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What Makes a Cathode to a Cathode

Conduction Layer —— ! !

Defined Growth Layer»»

SB—Rb-Cs or SB—K=€FCa¥HOHe

= (transmission) Cathode has multiple layers:

ANT 11

Antireflection coating on outer surface

Glass window

Antireflection coating between glass and cathode
Conduction / growth-enhance layer

Cathode

Emitting surface

Anti—reflection coating
(air—window)

Glass Window

Anti—reflection coating
(window—cathode)
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What is a Photocathode?
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= Various cathodes are feasible

— Only semiconductor cathodes are useful for detection applications

— Multi-alkali are the the only cathodes available at 400nm and polycrystalline
= Focus on Multi-alkali cathodes:

— Cost efficient thin film technology

— Low dark current

— High conductivity

— Relative robust (unclear what destroys the cathode)
ANT 11
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QUANTUM EFFICIENCY: QE (%)

Development over the Past Years
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\ |
What Determines the Quantum Efficiency?

= |n perfect Material (multi-alkali)

— Original photoelectron direction is random
(due to s-p character of valence &
conduction band).

— Cone determined by kinetic energy and
surface barrier.

— Phonon scattering helps to increase slightly
the escape probability.

Maximal QE ~ 60%?
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Why does Materials Quality Play a Role?

| ipporig draiediogndary scattering = Description of cathode functionality in
Spicer-Three-Step-Model
— Absorption, Transport, emission
Free carrier = No scattering:

Vacuum level — Photon energy is converted in kinetic
energy of photoelectron

Surface barrier

CB Transpo

=0

— — Electron will be emitted (as long as
momentum perpendicular to surface
is large enough)

=  Phonon scattering
VB — Small energy loss per scattering event

— Randomizing direction
Material composition determines: = Impurity/grain boundary scattering
= Band gap — Large energy loss per scattering event

=  Work function — Small probability to escape!
= Surface barrier

ANT 11
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The Role of Homogeneity = Band bending depends
on:
— Fermi level
— Band gap of the
MgO K,CsSb different materials
(defects) -

Fermi level depends on
— Dopant level
— Structural defects
— Strain or stress

=  With of band-bending
depends on:

---------- S e R e I B (- Ny

3.1eV(400nm) — Carrier density in
both materials

— Isin the order of 10’s
of nm

= Resulting effect of
band-bending:
— Breaks symmetry
— Converts potential

energy into kinetic

ANT 11 energy
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A Closer Look to Multi-Alkali Cathodes
100
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= Typical compound: SbA,
= A:(Li), Na, K, Cs

= Various combinations are
possible

Spectral Responsivity [mMA/W]

RbiCsSh

R

K Cg-Sb Na-K:Sh:Cs|(S-20)
(),1 2 2 2 2 2 2 2

100 200 300 400 500 600 700 800
Wavelength [nm]

A. Lvashenko

ANT 11

10/11/11



N |
What Can We Learn from the Past?

350C
B33 * The cathode of interest: CsK,Sb

= Recipe from different communities

— Various recipes are available

RT Under-layer Coating
l BBB/SbXOy — Recipe includes:

e Process timing

* Process temperatures (and
ramps)

RT Sb-evaporation

e Evaporator design, pump rates,

B33/SbXOy/Sb details of materials.....

e Recipe depends on evaporator
system

160C K-evaporation =  Groups of recipes

B33/SbXOy/K3Sb — Either Co-evaporation or
sequential evaporation

— Interlayer between glass and

160C
A
B33/Sb,0,/CsK,Sb
- ANT 11
N 9
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What Happens on an Atomistic Level?
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B33 (substrate)

How clean is clean

Is there any influence
of surface states

Interlayer

Chemical composition

Roughness

structure

Conversion of
Sb-Metal -> K;Sb
Influence of Sb-Metal

structure on final K;Sb
structure?

Final structure

Final composition

Conversion of

K3Sb -> CsK,Sb

Same questions as
above

10
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Surface-Cleaning

|

Under-layer Coating

|

The Cathode Processing

Sb-evaporation

Sb-Metal

err;;;ﬂMaker

DEMO VERSION

Trigonal

R-3m

a=4.307; b=11.273
a=90; 3=90; y=120

ANT 11

K-evaporation A Cs-evaporation

K;Sb-semiconductor K,CsSb-Solution

CrystaiMaker

CrystgiMaker

DEMO VERSION DEMO VERSION

Fm-3m
a=8.493

11
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X-ray Scattering: A Perfect In-Situ Tool to Analyze
Composition, Structure, and Chemistry!

= The elementary process

— Each atom scatters X-rays in 4n

Yo
‘\\/ — An ensemble of atoms:
e Crystalline form produces “bragg”-peaks
dI » "l ’)N * Amorphous materials produce a “Pair-

Distribution-Pattern”
= Single wavelength diffraction:

— Single crystal produces typically only one
reflection (or none)

— A powder of single crystals produce Rings
What information is in the diffraction pattern

— 2-Theta position is a measure for the lattice-
plane distance

— Phi-position reflects orientation of the
crystallites

— Width and shape of the reflection reflects
L 0,05 crystallite size and/or strain of the crystal

general GISAX-setup

Detailed analysis of peak-shapes will produce

electron-density map of sample
ANT 11
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Data-Processing
CeO, Pattern Azimuthal Integration and fit of peak positions
;;\ =1 Data-Analysis:

— Calibration with known standard

///////\\\\ (Ce02)
V) i NN\

v > | - “E - B33
////%\\\\\\ \ d e "A Li f ! H & lxul‘ ‘JU“ — szzt;3§ ?:)::t;nrri )
N (([ ‘(/{ ‘ W ‘\\ w — Result: Difference showing only
Sb-film and changes on glass-
subtrate
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The Transition from Sb-Film to K;Sb-film
A Key for the Quality of the Cathode

RT 100C 300C

Sb-Metal K;Sb-semiconductor

O

eréﬁlMaker o CrystalMaker
DEMO VERSION DEMO VERSION

X-ray powder diffraction data:

=  Sb-metal diffraction .

No crystalline phases = No Sb-meta

pattern _ = All metallic Sb has = Peaks correspond to KSb-
" Strong textureing reacted or is amorphous structure (not K,Sb)

ANT 11
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Sh-metal film ——

Thick itor: 16 |
(Thickness monitor: 16nm) Sb (003) Sb-Metal film

-followed by heating to 100C Crystalline with texture

[—

K-evaporation at 100C Sb (012) |
(Thickness monitor: 63nm)

-waiting for 30min

intensity [a.U.]

Amorphous Sb/K film
Very rough

Crystalline KSb- and
non-identified Phase

Heating to 300C
-waiting for 30min

j iE after
ShKSh-film[jafter heating (300[1) E—

K-evaporation at 100C

intensity [a.U.]

| Sb-evaporation enhances
| KSb-crystalline growth

(Thickness monitor: 16nm)
-waiting for 30min

) <=

Cs-evaporation at 100C CoEtines Tt of Henting Cs-evaporation does not

18 19 20 21 22 23 24 25 26 27

(Thickness monitor: 16nm) | - Tlagramangs — | create a crystalline
-waiting for 30min 1 Cs-phase

intensity [a.U.]

Additional heating
creates CsSb- and
a non-identified phase

‘ ANT 11
L : e ia 20 2l2 24 és 15
° - 2-theta [dgree] 10/1 1/11

Heating to 300C
-waiting for 30min




\ |
Summary of In-situ Growth Experiment

Sh K Cson Si X21 Oct 2011 Samp 3 1Date:10/5/2011 4:31:31 PMHV:15.0k
17.27kcpsCenter Average

El AN Series wunn. C norm. C Atom. C Error

[wt.%] (Wwt.%] [at.%] [%]
C 6 K-series 0.54 0.56 1.35 0.9
O 8 K-series 3.69 3.85 6.90 1.1
Si 14 K-series 84.15 87.79 89.71 3.5
K 19 K-series 0.52 0.54 0.40 0.1
Sb 51 L-series 3.88 4.05 0.96 0.6
Cs 55 L-series 3.08 3.21 0.69 0.3

Total 95.86 100.00 100.00
» Observations: Very K-rich (K-metal?)

— Sb-metal film growth often strongly textured

— K-evaporation onto of Sb-metal yield to an amorphous material or glass (no long range
order)

— Formation of islands are unlikely since this would favorite crystalline phases which
cannot be detected!

— K-Sb mixture crystallizes at 300C (dynamics, activation energies are currently not known
but can be extracted from existing data set)

— Crystallized K-Sb film is mainly KSb with strong texturing (orientation and crystal size can
be concluded from existing data set)

— Cs behaves very similar to K

— Produced cathode was not homogeneous: largely a CsSb-phase and a crystalline non
identified CsKSb-phase

» ANT 11
X 16
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The Transition from Sb-Film to K;Sb-film

Surface Roughness during the Processing

Sb-Metal

S
<
™
©
@
o 0
2
Q
E
<

K-evaporation
started

Amplitude of FT [A.U]

K-evaporation
ended

Amplitude of FT [A.U]

heating

Amplitude of FT [A.U]

Nice smooth film with 19nm
thickness

Height distribution ~3nm

Decrease of peak height
indicates fraction of surface
don’t contribute to signal

Height distribution ~5-7nm
No double layer structure

No reflectivity signal detectable
Very rough!

Reflectivity signal comes back
Not all surface has recovered
Goes ahead with crystallization!

17
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Influence of Interface Layer

= Commonly used materials:

Crystal Lattice Band gap
group parameter

o0k Fd-3m a=11.152A 3.7-3.9eV

Sb,0, Fd-3m a=10.26A  yes ?

MgO Fm-3m a=4.2117A excellent 4.7-7.8eV

BeO P6;mc a=2.698A no 10.7eV
c=4.3772A

K;Sb Fm-3m  a=8.493 1.4eV

CsK,Sb Fm-3m  a=8.61 1.0-1.2eV

BeO is used to produce super-bialkali cathodes!

‘ ANT 11
Q_ 10/11/11 18



Combining Wide-Band-Gap Materials with Alkali Systems

Width of depletion zone
MgO K, CsSb depends on carrier
/concentration (typically
10’s of nm)

Fermi-Level
__________ + e LT EEE T | 1.1eV (1128nm)
3’leV (400nm) S Width as a function of impurity concentration
10 p—
— 100V
— 2000V
10 i
10 o
%“’ B e
s
10 o o
~
10 TN
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Conclusion

= |n-situ X-ray diffraction and reflectivity was applied and provides:

Compound composition during the processing
Structural information on crystallinity, size and orientation of crystals
Temporal evolution of these parameters

= Results of the presented experiment:

Alkali-evaporation at 100C substrate temperature yields to amorphous or glassy
material

No transversal but lateral segregation is observed.

Crystallization can be achieved at 300C heating (necessary time can be extracted from
data)

Grown cathode is more of the CsSb and some non-identified CsKSb-compound (not
CsK2Sb)

Crystallinity (and texture) of the final film is independent from the Sb-structure but may
depend on the KSb-crystallinity and the influence of the substrate layer?

= Next goals

ANT 11

Improve in-situ experiment so that many cathode recipes can be investigated.
Influence of the substrate on the crystallization process of the Alkali compound

Determination of activation energies and rate constants of the crystallization process
(for the different compounds).

20
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R3-mh 4.307 4.307 11.273
Cs3Sb

‘ ANT 11
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N
Structure and Composition: Cs3Sb, an Example

Journal of Phase Equilibria Vol. 18 No. 4 1997

Atomic % Antimony

The following phases
(and mixtures) are
possible (equilibrium):

Cs;Sb
Cs,Sb
Cs:Sb,
CsSb
CsSb,
Cs;Sb,

Maximal process temperature
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Identifications of Peaks

SbK (after temper) Additional K- SbKCs
evaporation
19.03 18.95 Sb (003) 18.45 18.45 17.45 17.26 CsSb(112)
23.217 23.00 Sb (012) 18.75 18.75 17.74
21.53 21.41 KSb (104) 21.53 21.41 KSb(104) 18.22
21.82 21.82 19.41
22.31 22.31 20.36 20.16 CsSb(021)
23.30 22.98 KSb(121) 23.30 22.98 KSb(121) 20.78
19.57 21.10
20.17 21.38 21.07 CsSh(113)

23.9 23.73  K3Sb(110) 21.80

2425 23.80 KSb(114) 221 2171 CsSb(202)
248 243  K(111)& 227 2228 CsSh(121)
K3Sb(103)

256 253  KSh(121) 2437 23.82 CsSb(212)
24.88 2420 CsSh(122)

25.8 25.33  CsSh(023)
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