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Metallic work function measurement in the range 2–3.3 eV
using a blue light-emitting diode source

Reto Schletti,a) Peter Wurz, and Theo Fröhlich
Physikalisches Institut, University of Bern, 3012 Bern, Switzerland

~Received 28 May 1998; accepted for publication 9 November 1999!

A new photoelectric method to monitor the work function of contaminated metallic surfaces in the
range 2–3.3 eV using blue light-emitting diodes~LEDs! is presented. This method was specifically
developed for an application onboard a spacecraft, where the simplicity of a system is a great asset.
This technique 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 Cs/W~110!. The work function changes with
time due to adsorption of residual gas in the moderate vacuum environment~in the mid 1028 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 measurement. ©2000 American
Institute of Physics.@S0034-6748~00!04402-6#
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I. INTRODUCTION

The low energy neutral atom~LENA! instrument1,2—an
imaging mass spectrograph for low energetic neutral ato
on the IMAGE satellite mission3—is designed for remote
sensing of magnetospheric plasma populations. Surface
ization was found to be the only ionization method meet
the boundary conditions imposed by the satellite~weight,
space, and power among others! yielding sufficient ioniza-
tion rates for the expected low fluxes in the energy range
10 eV to 1 keV. The applicability of surface ionization
space instrumentation has been shown for Cs or Ba co
W~110!.1,4,5 Thereby, neutral atoms are scattered from a l
work function ~WF! surface and a significant fraction of th
reflected particles become negative ions. These ions are
accessible for mass, energy, and direction analysis by es
lished mass spectrometers in space plasma research.

Low-WF surfaces are typically generated by coating
metal surface with a thin layer of an electropositive me
The states of the valence electron of the adsorbed atom
partially depopulated~lying approximatively on the sam
level as the valence band of the metal!. This causes an addi
tional surface dipole layer, which reduces the WF marked6

An extensively studied combination is Cs/W~110!, used ei-
ther with 0.6 monolayer or a full monolayer of Cs.7–9 The
WF shows a minimum of 1.45 eV for the submonolay
coverage and equals the value of bulk Cs~2.15 eV! for the
full monolayer, which is far below the WF of bare W~110!
substrate of 5.25 eV. The same mechanism works for bar
which has a bulk WF of 2.5 eV.

Due to adsorption of electronegative residual gas ato
such as oxygen or hydrogen a new dipole layer of oppo
sign starts to grow~this time the affinity level of the ad
sorbed atoms is partially populated! and the WF increase

a!Electronic mail: schletti@phim.unibe.ch
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again. This increase of the WF with time reduces the ne
tive ion fraction in the reflected beam. The time scale of
degradation of the converter surface depends on the res
gas density and composition. In earlier work4,5 we found a
close correlation of the WF and the ionization efficienc
The range of the WF useful for the application in the LEN
instrument spans from 2 eV to more than 3 eV. In-fight ca
bration, i.e., the knowledge of the ionization efficiency of t
surface at the time of data taking in space, is necessary
data evaluation and is only possible with a precise kno
edge of the WF. After some time, typically one day1,4 for the
conditions expected on a space experiment, reconditionin
the surface~thermal cleaning and application of a new C
layer! is necessary. The moment for performing this proc
dure will be chosen based on the WF data. Established la
ratory techniques for the WF measurement turned out to
too complicated to be implemented for an application o
board a spacecraft. In this paper we present a new metho
measure the WF of a surface in the range from 2 to 3.3
using blue light emitting diodes~LED!.

II. THEORY

The measurement of the WF is based upon the ph
effect. If the energyhn of a photon absorbed by a surfac
exceeds the WFF, an electron can be released. The elect
gas in a potential well atT50 K is filled up to the Fermi
level (EF), which lies below the vacuum level by the W
~see Fig. 1!. The number of electrons released per quant
of light is10

N~hn!}H ~hn2F!2

~V02hn!1/2 ~hn.F!

0 ~hn,F!

, ~1!

whereV0 stands for the vacuum potential. The collected ph
tocurrent for monochromatic irradiation (hn in the vicinity
© 2000 American Institute of Physics
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of F! is then approximately proportional to the square of
energy difference of the photon and the WF, because
denominator (V02hn)1/2 is varying slowly. Thus it is pos-
sible to measure the WF with a monochromatic light sou
of variable wavelength by scanning the photon energy
counting the photoelectrons. The WF is then equivalen
the energy of the photons at the onset of the release of
toelectrons. This is one of the established ways to determ
the photoelectric WF and also the method used in our la
ratory experiment. The schematics of this measurement
shown in Fig. 2.

If the light source is polychromatic the photocurre
I (F) is the integral of Eq.~1! multiplied with the spectrum
f (hn) of the light source

FIG. 1. Electron energy level diagram for a metal. The WFF is defined as
the energy difference between the vacuum levelV0 and the Fermi levelEF .
An electron from the conduction band~dashed area! can leave the surface
only if the energy gained from a photonhn is at leastF.

FIG. 2. Schematic of the experimental setup. The monochromatic l
source of variable wavelength is formed with a 100 W QTH halogen la
and a grating monochromator. The light is coupled into a fiber bundle
focused through a viewport onto the sample surface in the vacuum cham
The emitted photoelectrons are accelerated by a weak electric field to
the MCP-detector capable of counting single electrons. The filter is use
block short wavelengths~below 400 nm! from entering the monochromato
so that the second order diffraction peak does not interfere with the
measurement. The fiber bundle can quickly be pulled off the monoc
mator and fixed in front of the LED and vice versa during the measurem
of the calibration curves. The optical path remains the same for both m
surements.
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I ~F!5I 0E
F

` ~hn2F!2

~V02hn!1/2 f ~hn!h dn, ~2!

with I 0 being a constant depending on the intensity of
light source, on the index of reflection, and on the elect
density of the surface~which defines the Fermi level!. The
photocurrent is now a function of the WF and of the spe
trum f (hn) of the light source~not of the mean photon en
ergy only!.

If the surface is irradiated with a constant light sour
like a LED, the amount of released photoelectronsI (F) is a
measure of the WF only. If the WF now changes with tim
due to adsorption of atoms, the photocurrent will chan
with F being the main varying factor in Eq.~2!. This can be
used to monitor the WF of a surface once a calibration of
current functionI (F) for that surface and light source ha
been established. The WF is then simply obtained by inv
sion of the current functionI (F)→F(I ). The measuremen
of the WF is consequently reduced to the measurement o
electric current. The schematics of this measurement
shown in Fig. 2.

In Fig. 3 we show an example of the calculated curre
function I (F) for a constant monochromatic light sourc
with hn52.5 eV and for the first LED tested in this pap
~see Sec. III!. The light spectrum of the LEDf (hn) is also
shown in the same plot. One can see that the photocur
strongly depends on the WF of the surface and covers sev
orders of magnitude. The WF can be followed up to t
highest photon energies in the spectrum~the blue end!,
where the photocurrent decreases dramatically. In our ap
cation, the WF has to be followed as far up as possible, t
LEDs with short wavelength components in the blue or ev
in the UV spectral range are the preferred choice.

III. EXPERIMENTAL SETUP

An experiment to study surface ionization was built
investigate the suitability of various conversion surfaces
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FIG. 3. Theoretical calibration curveI (F) for the GaN LED model R5B01-
ML375 ~solid line! and for a theoretical monochromatic light source wi
hn52.5 eV~dashed line! calculated from Eq.~2!. The measured calibration
curve~plus symbols! is shown for comparison. The spectrum of the LED
also shown~filled area!.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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their application on a space platform.5,11 After baking out the
system a residual gas pressure in the mid 1028 mbar range
typically is obtained. The residual gas composition is mai
H2O and some air from tiny leaks. The charge state of an
beam after reflection from a converter surface can be m
sured with a retarding potential analyzer~RPA! followed by
an imaging microchannel plate~MCP!. The angular scatter
ing of the reflected beam can be measured with the s
apparatus. The surface can be regenerated by thermal c
ing up to 1800 K and the subsequent application of a t
layer of Cs~or Ba! from a dispenser~SAES Getters!, which
yields surfaces with very low WF. It takes 45 s to depo
one monolayer of Cs based on manufacturer’s specificat
and our own measurements.12 The surface is rotated towar
the dispenser into a closed housing with a separate pum
port to avoid Cs contamination of the MCP during recon
tioning ~see Fig. 2!. The variable monochromatic ligh
source is obtained using a 100 Wquartz tungsten halogen
~QTH! lamp and a McPherson GM 252 1/4 m grating mon
chromator~range 350–800 nm!. The light is then coupled
into a high-grade fused silica fiber bundle~Oriel: 250–1200
nm! and focused~Oriel lens: 340–1500 nm! through a Balz-
ers KODIAL glass viewport~350–2500 nm! onto the surface
under investigation in the vacuum chamber. The spot size
the surface is about 2 mm in diameter. The fiber bundle
quickly be pulled off the monochromator and fixed in fro
of the LED and vice versa. Scattered and stray light c
easily disturb the WF measurement, therefore, the light p
from the source to the vacuum chamber is shielded fr
ambient light. All filaments inside the vacuum chamber a
turned off during measurements to avoid stray light and s
electrons. A highpass filter~Oriel: 415–2750 nm! is used to
block short wavelengths from entering the monochroma
so that the second order diffraction peak does not inter
with the WF measurement~only used if the WF is lower than
3 eV!. The photoelectrons are accelerated away from
surface ~biased to2200 V) by a weak electric field (E
;2 kV m21) and detected with the position sensitive MC
detector capable of detecting single electrons.

The first LED we investigated was a blue GaN LE
model R5B01-ML375~Toyota Gosei! with a maximum in-
tensity at l5482 nm, a spectral width@fullwidth at half
maximum~FWHM!# of 65 nm, and a total luminosity of 50
mcd. The highest photon energy is approximately 3 eV. T
spectrum is shown in Fig. 3. In our experiment we use
forward current of 10 mA to drive the LED and the pow
consumption was 150 mW.

The second LED was a Zn-doped InGaN/AlGaN LE
model NLPB500~Nichia Chemical Industries! with a peak
wavelength ofl5450 nm and a spectral width~FWHM! of
70 nm, and a total luminosity of 2 cd. This diode has t
property that the peak wavelength is shifted toward sho
wavelengths for increasing forward current.13 In pulsed op-
eration with a peak current of 2 A, instead of nominal 30 m
for direct-current~dc! operation, the light peak at 450 nm
even saturates and an additional ultraviolet~UV! peak at 380
nm emerges.14 In this mode the diode has to be driven wi
very short pulses to avoid damage. The driving circuit w
taken from Ref. 14, where the LED is driven by an avalanc
Downloaded 19 Feb 2001 to 130.92.9.55. Redistribution subject to
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transistor~Zetex ZTX-415! at a repetition rate of 10 kHz
The achieved pulse length is 3 ns. We tested the LED
both, the dc mode and the alternating-current~ac! mode. In
dc mode the power consumption was 100 mW. In puls
mode the LED illuminates the surface only 0.003% of t
time, resulting in a lower mean illumination than in dc mo
and a mean power consumption of the circuit of 1 W.

IV. MEASUREMENTS

A measurement cycle was started with preparation of
surface to obtain a low WF by applying approximately o
monolayer of Cs. The WF was then measured using
monochromator where the onset of the photoelectron em
sion when scanning down the wavelength was taken as
WF of the surface~see Sec. II!. We can reproduce the onse
wavelength to65 nm.4 The uncertainty of the wavelengt
calibration of the monochromator has to be taken into
count for absolute WF measurement. This systematic e
introduced by the monochromator is however not import
for our application since the ionization efficiency of the su
face is calibrated with the same device~see Sec. I!. In the
first minutes after applying a fresh Cs layer the WF of t
surface raises rapidly due to residual gas exposition~Fig. 4!.
The error for the first points is larger due to change of
WF during the measurement (;1 min). The progression o
the WF is slightly different for two subsequent series due
different conditions between two series~e.g., Cs coverage
residual gas composition, and pressure!. To interpolate the
WF values for any time, a polynomial fit of second order
a semilogarithmic representation has been performed
each series, following

F~ t !5A01A1 ln t1A2 ln2 t. ~3!

Parallel to the WF measurement, the photo currentI (t) in-
duced by the LED illumination of the surface is measure

FIG. 4. Temporal evolution of the WF of the Cs/W~110! surface in our
experiment. The increase of the WF with time, measured with the mo
chromator, is due to adsorption of residual gases. The different sym
indicate different runs, i.e., measurement series after cleaning of the su
and application of a new Cs layer.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html



e
,

-

ra
t-
re

n

-

o-

u
e
n

N
c
h

we

it
T
o
h
n

e
oto-
the

ut
Cs

the
ries
g
hich
red
ow-
l
ice

ac
are

curs
nt
his
ir-

t
o

20
.3

s
d

for

ts

ba
ta

yed
nts

502 Rev. Sci. Instrum., Vol. 71, No. 2, February 2000 Schletti, Wurz, and Fröhlich
For this purpose, the optics has to be switched after ev
data point~see Fig. 2!. While the WF increases with time
the photocurrent decreases monotonically. From Eq.~3! we
find the appropriate WF for the timet of the measured pho
tocurrentI (t). This leads to the current function

I ~F!5I @ t~F!#. ~4!

For one measurement series with the first LED the calib
tion curveI (F) is shown in Fig. 3 together with the theore
ical curve calculated from the LEDs spectrum. The theo
ical curve is scaled to fit the data points@I 0 from Eq. ~2! is
not calculable#. Differences between the theoreticalI (F)
curve and the measured data are attributed to saturatio
the measurement electronics for small WF~high count rates!,
and to the simplicity of the assumptions in Eq.~2! for high
WF. The assumption thatI 0 remains constant during degra
dation of the surface~adsorption of residual gas atoms! is
certainly not valid however the theory is only given to pr
vide qualitative understanding of the phenomenon. For m
dium count rates there is a good agreement. At low co
rates the statistical uncertainty increases due to the w
emission of the LED at short wavelengths. The backgrou
of the MCP detector~of the order of 10–100 counts/s! was
measured and subtracted which also increases the error.
ertheless the obtained calibration curve is monotonic and
be inverted. The WF can be monitored up to 2.8 eV. T
scattering at low count rates leads to an uncertainty lo
than 3% in the relative WF determination.

In Fig. 5 the results for three measurement series w
the second, much brighter, LED in dc mode are shown.
avoid detector saturation at low WF, the forward current
the LED was reduced to lower the photon flux. When t
count rate got too low for increasing WF, the LED curre

FIG. 5. The measured calibration curvesI (F) in dc mode for the InGaN/
AlGaN LED in our specific setup. In the first measurement series four
ward currents were used: 0.1~black circles!, 0.6 ~black squares!, 1 ~black
diamonds!, and 10 mA~black triangles!. In the second series two curren
were used: 0.6~open squares! and 10 mA ~open triangles!. In the third
series, the surface was heated only moderately to clean it from adsor
residual gas but leaving a submonolayer of Cs on the surface. These da
represented by downward black triangles.
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was increased from the initial value of 0.1~black circles! to
0.6 ~black squares! to 1 mA ~black diamonds! and finally to
the rated 10 mA~black triangles!. For each current increas
and series, an overlap region was chosen where the ph
electric current was measured for both, the lower and
larger current.

With this method the WF could be followed up to abo
3.3 eV. After thermal heating and application of a new
layer, a second series was performed again at 0.6~empty
squares! and at 10 mA~empty triangles!. The calibration
curves of the first series could be reproduced well for
corresponding forward currents. The last measurement se
~black down triangles! was performed after a weak heatin
of the surface to evaporate the adsorbed residual gas w
left a fraction of monolayer coverage of Cs. The measu
data also fit well together with the other measurements sh
ing that the current functionI (F) does not depend on initia
conditions of the surface. It is, however, important to not
that the calibration curves are specific to our setup~e.g.,
surface, Cs layer, LED, optical path!.

In Fig. 6 the results for the second LED driven in the
mode are shown. Because in pulsed mode the electrons
ejected in short bursts, the saturation of the detector oc
already at 13104 counts per second. At low WF the curre
had again to be reduced to avoid detector saturation. T
was achieved with a lower bias voltage over the driving c
cuit. The measurements were performed at 20~circles!, 200
~squares! and 300 V~diamonds!. The circuit was operating a
10 kHz for all measurements. The difference for the tw
higher bias voltages is marginal. With the two settings at
and 300 V, the WF can be followed from 2.4 eV up to 3
eV. A second measurement of the calibration curveI (F)
with an other LED of the same type was made~open dia-
monds! at 10 kHz and 300 V. This calibration curve lie
below the one for 300 V of the previous LED. If multiplie

-

ted
are

FIG. 6. The measured calibration curvesI (F) for the InGaN/AlGaN LED
operated in pulsed mode for three bias voltages~full symbols!. An addi-
tional measurement with a second LED of the same type is also displa
~open symbols! and scaled for comparison with earlier measureme
~dashed line!. See the text for details.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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with a factor of about 3 the two curves match reasona
well ~dotted line!. The experimental setup described in S
III had to be rebuilt before the measurement was made
cause of other measurements that were performed in
meantime. The mean intensity of the LED, the focusing le
system outside the vacuum chamber, the relative positio
the detector and of the surface under consideration, and
detector voltage are all factors influencingI 0 in Eq. ~2!. Thus
the difference between the two measurement series is
surprising.

V. DISCUSSION

Having established the calibration curves~Figs. 5 and 6!
for a particular LED and operating conditions, one can
duce the WF of the surface simply from the photoemiss
current in the range from 2 eV up to 3.3 eV with a sing
blue LED and a detection device for electrons. The abso
accuracy is at best as good as our photoelectric measure
we use to calibrate the LED measurement. Systematic er
involved within the WF measurement with the monoch
mator persist in the WF determination and are not conside
here. We estimate the relative reproducibility in the WF d
termination to;0.02 eV. The promising method using
pulsed InGaN/AlGaN LED emitting in the UV range14

showed an improvement over standard blue GaN LEDs
the course of our measurements we found that this typ
LED emits enough UV light already under nominal oper
ing conditions in dc mode to accomplish a WF measurem
in the same range. This makes the simpler method the m
favorable. The photocurrent has to be measured from si
counts to some pA in our setup. We made no effort to o
mize the setup for quantum efficiency. If the LED would
placed in close proximity of the surface in the vacuum cha
ber, no photons would be lost and the measured cur
would increase by some orders of magnitude. The M
based measurement in our setup saturates at 43104 counts
per second and for measurements in pulsed mode even a4

counts per second due to bursts. This problem can simpl
circumvented if the diode is driven at lower currents f
lower WF or by using a detection device with a higher d
namic range~like a discrete dynode secondary electron m
tiplier or a pico-amperemeter!.
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This method to measure the WF is particularly w
suited for satellite experiments like for the imaging neut
mass spectrograph LENA.3 After an initial calibration, the
WF can be measured in space simply by illuminating
conversion surface with the LED fixed in proximity and b
measuring the photoelectric current. The weight and size
small, the peak power consumption is of the order of a f
Watts in ac mode and a few 100 mW in dc mode. If the W
has to be measured only a few times a day, the overall po
consumption is negligible.
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12T. Fröhlich, Masters thesis, University of Bern, Switzerland, 1999.
13S. Nakamura, T. Mukai, and M. Senoh, J. Appl. Phys.76, 8189~1994!.
14T. Araki and H. Misawa, Rev. Sci. Instrum.12, 5469~1995!.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html


