SLAC-PUB-7960

September 1998

Recent Developme nts on Straine d Photocathode Research*

T. Maruyama, J. E. Clendenin, E. L. Garwin, R. E. Kir by,

G. Mulho llan, C. Y. Prescott, and H. Tang

Stanford Linear Accelerator Center

Stanford University, Stanford, CA 94309

R. Mair and R. Prepost

University of Wisconsin, Madison, WI 53706

Presented at the

LowEnergy Polarized Electron Workshop

St. Petersburg, Russia

September 2-5, 1998

* Work supported byDepart ment ofEnergycontract DE-AC03-76SF00515

RECENT DEVELOPM ENTS ON

STRAINED PHOTOCATHODE RESEARCH*

T. Maruyama 1 , J. E. Clendenin 1 , E. L. Garwin 1 , R. E. Kir by 1 , R. Mair 2 ,

G. Mulho llan 1 , R. Prepost 2 , C. Y. Prescott 1 , and H. Tang 1

(1) Stanford Linear Accelerator Center, Stanford, California USA

(2) University of Wisconsin, Madison, Wisconsin USA

ABSTRACT For the past five years, strained GaAs photocathodes have been used for the SLAC po lar ized electron source producing electron beams having a spin po lar izat ion of78% (85%) for high ( low) current operation. Photocathode research has been continuously conducted to understand the cathode character ist ics and to improve per for mances. This paper descr ibes the recent developments in the strained photocathode research at SLAC.

1. INTRODUCTION

When a thin layer of GaAs is grown epitaxiallyon a substrate materialpossessing a slight lysmaller lattice constant such as GaAsP, the lattice mis match is acco mmodated bya coherent biaxialco mpressive strain within the GaAs layer. The strain alters the band structure of GaAs such that the strain dependent energydifference ofthe heavy-ho le and light-hole bands relat ive to the conduction band is given by,

E 0 C ,HH = E 0 + d E H ˘ d E S (1)

E 0 C ,LH = E 0 + d E H + d E S ˘( d E S ) 2 /2 D 0 , (2) where E 0 is the direct band gap of fullyrelaxed GaAs and D 0 is the spin orbit splitt ing.

The quant it ies E H and E S represent the hydrostatic shift ofthe center ofgravit yo fthe P 3/2 mult iplet and the linear splitting o fthe P

3/2 mult iplet respectively, and are given in ter ms ofthe biaxialstrain, e || , parallelto the interface by, d E H = 2 a [(C 11 -C 12 )/C 11 ] e || , and d E S = b [(C 11 +2C 12 )/C 11 ] e || , where the parameters a and b are the deformat ion potentials, and the C ij are the elast ic stiffness constants. Since the biaxial strain is compressive, the effect ofthe strain is to increase the band gap energyand remove the degeneracyo fthe heavy-ho le and light-ho le levels. The two important parameters in the GaAs-GaAsP structure are 1) the thickness ofthe GaAs layer and 2) the phosphorus fraction, x, in the GaAs

1 -x P x buffer. While a thicker GaAs layer yields a higher quantumefficiency (QE), the strain relaxat ion gets larger with the thickness result ing in a lower electron-spin po lar izat ion. A larger phosphorus fraction produces a larger lattice- mis match and therefore a larger strain.

However, the GaAs thickness must be reduced to accommodate the larger latticemismatch.

_______________________________________

* Work supported byDepart ment ofEnergycontract DE-AC03-76SF00515

2. PHOTOCATHODE CHARACTERIZATIONS

Electron polar izat ion and QE are measured in the cathode test systemequipped with a load- lock for cathode introduction/removal and a compact medium-energy(20-30 kV) retarding- field Mott polar imeter [1]. The load-lock feature is particular lyimportant for invest igat ing photocathode characterist ics since it eliminates the systemdependence.

Fig. 1 shows the cathode test system, and Fig. 2 shows a typical polar ization and QE measurement as a function o fthe excitat ion wavelength. This particular sample was used for the 1997-1998 SLC run.

Fig. 1 The cathodetest system.

Fig. 2 Polar izat ion and QE measurements.

X-raydiffract ion is used to analyze the lattice structure. Sinc e the strained GaAs layer has a tetragonalcr ystalstructure, two lattice constants parallel, a || , and transverse, a ^ , to the interface are measured. For a reflect ing plane ( hkl ), the Bragg angle

q is given

by,

Symmetric (004) and asymmetric (224) and (224) Bragg reflections are used to measure

the lattice constants a ^ , and two lattice constants a || [110] and a || [110] along [110] and [110].

The two lattice constants along [110] and [110] are different as a result of anisotropic

strain relaxation. The transverse and parallelstrains, e ^ and e || , are calculated by e ^ =(a ^

- a 0 )/a 0 , and e || =(a || - a 0 )/a 0, where a 0 is the GaAs lattice constant.

A straightforward and useful technique for studying the band structure ofa direct

band gap semiconductor is through the detection ofrecombinat ion radiation fro m

opticallypumped electrons [2]. Such radiat ion is referred to as photoluminescence (PL).

· ^

+

+

=

2

2

2

||

2 2 sin 2 a

l a

k h l

q

In a p -type GaAs cr ystal, electrons opticallypumped across the band gap ther malize to the bottomofthe conduct ion band before recombining with valence band ho les.

Therefore, the result ing PL spectrumis related to the energydependence and separat ion ofthe participating bands. Further more, ifthe po lar izat ion states ofthe opticalpump beam and PL are measured, addit ional infor mat ion regarding the symmetr yofvalence and conduct ion band wave funct ion may also be obtained. For the GaAs-GaAsP structure, two PL peaks are observed when a He- Ne laser is used for excitation. One peak observed around 850 nm is produced bythe strained GaAs layer, and the peak wavelength is used to measure the band gap energy. Wit h the presence ofstrain, the band gap energyshift s in a well defined manner and is dir ect lyobserved as an equivalent shift ofthe luminescence peak. Another peak observed around 700 ˘ 750 nm is produced by the GaAsP buffer, and the peak wavelength is used to measure the band gap energyofthe

GaAsP buffer. The luminescence peak posit ion for GaAs

1 - x P x is expected to fo llow

E PL (x) = E PL (x=0) + (1.15 x + 0.176 x 2 ) eV , where E PL (x) is the observed luminescence peak energy, and the phosphorus fract ion, x, ofthe GaAs

1 -x P x la yer is readilymeasured.

3. GaAs-GaAsP STRUCTURES [3]

In the past seven year s, over 30 photocathodes ofthe GaAs-GaAsP structure have been invest igated. The thickness ofthe strained GaAs layer was var ied from50 nm to

500 nm, while the phosphorus fract ion in the GaAs

1 -x P x buffer was fro m20% to 33%.

Most ofthe ^production~ photocathodes used for the SLAC polar ized electron source were 100 nm-thick GaAs with 28-30 % phosphorus. For allthese samples, polar izat ion and QE were measured, PL spectra taken, and the lattice structure analyzed byX-ray diffract ion.

Fig. 3 shows the luminescence peak posit ion ( measured in eV) ofthe strained

GaAs layer as a funct ion ofthe residualstrain measured byX-raydiffraction. Since the radiat ive transit ions are expected to be predominantly to the heavy-ho le valence band, it is appropriate to compare the observed strain dependence ofluminescence peak posit ion with the expected strain dependence ofthe band gap ofthe conduction band and the heavy- ho le band given by Eq. (1). The strain dependence is expected to be D E = (8.2 eV) e ^ , which is consistent with the observed dependence.

Fig. 4 shows the peak electron-spin polar ization as a function ofthe residualstrain measured by X-raydiffr act ion. The thickness ofthe GaAs layer is indicated with different symbo ls. The peak polar izat ion is wellcorrelated with the measured strain.

However, the highest polar ization was limited to about 80 %, and the highest strain was e ^ ~ 7x10 -3 , which is about 80% ofthe designed lattice-mis match. As the thickness ofthe

GaAs layer was reduced, the samples showed higher po lar izat ion and strain, except for the two 50 nm-thick ones whose polar izat ion and strain was lower than the 100 nm-thick samples. Two samples doped at 2x10 19 /cm 3 show much lower polar izat ion than all other samples doped at 5x10 18 /cm 3 .

A set of GaAs-GaAsP photocathodes with var ying levels ofstrain has been used to studythe fo llowing photocathode properties, 1) QE anisotropy, 2) deformat ion potentials for GaAs, and 3) low temperature anomalies.

Fig. 3 PL peak energyo fstrained Fig. 4 Peak polar izat ion as a funct ion ofresidual

GaAs as a funct ion ofresidualstrain. strain. The different symbo ls indicate different GaAs thickness. All samples are doped at 5x10 18 /cm 3 except for the two samples doped at 2x10 19 /cm 3 indicated by the cross.

3.1 QE Anisotropy [ 4 ]

When a lattice- mismatched layer is grown on a substrate, the misfit is accomodated byelast ic strain in the epitaxiallayer. However, ifthe epitaxial layer exceeeds a cr it ical thickness, the stored elast ic strain in the epitaxial layer is relieved by misfit dislo cat ions. For the zinc-blend structure, mis fit dislocations develop asymmetr ically alo ng the two orthogonaldirect ions [110] and [110], result ing in an anisotropic strain or equivalently a shear strain within the plane ofthe epitaxial layer.

The shear strain willmix the heavy- ho le and light-hole/split-off valence states and affect the opticaltransit io n probabilit ies. Since the mixing occurs onlybetween opposite m j states, ifthe excitat ion light is 100% circular lypo lar ized, only one state can be excited and the electron-spin po lar ization willbe unaffected. However, ifthe excitat ion light is linear lypo lar ized, more than one state can be excited and the excitation probabilit ies will be dependent on the direction o flinear polar izat ion result ing in a quantumefficiency anisotropy.

Figure 5 shows the QE anisotropyas a funct ion ofthe azimuthal angle ofthe linear polar izat ion axis relat ive to the [100] direction. The maximum QE anisotropy occurs at f = 135 ° , implying that the maximum and minimumQE for linear lypo lar ized light correspond to the [110] and [110] axes, respectively. Fig. 6 shows the measured shear strain and QE anisotropyas a function ofthe degree ofstrain relaxat ion. For small relaxat ions, the generated shear appears proportionalto the degree ofrelaxat ion. At some point however, the anisotropic relaxation ceases and there is movement towards an inplane symmetr ic strain.

The exist ence ofa QE anisotropyin strained layer photocathodes used for polar ized electron sources may lead to helicit y dependent intensit yvar iat ions if there exists a small, unintent ional, linear co mponent in the circular lypo lar ized light.

Fig. 5 QE anisotropyas a function of Fig. 6 Measured shear strain (circle) and QE azimuthal angle.

anisotropy(square) as a funct ion ofstrain relaxat ion.

3.2 Deformation Potential Measurement [5]

As descr ibed in Introduction, the defor mat ion potentials relate lattice strain and the electronic band. The deformation potentials a and b for GaAs have been measured fro mpo lar ized photoluminescence measurements upon a set ofstrained GaAs photocathodes possessing var ying levels o fstrain. X-raydiffract ion measurements yield values for the degree oflattice strain while the po lar ized photoluminescence measurements permit a separate determinat ion ofthe heavyho le and light hole energies.

Each ofthe samples used in this studywas subjected to an etch process in order to remove the GaAs substrate. Complete removalo fthe GaAs substrate material was found to be cr it icallynecessar yin order to obtain PL spectra fromthe strained GaAs layer without unwanted contributions fro mthe substrate.

For an electron spin po lar iz at ion S in the conduction band, the PL circular polar izat ion associated with each ofthe valence bands has a magnitude S but is opposite in sign for each valence band. The result ing equat ion descr ibing the wavelength dependence ofthe PL circular polar izat ion,

,

) ( ) (

) ( ) 1 ( ) ( ) 1 (

) (

2 1

2 1 l l

l l l

V V

V V

PL I I

I I

S P

+

- + +

= is co mbined with the PL intensit y I avg = Iv 1 + Iv 2 to deconvo lve the PL contribut ions fro m the V 1 and V 2 valence bands to yield the fo llowing equat ions for the individualPL contributions,

The peak splitt ing ( Ev 1 ˘ Ev 2 ) and average peak energy( Ec-1/2(Ev 1 +Ev 2 ) ) are determined fro mthe deconvolved spectra I V1 ( l ) and I V2 ( l ). The expected strain dependence ofthe band splitt ing is given by the difference of Eqs. (1) and (2) and is dependent only on the deformation potential b . Similar ly, the expected strain dependence ofthe average band posit ion is given by the average o f Eqs. (1) and (2), and is dependent on the defor mat ion potential a wit h only a ver ysmallquadratic dependence on b . Fig. 7 shows the PL peak splitt ing plotted against the transverse strain along wit h the best fit. Fromthe fit, a value of b = -2.00 ± 0.05 eV is found. The average PL peak energyplotted against the transverse strain is shown in Fig. 8. A best fit yielded a value of a = -10.19 ± 0 .22. Here, the value for b obtained fromthe data in Fig. 7 is used where needed.

Fig. 7 Measured luminescence peak Fig. 8 Measured average luminescence peak splitt ing against the transver se strain. energy against the transverse strain.

3.3 Low Temperature Anomalies

To studytemperature dependence on luminescence circular po lar ization, luminescence measurements are perfor med at 78 K and 12 K. The PL spectra willshift

), ( )

) (

1 (

2

1 ) (

1

l

l l avg

PL

V I

S

P

I + =

). ( )

) (

1 (

2

1 ) (

2

l

l l avg

PL

V I

S

P

I - = to shorter wavelengths upon cooling due to the temperature dependence ofthe band gap.

Other expected temperature dependent effects are the narrowing ofthe PL spectra at low temperature and a more rapid enhancement in luminescence circular polar izat ion. This is due to both a decreased levelo fband tailing and a smaller k B T spread in the Fer midistr ibut ion. This mayalso result in a higher circular polar izat ion.

Fig. 9 shows the measured luminescence circular polar izat ion as a funct ion of pump wavelength at roomtemperature, 78 K, and 12K. The expected wavelength shift and sharpening ofthe luminescence circular polar izat ion curve at lower temperature are both obser ved. Further more, the peak polar izat ion increased upon cooling fro mroom temperature to 78 K. However, the 78 K data show a region where the polar izat ion decreases, with increasing pump wavelength, before ultimately exhibit ing the character ist ic strain enhancement. The small^dip~ in po lar izat ion obser ved in the 78 K data is more pronounced in the 12 K data. In fact, the ^dip~ is so severe that the polar izat ion decreases to almost zero with no overallpo lar izat ion enhancement seen.

Recent lyGer man and Subashiev proposed a modelwhich explaines the low temperature anomalies [6]. In highly p -doped semico nductor, the Fer mi-levelis located below the top ofthe heavy- ho le band. At low temperatures where the band tailing is smaller and the top ofthe heavy- ho le band is empty, the transit ions fro mthe light-ho le band rather than fromthe heavy- hole band can predominate, resulting in a decreased or even an opposite-sign polar izat ion. This effect is sensit ive to temperature, doping level and band-tailing.

Fig. 9 Luminescence circular polar izat ion as a funct ion ofpump wavelength at room temperature (solid circle), 78 K (open circle), and 12 K (square).

4. OTHER STRAINED HETEROSTRUCTURES

Th e GaAs-GaAsP photocathodes have perfor med extremelywell producing highlypo lar ized electrons for the e + e - co llider exper iment (SLD) as wellas the fixed target exper iments at SLAC. However, there is roomfor improvement in the electron polar izat ion. The less-than- ideal po lar izat ions are a result ofboth imper fections and depolar izat ions wit hin the photocathode. Imper fectio ns, usually in the for mofstrain relieving dislocat ions, contribute to inco mplete separation ofthe heavy and light hole bands. Fromthe sur face morpho logystudyand transmissio n electron microscopy analys is ofthe GaAs-GaAsP structure, it was found that the misfit dislocat ions and other cr ystalimper fect ions were predominantly produced in the GaAsP buffer layer. Several attempts have been made to improve the qualit y ofthe GaAsP layer. 1) After GaAsP layer growth, the growth was paused and the layer was annealed at 900 ° Cin an attempt to reduce the number ofdislocations. 2) Strain relieving super lattice GaAs

1 -x P x -GaAs

1 -y P y was grown prior to the GaAsP buffer growth. 3) Strained GaAs was grown direct ly on

VPE-grown Te-doped n-type GaAsP pseudo-substrates.

Other strained heterostructures have been invest igated as well. 1) Instead of

GaAsP, InGaP was used for the buffer layer. This structure was studied for two different substrates, GaAs and GaP. 2) Strained GaAs

1 -x P x was grown on GaAs 1-y P y to test band gap shift ing.

To date, none ofthese structures have shown better performances than the GaAs-

GaAsP structure. Further studies with different cathode parameters are required.

5. CONCLUSIONS

Strained photocathode research has been cont inuously conducted at SLAC to understand the cathode characterist ics and to improve perfor mances. The GaAs-GaAsP structure has yielded electron polar ization as high as 85%, but such high polar izat ion is possible only when the cathode QE is less than 0.02%. When high QE is required, the maximumpo lar izat ion seems to be limited to about 80%. Although severalattempts have been made to overcome this limit, no structure has shown better performances than

GaAs -GaAsP.

ACKNOWLEDGEMENTS

W e thank H. Kawamata for assistance in the X-raydiffract ion analysis o fthe

GaAs-GaAsP samples.

REFERENCES

[1] G. A. Mulho llan, ^Proceedings ofthe Workshop of Photocathodes for Polar ized

Electron Sources for Accelerators,~ p. 211, SLAC-432, Januar y 1994.

[2] R. A. Mair , Ph.D Thesis, Universit yo fWiscons in 1996.

[3] T. Maruyama, E. L. Garwin, R. Prepost, and G. H. Zapalac, Phys. Rev. B46, 4261

(1992)

[4] R. A. Mair et al, Phys. Lett . A212, 231 (1996).

[5] R. A. Mair et al, Phys. Lett . A239, 277 (1998).

[6] E. P. German and A. V. Subashiev , JETP- Lett . 65, 867 (1997)