking th lectrons through sp!n-fllp interactions, and th|§ smearing ef-
strain relaxation effect into account. The critical thickness gct looks to be an important factor determining the upper

with respect to strain relaxation can be estimated using thlimit of ESP. )

Matthews and Blakeslee’s formutaA net strain(s") is de- The relatively low ESP (~70%) for the
fined for the SL layer as” =&L,,/(L,+Ly), whereL, andL,  C2AS—AbasGa esAs (SL 7) cathode can be understood from
are the widths of the well and barrier layers, respectively, antﬁhe Q_ and Q_R spectra(Flg. 8.

¢ is the strain induced by lattice mismatch between the wel AsSL7isa _n(_)nstramed-layer_ SL sample, the calculated
and barrier layers. The estimated values of strain, net straifi "N €nergy splitting~ 20 meV) is much smaller than for

and critical thickness for each sample are listed in Table 11111€ SLSA and SLSP samples. As a result, the overlap be-

together with the total thickness of the SL layers. tween thEQ!— andQr SPe_C”a in the thrESh_OId region *?ecomes
The SLSA sample has a critical thickness about thred! ore prominent, and it is thought that this overlapping effect

times that for the SLSP cathodes. The total thickness of th mits the ESP of nonstrained-layer SL cathodes.

SLSP sample is about five times larger than the critical thick- Fr_om the abov; data analyfes,hit was cIarififed the;]t the
ness, and significant strain relaxation is expected to occur iﬁxpe;]lmdentalQL and Qg spectra for t rtlae types o dSL pho-
the sample. In fact, a number of small cracks on the surfaciPcathodes (GaAs-GaAsP, InGaAs-AlGaAs, and GaAs-

were observed for these samples. As shown in Fig. 7, re TIGaAs) could be well fitted by the calculated photoabsorp-

sonable agreement is obtained for the threshold positions Hon, Ahhfarr:q A spectra inh the e>|<'ﬁitation. photon energy
the reduced strains after relaxation are assumed to be 0.668910N Of this experiment. The steplike Q.E Jump predl_cted n
and 0.72% for SLSP 9 and SLSP 16, respectively. This Olet_he A, spectrum was clearly observed in the experimental

gree of strain relaxation is reasonable considering that appré&2t SPectra for both the GaAs-GaAsP photocathddes.

ciable relaxation has already been observed for a straine The mechanism that determines the maximum ESP.iS
GaAs layer on a GaAsP buffer Iay]ésr. also understood clearly by the help of data analyses of spin-

b_resolved QE spectra. Comparing the experimeQtahndQg
spectra for three types of SL photocathodes with different

. i larizations, it was confirmed that the most im-
the Ay, spectra can be expected to fit to tQg spectra by maximum po A :
treating the unit of quantum absorption jump as a free paportant factors for achieving high ESP & large hh—lh

rameter. The fitted absorption spectra are shown in Fig. 6. IfEParation energys), (2) narrow joint widths(denoted as
contrast to the SLSP cathodes, tf threshold energy W, iN F|.g.' 5 between .the.con.ductlon' and 'hh'mlnlbands,
agrees quite well with that calculated by the KP model. The?nd (3) minimal depolarization interactions inside the SL
total thickness is less than twice the critical thickness for théayers. Combining factordl) and (2), a condition of §

SLSA samples, and strain relaxation seems to be less impo% Wc-hf] was glerived as the _single most important con_dition
tant. to achieve high ESP and high QE, that is, suppressing the

The Qg spectra for the SLSA cathodes in Fig. 6 and theoverlap between tha,, andAy, absorptions. Conditio(B) is
SLSP cathodes in Fig. Tafter adjustmentshow that the

As can be seen in Fig. 6, no steplike QE jump was o
served in theQ, spectra for the SLSA cathodes. Therefore,

- SLSP#9 £=0.66% ®| .. SLSP#16 £=0.72% ®)
. . . o . g 0% .o ] Soone "% .
TABLE IIl. Estimated values of strain, net strain, and critical thickness forg aQ, E ’ 0Q,
each SL sample. S 0.004] A o @ A7
£ Ay E Ay °
£ £ 0002
] 1569meV! g !
SLSP 9 SLSP 16 SLSA 2 SLSA3  § oo & 1569meV! [ 7omev 4

Strain (e) 1.2 1.2 1.0 1.0 0000 --l;;; n;:o;" T L -:;‘:0 i’aso e
Net strain(e*) 0.60 0.60 0.22 0.25 Excitation Photon Energy(meV) Excitation Photon Energy(meV)
Critical thicknesg(nm) 20 20 66 57
Total thicknesgnm) 107 98.6 98.7 99.9 FIG. 7. TheQ, and Qg spectra with the shifted threshold energies calcu-

lated by using the reduced strains for SLSP samples.
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required to reduce the smearing effect in Qg threshold ments of these features are required urgently for future ap-
region. The above criteria explain why the GaAs—GaAsP+lications such as the Energy Recovery Linac-based light
strained SL photocathode can achieve such high ESP and Q®urce project.
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