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Overview

• Background of InGaN photocathode development.

• Facilities for device growth and evaluation.

• Experimental Results:

• Epitaxial Cathodes.

• Amorphous Cathodes.

• Transfer/cleaning techniques.

• Direct deposition on MCPs.

• Upgrades for tube sealing, VUV measurement.

• Future plans.
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Materials Properties of GaN, InN, AlN and Alloys
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Materials Properties of GaN, InN, AlN and Alloys

• Crystal Phase:

• Hexagonal or cubic lattice

• Band gap energy ranges from 0.8 to 6.2 eV

• Epitaxial growth on sapphire window substrates (other substrates 
such as AlN, GaAs and Si also possible)

• n-type doping with Si (intrinsically n-type)

• p-type doping with Mg

• Negative electron affinity surface (NEA) with Cs activation (intrinsic 
NEA possible with AlN)

• Amorphous Phase:

• Predicted to have a ``clean’’ energy band gap (absence of electronic 
defect states)

• Growth at room temperature

• Large area deposition possible on almost any substrate

• Electron and X-ray diffraction confirm films are amorphous

• NMR studies show local-disorder-mode “motion” typical of glassy 
materials
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Design Concept and Results
               

         
Band structure concept for 1998 Proposal

RHEED images from growth optimization

• Original design concept (1) epitaxial growth on a UV-
transparent window substrate (no etch-stop and transfer as for 
GaAsP), (2) use of an AlN buffer layer for lattice matching, 
refractive index matching and a reflection barrier for electrons 
keeping them from defects at the wall (3) graded composition 
for an internal field to aid mobility, (4) in-situ Cesation (5) 
alloying with Indium to reduce bandgap

Demonstration of shift in band 
structure by alloying with In

TEM image of WU GaN/InGaN 
structure grown on c-plane sapphire
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MBE Growth System

N2 Plasma
Source

Ga, In and Mg
Knudsen Sources

RHEED Camera

Al and Si
e-Beam sources

• MBE utilizes a UHV growth chamber with a rotating, heated substrate 
and shuttered effusion sources (Ga, In and Al) as well as a Nitrogen 
plasma source for epitaxial growth of InGaAlN.
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MBE Growth System

N2 Plasma
Source

Ga, In and Mg
Knudsen Sources

RHEED Camera

Al and Si
e-Beam sources

• MBE utilizes a UHV growth chamber with a rotating, heated substrate 
and shuttered effusion sources (Ga, In and Al) as well as a Nitrogen 
plasma source for epitaxial growth of InGaAlN.

Our system currently has the capability of 
growing wafers up to 3 inch in diameter
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Activation and QE Measurement System

• WU system includes a number of 
vacuum transfer stages for in-situ 
Cs activation, docking with 
electron multipliers and readout 
electronics as well as in-situ QE 
measurements.

• Unique UHV transfer capability for 
cathode growth, device integration 
and testing without removing from 
vacuum
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Cesium Activation

• Ion-beam source for Cs activation.  Cs exposure monitored by Ion current

Saturday, April 6, 2013



Buckley& Leopold                                           III-V Photocathodes+Tube Sealing               Godparent Review, ANL, April 6, 2013

QE Measurement System

• Hybrid phototube with 7-pin photodiode array, and two independent HVs for gain 
and cathode bias.  External low-noise preamplifier and data acquisition system 
connected by vacuum feedthroughs.

• UV-fiber coupled signal from monochromatic pulsed light source.
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Epitaxial Photocathode QE

• Epitaxial cathode heterostructures demonstrated ~40% QE at 250 nm, rising at 
shorter wavelengths where our system lacked a hard UV calibration.
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Amorphous InGaN Cathodes

• We have grown amorphous InGaN on sapphire (left) and on stainless steel (right)

• Now have the capability to grow efficient cathodes at low temperature on a 
variety of substrates.
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Amorphous Cathode QE

No anneal, first activation

No anneal, second activation

300C anneal, first activation

300C anneal, second activation
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QE for a-In0.5Ga0.5N

• With repeated Cesation, a-GaN cathodes reached a high QE (comparable to 
epitaxial cathodes)

• Final devices were robust, showing little degradation with time.
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In0.5Ga0.5N with In cap layer

In0.5Ga0.5N with In cap layer after heating

In0.5Ga0.5N after heating + Cs reactivation

In0.5Ga0.5N immediately after growth and Cs activation

• Capped cathode was exposed to air (no bag or hermetic container) for 
several months, then capping stripped off with heat.  Changes in QE 
through process are shown below:
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Materials Optimization for Longer Wavelengths

• Recent results from ongoing optimization shows improvements in longer 
wavelength response.
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33mm MCP in MBE System

SS Plate with hole
MCP

Wire Contact/
Spacer

Moly 
PlateBayonet-lock to transfer arm

• Developed holder for ALD-coated MCP for a-GaN cathode deposition, Cs activation

• Modified existing HV feedthroughs to allow biasing MCP, current measurement, and 
pused-signal detection from anode plate
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Gain and QE measurements of MCP
• Developed method to separate changes in gain from changes in QE

we used the experimental procedures described below.

5.1 Derivation of Fluctuation Procedure

The voltage reaching the scope is essentially the gain of the electronic amplifier multiplied
by the charge, Q, coming out of the MCP. That charge is the number of photoelectrons
produced in the first stage of the amplifier, Npe, multiplied by the charge of an electron and
the gain of the MCP, gM .

Vpk ≡ Peak voltage at the oscilloscope = gEQ = gE(gMNpee) (1)

For the purposes of this analysis it is efficient to consider the electronics and the MCP gains
as a single gain, g = gE · gM . If we wish to separate them later on, we can easily find the
gain of the electronics to find out the gain solely due to the MCP. Therefore we have

Vpk = gNpee (2)

If we consider the uncertainty in the peak voltage, then the rules of error propagation for
Gaussian fluctuations yield

σ2
Vpk

V 2
pk

=
σ2
g

g2
+

σ2
Npe

N2
pe

(3)

For the moment, we consider uncertainty in the gain since it could potentially from MCP
cascade to cascade and the electronics gain could vary due to noise in the system. Since
the creation of photoelectrons is a random process dependant on whether or not an incident
photon will collide with the wall of a channel and succeed in liberating a photoelectron, Npe

is subject to a Poisson distribution over the pulses. This distribution has a mean of Npe with
σ2 = µ = Npe for Npe � 1. Substituting into equation 3 gives

σ2
Vpk

V 2
pk

=
σ2
g

g2
+

1

Npe
(4)

The quantity we are actually measuring is the peak voltage across the oscilloscope, and
the terms present are either constant over the course of the experiment or depend on that
peak voltage. It is therefore reasonable to consider this quantity as a function of mean peak

voltage for calculation purposes. The term
σ2
g

g2 is a constant for a given setup as we vary
the number of photoelectrons, so if we consider the region where Npe is small, we can say
that

σ2
Vpk

V 2
pk

≈ 1

Npe
(5)

Recalling the relation in equation 2

ge

Vpk

= (
σVpk

Vpk

)2 (6)

g = Vpk
1

e
(
σVpk

Vpk

)2 (7)
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or pulse amplitude

change in gain
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σVpk

Vpk
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= ge

�
1

V̄pk

�

(from Senior Thesis by WU undergrad David Goldfinger)

6 Results and Analysis

In order to exploit the relationship uncovered in equations 4 and 7, we have needed to find

σ2
Vpk

/V 2
pk as a function of Vpk. Since the xenon lamp generates a pulse of constant average

amplitude, we varied the peak height by placing a neutral density filter between the gen-

erator and the plate as in Figure 2. Due to physical limitations with the neutral density

filter it was not possible to use a consistent progression between different intensities for each
test, but fortunately our method is insensitive to uncertainty in the quantitative value of

the attenuation. Each test used multiple attenuations to get the greatest possible amount

of data, including tests with no filter, a partially inserted filter, and a fully inserted filter.

For this experiment we first tested the bare MCP two seperate times. We then coated

the MCP with cesium in an attempt to either boost the QE or improve the gain by boosting

the secondary electron multiplication factor. This was tested first within 24 hours of coating

and then again 4 days later to see if the effect held. Graphing these four runs gave the

following results.
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Figure 4: Experimental results for the mean peak voltage and the squared relative error over

individual series of pulses for a bare MCP and a Cs coated MCP

The MCP was then coated with a layer of amorphous gallium nitride. The plate was tested

from a variety of orientations and was cesated before some of the later tests. Combining all

of those data sets together gives a longer curve, clustered around a single curve as depicted

below.

Qualitatively considering these results, it is relatively clear to see from Figure 4 that the

bare MCP measurements as well as the delayed Cs MCP measurements are roughly along

the same curve. This should mean that they all have the same gain. However, since the
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Figure 5: Experimental results for the mean peak voltage and the squared relative error over

individual series of pulses for the GaN coated plate.

recently cesium coated curve is higher than the others, this visibly shows that it has a higher

gain than it had in the other runs, since gain is the product of average potential and the

squared relative error in the low potential region of the graph. Separate measurements (us-

ing a photodiode to calibrate the absolute light intensity) showed a change in QE from this

process. In Figure 5 we see a wide range of values for Vpk indicating that the detector output

varies dramatically between runs. However, the entire data set is essentially along the same

curve, which implies that the gain remained constant once the amorphous layer had been

placed. The values of σ2
Vpk

/V 2
pk for the GaN coated plate are higher than for the uncoated

plate, so the GaN coating procedure did successfully increase the gain of the MCP, while

the significantly increased values for Vpk under light of similar average intensity indicate an

increase in QE.

We then applied the curve fitting algorithm to this data in order to check whether it

followed the expected behavior from Poisson statistics. Fitting to a curve of the form

σ2
Vpk

/V 2
pk = A/Vpk + B gave negative values for B for every data set. This is an unphys-

ical result, given that the constant B represents σ2
g/g

2
which must be greater than zero. In

order to demand physical results, the curve fitting code was altered to fit to functions of

the form σ2
Vpk

/V 2
pk = A/Vpk + B2

. While the results of this fit were physical, the curves did
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squared relative error in the low potential region of the graph. Separate measurements (us-

ing a photodiode to calibrate the absolute light intensity) showed a change in QE from this

process. In Figure 5 we see a wide range of values for Vpk indicating that the detector output

varies dramatically between runs. However, the entire data set is essentially along the same

curve, which implies that the gain remained constant once the amorphous layer had been

placed. The values of σ2
Vpk

/V 2
pk for the GaN coated plate are higher than for the uncoated

plate, so the GaN coating procedure did successfully increase the gain of the MCP, while

the significantly increased values for Vpk under light of similar average intensity indicate an

increase in QE.

We then applied the curve fitting algorithm to this data in order to check whether it

followed the expected behavior from Poisson statistics. Fitting to a curve of the form

σ2
Vpk

/V 2
pk = A/Vpk + B gave negative values for B for every data set. This is an unphys-

ical result, given that the constant B represents σ2
g/g

2
which must be greater than zero. In

order to demand physical results, the curve fitting code was altered to fit to functions of

the form σ2
Vpk

/V 2
pk = A/Vpk + B2

. While the results of this fit were physical, the curves did
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6 Results and Analysis

In order to exploit the relationship uncovered in equations 4 and 7, we have needed to find

σ2
Vpk

/V 2
pk as a function of Vpk. Since the xenon lamp generates a pulse of constant average

amplitude, we varied the peak height by placing a neutral density filter between the gen-

erator and the plate as in Figure 2. Due to physical limitations with the neutral density

filter it was not possible to use a consistent progression between different intensities for each
test, but fortunately our method is insensitive to uncertainty in the quantitative value of

the attenuation. Each test used multiple attenuations to get the greatest possible amount

of data, including tests with no filter, a partially inserted filter, and a fully inserted filter.

For this experiment we first tested the bare MCP two seperate times. We then coated

the MCP with cesium in an attempt to either boost the QE or improve the gain by boosting

the secondary electron multiplication factor. This was tested first within 24 hours of coating

and then again 4 days later to see if the effect held. Graphing these four runs gave the

following results.
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Figure 4: Experimental results for the mean peak voltage and the squared relative error over

individual series of pulses for a bare MCP and a Cs coated MCP

The MCP was then coated with a layer of amorphous gallium nitride. The plate was tested

from a variety of orientations and was cesated before some of the later tests. Combining all

of those data sets together gives a longer curve, clustered around a single curve as depicted

below.

Qualitatively considering these results, it is relatively clear to see from Figure 4 that the

bare MCP measurements as well as the delayed Cs MCP measurements are roughly along

the same curve. This should mean that they all have the same gain. However, since the
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Results of a-GaN coating of MCP

• In our UHV system, the beams for cathode growth and Cs activation are 
ballistic rather than vapor phase, and growth rates are slow.  It is unlikely that 
this is directly applicable to “tubulation” (need line of sight, bias etc.) 

• Initial resistance of 33mm ALD single MCP was ~200 MΩ 

• Cesation of bare ALD-coated MCP caused a prompt increase in current, and 
reduction in inferred resistance by a factor of ~3

• After an hour the MCP resistance returned to the nominal value. 

• The MCP gain measured in the first day following activation was elevated, 
when remeasured 4 days later the Gain had returned to the nominal (bare 
MCP) value.

• In our MBE system, the different source orientations and fixed angles could not 
provide optimum coverage of the pore openings.   

• a-GaN coating showed a modest increase in QE (a factor of ~3 compared with 
the Cesated ALD-coated MCP) with no change in gain.  Note - We did not 
evaluate repeated activation of a-GaN MCP, or changes in geometry in growth 
chamber.
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Tube-Sealing & VUV Measurement System

Rotating collimating 
off-axis parabolic mirror

Chopper at output of vacuum 
monochromator (mono. not shown) 

upper bellows for
 vacuum press

Argon Ion beam
etching chamber/

metal evaporation system
(transfer arm not shown)

Tube sealing stage with docking 
mechanism for PMT back end

Heater for hot
Indium Seal

MgF2 window separating
UHV chamber from dirty
monochromator vacuum

Deuterium lamp at
input of vacuum monochromator

Lower bellows for 
vacuum press (with HV 

and signal feed 
throughs)

light path to reference photodiode

light path to photocathode
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Tube Sealing System
Trransfer arm

PMT Base Adaptor

Lower docking connector

Tripod posts

Upper docking connector with compressed bellows
preload, ~1-3 deg misalignment compensator (in shop

now!)

Heater

Window/
Cathode 
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Vacuum Tube Sealing Hardware
Vacuum Monochromator

Tube-sealing press (under construction)

Chopper Motor
belt drive

Off-axis DUV parabolic 
mirror and rotator

Top of tube-sealing
press

Ferrofluid
high-speed

rotary vacuum
feedthrough
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Indium Preform Extrusion Oven

• Working on our system for making hot Indium seals in our tube-sealing vacuum chamber, 
including new ways to reduce oxides.

• Designed and built nitrogen purged tube oven for extruding Indium O-ring into petri dish of 
RO-DI water.  System has been tested and working, but still not optimized to produce wire 
preforms of consistent diameter.   

Pipet holding Indium
(connected to nitrogen at 

controlled pressure)

Tube Oven with
PID controller

Nitrogen-purged
volume

Rotating
petri dish with
RO-DI water

PID controller
reading 156 C

Speed controller
(Arduino!)Motor for

rotating stage
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Low Pressure Argon/ Argon Ion Beam 

• We recently added a gas manifold, 
(with vacuum purge), ion-gauge and 
leak valve, to introduce high purity 
Argon gas for an Argon-ion beam 
system to clean substrates.

• Chamber does double-duty as Ion-
cleaning, thermal evaporation system.

• Should be straightforward to use this 
system to evaluate reflection mode 
UV-cathodes in Argon gas (e.g., GEMs 
like readouts) 

Saturday, April 6, 2013



Buckley& Leopold                                           III-V Photocathodes+Tube Sealing               Godparent Review, ANL, April 6, 2013

Conclusions / Future

• Making good progress on demonstrating robust, large area amorphous cathodes with 
extended long-wavelength response.  In-house capability of growing up to 3” 
cathodes at low-temperature on a variety of substrates.

• Some progress in longer wavelength (blue) response. UV-sensitive cathodes look more 
promising.

• Developed viable methods for cathode transfer (Indium capping, atomic Nitrogen 
beam exposure).  Evaluating Argon-ion system which would be easier to implement in 
other labs.

• For the future of LAPPD, I suggest looking for areas of overlap with the Comic frontier:

•  Development of low-background PMTs with UV-response for liquid noble 
detectors (175 nm for Xenon, 125 nm for Argon).  May need to develop new 
electron-multipliers since glass typically has high radioactive backgrounds.

• Development of low-gain, high current MCPs for Atmospheric Cherenkov 
detectors, or for astronomical imaging (with high resolution readout).
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