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Metallic work function measurement in the range 2-3.3 eV
using a blue light-emitting diode source
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A new photoelectric method to monitor the work function of contaminated metallic surfaces in the
range 2—3.3 eV using blue light-emitting diodé£Ds) is presented. This method was specifically
developed for an application onboard a spacecraft, where the simplicity of a system is a great asset.
This techniqgue makes it possible to follow the work function of a calibrated surface LED
combination with a reproducibility of~2% with only one blue LED and a device to count
photoelectrons. The surface described in this paper is A/8/ The work function changes with

time due to adsorption of residual gas in the moderate vacuum envirotimene mid 10 8 mbar
range. Determination of the work function with a standard photoelectric technique is used to
calibrate the system. We then derive calibration curves for this specific surface LED combination
which reduce the workfunction measurement to a simple current measuremeB00@American
Institute of Physicg.S0034-67480)04402-4

I. INTRODUCTION again. This increase of the WF with time reduces the nega-
tive ion fraction in the reflected beam. The time scale of the
The low energy neutral atorf ENA) instrument®—an  degradation of the converter surface depends on the residual
imaging mass spectrograph for low energetic neutral atomgas density and composition. In earlier wbtkve found a
on the IMAGE satellite missich—is designed for remote close correlation of the WF and the ionization efficiency.
sensing of magnetospheric plasma populations. Surface ioffhe range of the WF useful for the application in the LENA
ization was found to be the only ionization method meetinginstrument spans from 2 eV to more than 3 eV. In-fight cali-
the boundary conditions imposed by the satelliteeight,  bration, i.e., the knowledge of the ionization efficiency of the
space, and power among otheyselding sufficient ioniza- surface at the time of data taking in space, is necessary for
tion rates for the expected low fluxes in the energy range oflata evaluation and is only possible with a precise knowl-
10 eV to 1 keV. The applicability of surface ionization in edge of the WF. After some time, typically one déyor the
space instrumentation has been shown for Cs or Ba coatexpnditions expected on a space experiment, reconditioning of
W(110.2*5 Thereby, neutral atoms are scattered from a lowthe surface(thermal cleaning and application of a new Cs
work function (WF) surface and a significant fraction of the layen is necessary. The moment for performing this proce-
reflected particles become negative ions. These ions are théire will be chosen based on the WF data. Established labo-
accessible for mass, energy, and direction analysis by estafatory techniques for the WF measurement turned out to be
lished mass spectrometers in space plasma research. too complicated to be implemented for an application on-
Low-WF surfaces are typically generated by coating aPoard a spacecratft. In this paper we present a new method to
metal surface with a thin layer of an electropositive metal.measure the WF of a surface in the range from 2 to 3.3 eV
The states of the valence electron of the adsorbed atoms ¥$ing blue light emitting diodetED).
partially depopulatedlying approximatively on the same

level as the valence band of the megtdlhis causes an addi- Il THEORY
tional surface dipole layer, which reduces the WF markédly.
An extensively studied combination is Cs{¥10), used ei- The measurement of the WF is based upon the photo-

ther with 0.6 monolayer or a full monolayer of €8 The  effect. If the energyhv of a photon absorbed by a surface
WF shows a minimum of 1.45 eV for the submonolayerexceeds the W, an electron can be released. The electron
coverage and equals the value of bulk @s15 eV for the  gas in a potential well alT=0K is filled up to the Fermi
full monolayer, which is far below the WF of bare (M0 level (Eg), which lies below the vacuum level by the WF
substrate of 5.25 eV. The same mechanism works for bariurtsee Fig. 1L The number of electrons released per quantum

which has a bulk WF of 2.5 eV. of light is*®
Due to adsorption of electronegative residual gas atoms (hy—®)?

such as oxygen or hydrogen a new dipole layer of opposite VR 2 (hv>®)

sign starts to grow(this time the affinity level of the ad- N(hp)eq (Vo=hw) ' @)
sorbed atoms is partially populadednd the WF increases 0 (hv<®)

whereV, stands for the vacuum potential. The collected pho-

dElectronic mail: schletti@phim.unibe.ch tocurrent for monochromatic irradiatiom¢ in the vicinity
0034-6748/2000/71(2)/499/5/$17.00 499 © 2000 American Institute of Physics

Downloaded 19 Feb 2001 to 130.92.9.55. Redistribution subject to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html



500 Rev. Sci. Instrum., Vol. 71, No. 2, February 2000 Schletti, Wurz, and Frohlich

g 10 1.0
solid ag vacuum
Vo i vacuum level 10° 4 Lo.g
_10* 4 g
: " é 10° 4 -O'GE;E’
3 ! -
- \ F0.42
Er 7 g 10° 4 ||| E
3]
g é 10' 4 li 02
: ~ |
g / : |
S 10 T T 1 0.0
/ 1.5 2.0 25 3.0 35
/ @ [eV]
0 %é FIG. 3. Theoretical calibration curuéd) for the GaN LED model R5B01-

ML375 (solid line) and for a theoretical monochromatic light source with
FIG. 1. Electron energy level diagram for a metal. The Wi defined as hy=2.5eV(dashed _Iinbcalculated from I_Eq(2). The measured calibration_
the energy difference between the vacuum laxeand the Fermi levek . curve(plus symbol$ is shown for comparison. The spectrum of the LED is
An electron from the conduction baridashed aréacan leave the surface &/S0 shown(filled ared.
only if the energy gained from a photdr is at leastd.

= (hy—®)2
I(®)=lg| ~———pf(hv)hdy, )

of @) is then approximately proportional to the square of the »(Vo—hv)

energy difference of lt/g? photon and the WF, because thgith |, being a constant depending on the intensity of the
denominator Vo —hv)™* is varying slowly. Thus it is pos- |ight source, on the index of reflection, and on the electron
sible to measure the WF with a monochromatic light sourcgjensity of the surfacéwhich defines the Fermi levelThe

of variable wavelength by scanning the photon energy an@hotocurrent is now a function of the WF and of the spec-

counting the photoelectrons. The WF is then equivalent tqrym f(hy) of the light sourcenot of the mean photon en-
the energy of the photons at the onset of the release of phexygy only).

toelectrons. This is one of the established ways to determine |f the surface is irradiated with a constant light source

the photoelectric WF and also the method used in our labotike a LED, the amount of released photoelectrbfi) is a
ratory experiment. The schematics of this measurement as@easure of the WF only. If the WF now changes with time
shown in Fig. 2. due to adsorption of atoms, the photocurrent will change
If the light source is polychromatic the photocurrent yith ¢ being the main varying factor in E¢). This can be
I(®) is the integral of Eq(1) multiplied with the spectrum  ysed to monitor the WF of a surface once a calibration of the
f(hv) of the light source current functionl (®) for that surface and light source has
been established. The WF is then simply obtained by inver-
sion of the current functioh(®)—®(1). The measurement
of the WF is consequently reduced to the measurement of an
electric current. The schematics of this measurement are
Light Guide Mek Detechor shown in Fig. 2.
Sample In Fig. 3 we show an example of the calculated current
function 1 (®) for a constant monochromatic light source
I with hy=2.5eV and for the first LED tested in this paper
J Dispenser (see Sec. Il The light spectrum of the LED(hv) is also
il

Morl!ochromator

Vacuum
Chamber

” Light Gui .
e shown in the same plot. One can see that the photocurrent

strongly depends on the WF of the surface and covers several
orders of magnitude. The WF can be followed up to the
FIG. 2. Schematic of the experimental setup. The monochromatic lighhighest photon energies in the spectrithe blue eng
source of variable wavelength is formed with a 100 W QTH halogen |ampwhere the photocurrent decreases dramatica”y' In our app“_

and a grating monochromator. The light is coupled into a fiber bundle an : -
focused through a viewport onto the sample surface in the vacuum chamb:(r:atlon’ the WF has to be followed as far up as pOSSIble, thus

The emitted photoelectrons are accelerated by a weak electric field towardEDS With short wavelength components in the blue or even
the MCP-detector capable of counting single electrons. The filter is used tin the UV spectral range are the preferred choice.

block short wavelength&elow 400 nm from entering the monochromator

so that the second order diffraction peak does not interfere with the WF

measurement. The fiber bundle can quickly be pulled off the monochrolll. EXPERIMENTAL SETUP

mator and fixed in front of the LED and vice versa during the measurement . - . .

of the calibration curves. The optical path remains the same for both mea- AN €xperiment to study surface ionization was built to

surements. investigate the suitability of various conversion surfaces for

100W Halogen Lamp
r:ﬁ Blue LED
1

Downloaded 19 Feb 2001 to 130.92.9.55. Redistribution subject to AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html



Rev. Sci. Instrum., Vol. 71, No. 2, February 2000 Metallic work function measurement 501

their application on a space platform! After baking out the 36 -
system a residual gas pressure in the mid®mbar range [ ]
typically is obtained. The residual gas composition is mainly 34 [ ]
H,O and some air from tiny leaks. The charge state of an ion a0 [ o © _
beam after reflection from a converter surface can be mea "~ o 1
sured with a retarding potential analyZ&PA) followed by = 30 [ h
an imaging microchannel plat&CP). The angular scatter- ‘= [ ]
ing of the reflected beam can be measured with the samg 28 [ ]
apparatus. The surface can be regenerated by thermal cleaé ]
ing up to 1800 K and the subsequent application of a thing 2.6 [- 1
layer of Cs(or Ba) from a dispense(SAES Getters which i ]
yields surfaces with very low WF. It takes 45 s to deposit 24 [ ]
one monolayer of Cs based on manufacturer’s specification: I

and our own measuremeritsThe surface is rotated toward 2 r ]
the dispenser into a closed housing with a separate pumpin 50 , / T S
port to avoid Cs contamination of the MCP during recondi- 1 10 100 1000 104

tioning (see Fig. 2 The variable monochromatic light Time [minl

source is obtained using a 100 Wiartz tungsten -halern FIG. 4. Temporal evolution of the WF of the Cs(¥d0 surface in our
(QTH) lamp and a McPherson GM 252 1/‘_1 m grating mono'expérirﬁent. The increase of the WF with time, measured with the mono-
chromator(range 350-800 njn The light is then coupled chromator, is due to adsorption of residual gases. The different symbols
into a high-grade fused silica fiber bund@riel: 250—1200 indicate different runs, i.e., measurement series after cleaning of the surface
nm) and focusedOriel lens: 340—1500 njrithrough a Balz-  2nd application of a new Cs layer.

ers KODIAL glass viewport350—2500 nmonto the surface

under investigation in the vacuum chamber. The spot size otransistor(Zetex ZTX-415 at a repetition rate of 10 kHz.
the surface is about 2 mm in diameter. The fiber bundle caifhe achieved pulse length is 3 ns. We tested the LED in
quickly be pulled off the monochromator and fixed in front both, the dc mode and the alternating-curré@ mode. In

of the LED and vice versa. Scattered and stray light carfic mode the power consumption was 100 mW. In pulsed
easily disturb the WF measurement, therefore, the light patimode the LED illuminates the surface only 0.003% of the
from the source to the vacuum chamber is shielded froniime, resulting in a lower mean illumination than in dc mode
ambient light. All filaments inside the vacuum chamber areand a mean power consumption of the circuit of 1 W.
turned off during measurements to avoid stray light and stray

electrons. A highpass filtgOriel: 415_—2750 nmis used to V. MEASUREMENTS

block short wavelengths from entering the monochromator

so that the second order diffraction peak does not interfere A measurement cycle was started with preparation of the
with the WF measuremefonly used if the WF is lower than surface to obtain a low WF by applying approximately one
3 eV). The photoelectrons are accelerated away from thenonolayer of Cs. The WF was then measured using the
surface (biased to—200V) by a weak electric fieldE  monochromator where the onset of the photoelectron emis-
~2kvm™) and detected with the position sensitive MCP sion when scanning down the wavelength was taken as the
detector capable of detecting single electrons. WF of the surfacdsee Sec. )l We can reproduce the onset

The first LED we investigated was a blue GaN LED wavelength to+5 nm* The uncertainty of the wavelength
model R5B01-ML375(Toyota Gosei with a maximum in-  calibration of the monochromator has to be taken into ac-
tensity atA=482nm, a spectral widthfullwidth at half  count for absolute WF measurement. This systematic error
maximum(FWHM)] of 65 nm, and a total luminosity of 50 introduced by the monochromator is however not important
mcd. The highest photon energy is approximately 3 eV. Thdor our application since the ionization efficiency of the sur-
spectrum is shown in Fig. 3. In our experiment we used dace is calibrated with the same devitsee Sec.)l In the
forward current of 10 mA to drive the LED and the power first minutes after applying a fresh Cs layer the WF of the
consumption was 150 mW. surface raises rapidly due to residual gas expositiig. 4).

The second LED was a Zn-doped InGaN/AlGaN LED The error for the first points is larger due to change of the
model NLPB500(Nichia Chemical Industrigswith a peak WF during the measurement-(L min). The progression of
wavelength ofA =450 nm and a spectral widiifWHM) of  the WF is slightly different for two subsequent series due to
70 nm, and a total luminosity of 2 cd. This diode has thedifferent conditions between two seriés.g., Cs coverage,
property that the peak wavelength is shifted toward shorteresidual gas composition, and pressufgo interpolate the
wavelengths for increasing forward curréntn pulsed op- WF values for any time, a polynomial fit of second order in
eration with a peak current of 2 A, instead of nominal 30 mAa semilogarithmic representation has been performed for
for direct-current(dc) operation, the light peak at 450 nm each series, following
even saturates and an additional ultraviglgV) peak at 380
nm emerges? In this mode the diode has to be driven with O(H)=Ag+ArInt+A In’t. ©)
very short pulses to avoid damage. The driving circuit wasParallel to the WF measurement, the photo curiét} in-
taken from Ref. 14, where the LED is driven by an avalancheduced by the LED illumination of the surface is measured.
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FIG. 5. The measured calibration curdgs>) in dc mode for the InGaN/  FIG. 6. The measured calibration curds) for the InGaN/AlGaN LED
AlGaN LED in our specific setup. In the first measurement series four for-operated in pulsed mode for three bias voltaflei symbolg. An addi-
ward currents were used: O(black circles, 0.6 (black squares 1 (black tional measurement with a second LED of the same type is also displayed
diamonds$, and 10 mA(black triangles In the second series two currents (open symbols and scaled for comparison with earlier measurements
were used: 0.6open squargsand 10 mA (open triangles In the third (dashed ling See the text for details.
series, the surface was heated only moderately to clean it from adsorbated
residual gas but leaving a submonolayer of Cs on the surface. These data are
represented by downward black triangles. . o .
was increased from the initial value of Olllack circles to
0.6 (black squaresto 1 mA (black diamondsand finally to
For this purpose, the optics has to be switched after everghe rated 10 mAblack triangles For each current increase
data point(see Fig. 2 While the WF increases with time, and series, an overlap region was chosen where the photo-
the photocurrent decreases monotonically. From(Bowe  electric current was measured for both, the lower and the
find the appropriate WF for the tinteof the measured pho- larger current.
tocurrentl (t). This leads to the current function With this method the WF could be followed up to about
_ 3.3 eV. After thermal heating and application of a new Cs
H(P)=1[t(P)]. @ 5 . .
yer, a second series was performed again at(€ndpty
For one measurement series with the first LED the calibrasquares and at 10 mA(empty triangles The calibration
tion curvel (®) is shown in Fig. 3 together with the theoret- curves of the first series could be reproduced well for the
ical curve calculated from the LEDs spectrum. The theoreteorresponding forward currents. The last measurement series
ical curve is scaled to fit the data poiritg from Eq.(2) is  (black down triangleswas performed after a weak heating
not calculablé Differences between the theoreticd|d) of the surface to evaporate the adsorbed residual gas which
curve and the measured data are attributed to saturation tdft a fraction of monolayer coverage of Cs. The measured
the measurement electronics for small \Wikgh count ratels  data also fit well together with the other measurements show-
and to the simplicity of the assumptions in E@) for high  ing that the current functioh(®) does not depend on initial
WEF. The assumption thdg remains constant during degra- conditions of the surface. It is, however, important to notice
dation of the surfacéadsorption of residual gas atomis  that the calibration curves are specific to our setap.,
certainly not valid however the theory is only given to pro- surface, Cs layer, LED, optical path
vide qualitative understanding of the phenomenon. For me- In Fig. 6 the results for the second LED driven in the ac
dium count rates there is a good agreement. At low couninode are shown. Because in pulsed mode the electrons are
rates the statistical uncertainty increases due to the weadjected in short bursts, the saturation of the detector occurs
emission of the LED at short wavelengths. The backgroundiready at X 10* counts per second. At low WF the current
of the MCP detectofof the order of 10—100 count$/svas  had again to be reduced to avoid detector saturation. This
measured and subtracted which also increases the error. Nevas achieved with a lower bias voltage over the driving cir-
ertheless the obtained calibration curve is monotonic and cacuit. The measurements were performed a{dftles, 200
be inverted. The WF can be monitored up to 2.8 eV. Thesquaresand 300 V(diamonds. The circuit was operating at
scattering at low count rates leads to an uncertainty lowetO kHz for all measurements. The difference for the two
than 3% in the relative WF determination. higher bias voltages is marginal. With the two settings at 20
In Fig. 5 the results for three measurement series wittand 300 V, the WF can be followed from 2.4 eV up to 3.3
the second, much brighter, LED in dc mode are shown. TeV. A second measurement of the calibration cur(®)
avoid detector saturation at low WF, the forward current ofwith an other LED of the same type was ma@pen dia-
the LED was reduced to lower the photon flux. When themonds at 10 kHz and 300 V. This calibration curve lies
count rate got too low for increasing WF, the LED currentbelow the one for 300 V of the previous LED. If multiplied
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with a factor of about 3 the two curves match reasonably  This method to measure the WF is particularly well
well (dotted ling. The experimental setup described in Sec.suited for satellite experiments like for the imaging neutral
lIl had to be rebuilt before the measurement was made benass spectrograph LENAAfter an initial calibration, the
cause of other measurements that were performed in th&/F can be measured in space simply by illuminating the
meantime. The mean intensity of the LED, the focusing lengonversion surface with the LED fixed in proximity and by
system outside the vacuum chamber, the relative position aheasuring the photoelectric current. The weight and size are
the detector and of the surface under consideration, and thamall, the peak power consumption is of the order of a few
detector voltage are all factors influencihgin Eq. (2). Thus  Watts in ac mode and a few 100 mW in dc mode. If the WF
the difference between the two measurement series is nbias to be measured only a few times a day, the overall power
surprising. consumption is negligible.
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