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Abstract

For understanding the ubiquitous photoemission charging of solid surface in planetary environments, it is important to characterize
the photoemission charging properties of silicate minerals such as the work function. In this study, we measured the work function of
olivine mineral based on the measurements of contact potential difference by using an ultrahigh vacuum Kelvin probe force microscopy.
Our results showed that work function on olivine mineral surface is mainly affected by surface morphology and crystal orientation and
that the variation range of work function is 7.3-8.5 eV. It implicates that photoemission of the olivine mineral occurs under the X-ray
and solar ultraviolet irradiation with wavelength of <171 nm. Consequently, it is possible to form electrostatic field of +(5-10) V on the
sunlit planet, moon or asteroid surfaces due to dust photoemission charging, which even induces the migration of dust grains and the
formation of dust-plasma atmosphere. Those are important problems worried to be solved for future lunar missions. Additionally, our

work can help to instruct the dust mitigation technology and the electrostatic beneficiation in future space missions.

© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The photoemission of lunar regolith induced by solar
ultraviolet and X-ray radiation is one of the main reasons
for creating the electrostatic field in the near-surface of the
Moon. On the dayside of the Moon, the surface typically
charges positive (~+10 V) because the current generated
by the photoemission dominates (Manka, 1973; Freeman
and Ibrahim, 1975; Colwell et al., 2007). This charging phe-
nomenon also occurs on the surface of atmosphereless
planets (e.g. Mercury) and asteroids, and is responsible
for the charging of interplanetary dust grains. In fact, the
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solid surface exposed directly to the solar radiation
acquires a potential of +(5-10) V in space and even a glo-
bal photoelectron sheath above the sunlit surface (Delory,
2010).

For understanding the photoemission mechanism on the
solid surface, work function of materials surface is a key
parameter. Up to now, work function has been extensively
measured or calculated on metal (Lang and Kohn, 1971;
Ekardt, 1984; Fujii et al., 2006), semiconductor
(Sadewasser et al., 2002) and even organic materials/
devices (Kotani and Akamatu, 1971; Hoppe et al., 2005).
However, the work function measurements of insulating
materials are rarely reported. Interplanetary dust grains
and solid planet surface mostly consist of silicate debris
and glasses which are formed by the interaction between
these materials and its space environment. These silicate
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materials mostly belong to insulator. The work function of
the solid insulator is defined as the minimum energy
required to extract the weakest bound electron from its
maximum nature surface excursion distance to infinity
(Gallo and Lama, 1976). In 1972, the photoelectric charac-
teristics of lunar surface fines (No. 14259,116) were pre-
sented and the sample work function is measured to be
about 5eV (Feuerbacher et al., 1972). Based on the data
of the charged particle lunar environment experiment
(CPLEE), the work function of lunar surface materials
was estimated to 6 eV (Reasoner and Burke, 1972). Addi-
tionally, other previous theoretical and experimental
results also showed that the work function of lunar surface
material exposed to the solar wind is mainly in the range of
5-6 eV (Freeman and Ibrahim, 1975).

However, for the long term of micro-meteorite bom-
bardment and space weathering on the surface of atmo-
sphereless bodies, the regolith becomes mature and
contains abundant of agglutinate glasses with the excess
nano-phase iron (np-Fe’), which brings some difficulty
for investigating photoemission charging properties of
lunar regolith. In addition, the derived work function of
lunar regolith (a mixture of minerals and glasses) can not
characterize appropriately the crystalline components such
as pyroxene, plagioclase and olivine. Therefore, it is neces-
sary to measure the work function of different insulating
minerals and glasses for further understanding the photoe-
mission mechanism of typical minerals in the fields of mate-
rial science and planetary science. In this study, we have
measured the work function of olivine, which is a magne-
sium iron silicate with the formula (Mg"? Fe'?),SiO,.
Note that olivine is a common mineral within ultramafic
rocks and distributed widely in solid planets, moons, mete-
orites and even planetary rings, comet tails, interplanetary
dust particles.

Work function is not a intrinsic characteristic of bulk
materials, but a physical property of the materials surface.
Many techniques have been developed to measure the work
function, such as Ultraviolet photoemission spectroscopy
(UPS) (Kotz et al., 1986; Park et al., 1996; Kim et al.,
2000), X-ray photoemission spectroscopy (XPS) (Kotz
et al., 1986; Park et al., 1996) and Kelvin probe force
microscopy (KPFM) (Nonnenmacher et al., 1991;
Sommerhalter et al., 1999; Melitz et al., 2011). KPFM is
based on contact potential difference method to determine
work function of an unknown surface. KPFM has a high
spatial resolution and allows the simultaneous imaging of
morphology and contact potential difference (CPD)
(Melitz et al., 2011). Recently, KPFM is widely applied
to measure the work function of various semiconductor
and organic materials (Hoppe et al., 2005; Kim et al.,
2007; Sadewasser et al., 2009). Here, we employed Kelvin
probe force microscopy to measure the work function of
the insulator mineral, olivine. Then, we analyzed the effect
of surface morphology and crystal orientation on the work
function. Furthermore, we calculated the threshold wave-
length of the incident photon for the photoelectric effect

on olivine surface based on the measurements. This result
is conducive to better understand the photoelectric proper-
ties of olivine mineral, and it also provides certain con-
straints for the photoelectric charging and triboelectric
charging mechanism of dust grains (Gallo and Lama,
1976; Sickafoose et al., 2000; Sickafoose et al., 2001). It
also implicates the formation of surface photoelectron
sheath and the law of dust transport in the sheath
(Grobman and Blank, 1969; Sternovsky et al., 2008). In
addition, it also provides some instructions of the advanced
dust mitigation technology and the electrostatic beneficia-
tion in future lunar and Martian exploration (Gupta
et al., 1993; Li et al., 1999).

2. Experiment

For characterizing the surface structure and composi-
tion of lunar samples and meteorites, we have developed
an ultrahigh vacuum (UHV) surface analysis system, which
integrates the SPECS Curlew (Berlin, Germany) scanning
probe microscope (SPM) with X-ray photoelectron spec-
troscopy (XPS), auger electron spectroscopy (AES), etc.
The major specifications of the SPECS Curlew SPM
include that XY scan range of sample is 10 x 10 um?> and
Z scan range of tip is 2 um. The SPM tip is a quartz tuning
fork based the silicon cantilever of atomic force microscope
(AFM) sensor (Akiyama probe). Kelvin Controller Mod-
ule in the Nanonis SPM control system software is used
to control Kelvin Probe Imaging. KPFM obtains work
function of material surface based on the measurements
of the contact potential difference between the sample sur-
face and the AFM probe, which originates from work func-
tion difference between two materials. When the two
materials remain unconnected, their local vacuum levels
are aligned but with different Fermi levels. Once the two
materials connect, their Fermi levels will align by electron
transfer but there is difference between their local vacuum
levels. Their local vacuum levels will be aligned again by
compensating an external bias which equals to the CPD
in theory. Hence, KPFM measures CPD between the tip
and the sample surface, which is determined by
(I)tip - (I)sample

-Q
where @y, and Dgympie are the work functions of the tip and
the sample surface respectively, and Q is the elementary
charge. Under a potential difference between the AFM
tip and the sample, the electrostatic force is given by
1, ,0C

F=—SAV:— 2)
where C is the capacitance between the tip and the sample
and z is the distance between them. AV is the potential dif-
ference between Vcpp and the voltage applied to the AFM
tip, which is AV =V, & Vepp. Note that the £ sign
depends on the bias applied to the sample (+) or the tip
(=). In order to measure Vcpp, an AC voltage (Vac) and

(1)

Vepp =
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a DC voltage (Vpc) are applied to the AFM tip. The AC
voltage generates oscillating electrical force between the
tip and the sample surface, while the DC voltage nullifies
the oscillating electrical force from the CPD between the
tip and the sample surface. A lock-in amplifier is employed
to extract the additional oscillating signal applied to the tip
by the Vac and Vpc. The Vepp can be obtained when the
output signal of the lock-in amplifier is nullified, which
indicates the local vacuum levels of the tip and the sample
are aligned again.

In our measurements, all data and images were acquired
by KPFM based on the technique of an ultrahigh vacuum
non-contact atomic force microscope (NC-AFM), which is
used for simultaneous observation of the bias and NC-
AFM images. Before measuring the local contact potential
difference (LCPD) between the tip and the sample, a bias is
compensated on the tip by using the Contact Potential
Compensation Tool. Based on the average CPD between
the tip and each point on the sample surface, the compen-
sated bias is acquired as the CPD value between the tip and
the whole scanning area. The LCPD actually is the total
values of the CPD and the local bias in rescanning bias
image. During imaging process, the vacuum pressure is
maintained at less than 10~° Pa. The cantilever has a reso-
nance frequency of 50 kHz and a spring constant of 5 N/m.
Both the cantilever and tip are made from n-type silicon (n-
Si).

Based on Eq. (1), it is important that the work function
of the tip is accurately determined before deriving the work
function of olivine. Therefore, the tip was calibrated by two
standard samples, Ag and highly oriented pyrolytic gra-
phite (HOPG). The theoretical values of HOPG and Ag
work function are 5.0 eV and 4.26 ¢V, and meet Eqgs. (3)
and (4), respectively.

(DHOPG - (Dtip = QVCPDHOPG—lip (3)
Dpg — Py = QVcep,, 4, (4)

where ®uopc and @, are the work function values of
HOPG and Ag, and Vcppygps_, a0d Vepp,, ,, are the con-
tact potential difference between the HOPG/Ag surface
and the tip. According to Egs. (3) and (4), we get that

y —y y _ ®horg — Dag 5
CPDhorG-Ag — ¥ CPDuopG—tip ~ 7 CPDagqip — Q ( )

where  Veppyops 5, 18 the contact potential difference
between the HOPG and Ag.

Based on the Eq. 5, the theoretical CPD value between
the standard samples HOPG and Ag is 0.74 V. The mean
CPD values between HOPG/Ag and the tip measured in
our experiment are 0.48 V and —0.23V, respectively.
Therefore, V CPDopGae obtained by our measurements is
0.71 V, which approximately equals to the theoretical value
of 0.74 V. Here, we chose HOPG as the main reference
material in our measurements, for the freshly exposed
HOPG has clean surface and stable surface structures.
The mean work function values of the tip and the standard

sample Ag are determined as 4.52 eV and 4.29 eV, respec-
tively. The average error of the measured work function
values for the standard sample Ag is 0.7%, according to
(@" — @) /D" x 100%, where ®” and @' are the measured
and the theoretical work function values, respectively.
The measured Ag work function shows a good agreement
with the theoretical value, which validates the reliability
of the tip work function value of 4.52 eV. Actually, the
measured tip work function of 4.52 eV is also consistent
with n-Si theoretical value of 4.43 eV with the average error
less than 2.0%. Therefore, we consider that the experimen-
tal error is in the acceptable scope. Based on the Eq. (5),
the work function of olivine surface is given by

Do = Prorc — Q(VcPDyors-ip — V' CPDyp) (6)

where Vepp,, ,, is the measured contact potential difference
between the olivine surface and the tip. Additionally, for
accurately obtaining the work function values, the sample
surface was previously polished with the 1.5 um diamond
powder and cleared by absolute ethyl alcohol. All data
and images are acquired under the UHV condition for
more truly simulating the space environment. Under this
condition, the effect of surface absorption on the work
function of sample surface is negligible.

3. Results and discussion
3.1. Results

As shown in Table 1, we summarized the work function
values of the 15 scanning areas derived from contact poten-
tial difference measurements. Noting that Z is the tip posi-
tion and B is the local bias, as shown in the second and the
third columns, respectively. The tip position Z is adjusted
to zero by the Auto button in the Z-Controller before the
first sample surface scanning, and Z scan range of tip is
+ 600 nm in KPFM module, which means surface mor-
phology within the range of £600 nm able to be measured.

Table 1
Work functions of olivine derived from contact potential difference
measurements.

No. Z (nm) B (mV) CPD (V)  Work function (eV)
01 (—14.9, 17.5)  (-285,316) 3.104 7.624 +0.027
02 (—14.8, 7.4) (=59, 63) 3.623 8.143 + 0.009
03 (=20.6, 10.5) (=53,72) 3.702 8.222 +0.010
04 (—20.0, 11.5) (=73, 85) 3.929 8.449 + 0.010
05 (—19.8,19.5)  (—136, 131)  3.249 7.769 £ 0.026
06 (—25.7,45.8)  (—333,348) 3.598 8.118 + 0.047
07 (—33.9,25.5) (—174,163) 3.059 7.579 £0.032
08 (-21.7,49.9) (—246,207) 3.508 8.028 £+ 0.053
09 (=51.7,33.0) (=256,217) 2.784 7.304 £ 0.039
10 (—34.2,35.6) (—502,471) 2.798 7.318 + 0.099
11 (—28.4,37.3) (—158,194) 3.252 7.772 £ 0.034
12 (—41.2,31.0) (-—501, 575)  3.653 8.173 +0.109
13 (=519, 50.6)  (—306, 448)  3.770 8.290 + 0.055
14 (—47.7,52.4) (—345,372) 3.555 8.075 + 0.052
15 (=71.2,84.8) (—551,469) 3.176 7.696 £ 0.075
mean — - 3.384 7.900 + 0.345
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The local bias B is the potential difference between the
scanning point and the tip after the CPD was compensated.
CPD represents the compensated potential, as shown in the
fourth column, which approximately equals to the average
contact potential difference between the AFM tip and the
scanning area on the sample surface. Therefore, the local
work function values are determined by

(Dlﬁcal = Qyorg — Q(VCPDHOPG—lip o VCPD«‘PHP) +B %

The mean of the local work function values are pre-
sented in the last column. The values after the + sign are
the standard deviations of each scanning area.

Fig. 1 shows the measured results derived from the last
column of Table 1. All the values were acquired from dif-
ferent scanning areas on the same surface of an olivine
sample. Each target area was scanned at least twice, and
it costs more than one hour. In the first scanning, surface
morphology with the area of 3 x 3 um” or 5 x 5 um?® was
obtained. But in the second scanning, the bias and surface
morphology with the area of 1 x 1 pm? were simultane-
ously acquired with resolution of 256 x 256 pixels from
the first morphology image. Repeated scanning method
was performed to verify the reproducibility of our measure-
ments. However, it is difficult to scan repeatedly the same
area of 1 x 1 um? on the sample surface. As shown in
Fig. 1, we measured 15 times on the same surface of the oli-
vine sample. Each diamond indicates the average work
function of the scanning area and the error bars are respec-
tively defined to be one standard deviation above and
below the mean of the 1 x 1 pm? scanning area. Obviously,
the measured work function of each scanning area is quite
stable, except the Nos. 10 and 12 areas which present the
relative greater variation range of about 0.1 ¢V. This may
be related to the effect of scratches which will be discussed
in the following context.

8.5 .

8.0 | § R

Work function (eV)

7.5 B

I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of measurments

Fig. 1. Work function measurements on the different scanning areas of
olivine mineral surface. The diamonds indicate the mean of the local work
function and the error bars of each measurement denote the standard
deviation of every scanning area on the sample surface. The black dashed
line indicates the mean work function (7.9 eV) of the 15 scanning areas
and the light gray area is the variation region of one standard deviation
(0.345 eV) above and below the mean.

Additionally, the black dashed line indicates the mean
work function of 7.900 eV for the 15 target areas and the
gray area denotes the variation region of the standard devi-
ation (0.345 eV) above and below the mean. As expected,
the measured work function values vary along the mean
value within the standard deviation except the Nos. 4, 9,
10, and 13 measurements. It indicates that the measured
work function in different areas of olivine mineral is rela-
tively stable and our measurements show a good repro-
ducibility. The measurements of Nos. 4, 9, 10, and 13
may be attributed to the olivine crystal orientation. As in
the above analysis, we derived the value 7.900 eV can be
taken as the average work function of olivine mineral sur-
face and the measured work function is 7.900 £ 0.345 eV
based on repeated measurements.

3.2. Effects of surface morphology and crystal orientation

As noted above, the surface morphology plays an impor-
tant role in measured bias or work function. Fig. 2 shows
the relations of the measured bias (a) and work function
(b) with surface morphology. In order to characterize the
effect of surface morphology on our measurements, here,
we employed a linear fitting method (red lines) as an exam-
ple for better interpreting our data. Note that the parame-
ters presented in Fig. 2 may not be de facto linear
relations. As shown in Fig. 2(a), the maximum difference
of bias (AB) tends to increase gradually with increase of
the maximum surface height difference (AZ). It indicates
that drastic changing of surface height such as small bumps
or depressions would cause great bias variations. Hence, the
work function derived from bias may also present great
variations as a result of surface height changing. To com-
pare the morphology of different scanning areas, here we
used the standard deviation of height (o7) to characterize
the micro-roughness of the sample surface. As shown in
Fig. 2(b), the standard deviation of work function (owr)
apparently tends to be greater with the increasing of oz.
That is, the measured work function becomes more reliable
and stable for less coarser scanning target.

For further analyzing the effect of surface morphology
on the work function, as an example, Fig. 3 shows two
1 x 1 um, scans of simultaneously acquired bias and sur-
face morphology of olivine sample surface, which corre-
sponds to the data of No. 09 of Table 1. The left panel
shows the bias image, and the bias difference is 473 mV.
The right panel shows the surface morphology of the oli-
vine sample, and the height difference is 84.7 nm. On the
whole, the bias exhibits a well correlation with the surface
morphology, especially the nearly parallel scratches. In
order to contrast the bias with morphology, we selected
four profile lines (a—d) in the scanning area, as an example
shown in Fig. 4.

As shown in (a) and (b), the bias values mostly have
been scaled between —50 mV and 50 mV and the corre-
sponding height range is limited to (—5, 5) nm. Interest-
ingly, for the relatively smooth surface, the bias tends to
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Fig. 2. Effects of surface morphology on the bias and the work function. (a) Scatter plot of the maximum bias difference (AB) versus the maximum height
difference (AZ); (b) Scatter plot of standard deviation of work function (ow) versus that of altitude (¢7). The red lines are acquired by a linear fitting
method. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Shown are the measured 1 x1 pm? (256 x 256 pixels) bias (left) and morphology (right) of the olivine surface under UHV condition. The profile

lines (a—d) denote the analysed lines as examples.

be anti-correlated with the sample surface altitude, as
shown in (a) and (b). According to the surface gap state
theory, the predominantly exposing olivine surface has a
lower surface work function due to the existence of surface
dipole layer caused by the surface morphology. However,
the bias range caused by the height variation within several
nanometers scale is about the same order of magnitude as
the standard deviation of 0.039 eV. Therefore, the effect of
surface morphology with the variation range of a few
nanometers is negligible.

However, the effect of surface morphology on the work
function values near those scratches is very significant. As
shown in (¢) and (d), the maximum bias difference reaches
up to about 400 mV and the maximum height difference is
roughly 50 nm over the two scanning lines. The altitude
outside the range of (-5, 5)nm is attributed to the
scratches, which corresponds to the bias values of
<—=50mV and >50 mV. In fact, for the 15 scanning areas,
the bias would fluctuate in excess of the range of (—50, 50)
mV that corresponds to the drastically changing morphol-
ogy at the scratches. This confirms that the measured bias

of olivine is significantly affected by the scratches, espe-
cially for the slopes edges. As shown in Fig. 4(c) and (d),
the bias changes across the slope and appears the local
maximum values on the downslope side of the scratch
and the local minimum values on the upslope of the
scratch. This phenomenon also indicates that the surface
morphology plays an important role in the accurate mea-
surement of the surface work function (Li and Li, 2005).
The reason of the larger bias range is probably due to
the effect of slopes on the tip wall, as well as the slope mor-
phology. For the diversity and complexity of surface mor-
phology, therefore, we consider the mean measurements of
olivine work function in the relatively smooth scanning
area as the reasonable work function value, as shown in
the last column of Table 1.

However, the mean work function values of different
target areas fluctuate in the range of +£0.6 eV, as shown
in Fig. 1. All the values of olivine work function are
acquired from the 15 different scanning areas on the same
sample surface by KPFM. The great variation of the
measured work function from 7.3eV to 8.5eV may be
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Fig. 4. Profile lines of morphology (green) and bias (blue) of olivine
measured by KPFM. (a) and (b) were chose from the relatively smooth
surface, but (c) and (d) respectively crossed a scratch. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

attributed to crystal orientation. Olivine is a type of
nesosilicate minerals. There is difference of the atomic
arrangement among different crystal faces. Work function
of solid materials is strongly dependent on the arrangement
of the outermost atoms on the solid surface. Therefore,
work function of the olivine crystal face with the closest
packing arrangements of surface atoms remains higher
than that of other faces. That is, anisotropy of olivine crys-
tal is so significant that work function values measured
from different crystal faces of olivine vary in a certain
range. Therefore, the measured work function values of
15 target areas may characterize the photoemission charg-
ing properties of the different crystal faces of olivine min-
eral. The effect of crystal orientation on the work
function need to be further investigated in future work.

3.3. Photoemission charging properties of olivine

According to Einstein’s photoelectric equation, the max-
imum energy of photoelectron is decided by

Ek:hv—(I):h%—(D (8)

where / is the Planck constant, v is the frequency of the
incident photon and 4v is the photon energy. @ is the work
function of material surface. ¢ and A are the velocity of
light in a vacuum and its wavelength, respectively. The
minimum photon energy required in photoemission needs
only satisfy hv > @, if the photoelectron energy is low
enough. Therefore, the photoemission will occur only if
the frequency of the incident photon is greater than the
threshold frequency; or the wavelength of the incident pho-
ton should be lower than the threshold wavelength. Based
on Eq. (8), the threshold wavelength of olivine ejecting a

photoelectron is 171 nm. It indicates that electron was
emitted from the surface of olivine under X-ray and solar
ultraviolet irradiation with wavelength of <171 nm.

The total photoelectron flux tends to lower, since the
solar irradiation flux rapidly decreases in ultraviolet wave-
length bands. However, the silicate mineral, typical olivine
in the mafic lunar mare, for example, is a good insulator,
enduring two weeks long time insolation in a diurnal day.
As a result, the regolith continually accumulates charge
enough with very few charge transfer and decay in lunar
vacuum environment for the extremely low electrical con-
ductivity. This photoemission charging process of lunar
regolith is mainly responsible for creating the global-scale
electrostatic field on lunar day side. Driven by electrostatic
field, the charged fines levitate and even cause the horizon
glow by scattering the sunlight as observed by Surveyor,
Apollo and Clementine etc. (Rennilson and Criswell,
1974; Berg et al., 1976; Zook et al., 1995). For further
understanding the charging process of regolith materials
induced by photoemission, we would like to measure and
compare photoemission charging properties of more ubig-
uitous silicate minerals in space, such as pyroxene and feld-
spar, in future study.

4. Conclusions

Work function is a fundamental physical characteristic
of solid material surface. The photoemission charging of
dust grains in lunar atmosphere or space plasma environ-
ments as well as the formation of electrostatic field on lunar
sunlit surface creates a growing demand to investigate the
photoemission charging properties of insulator mineral,
which is related to the work function of mineral surface.
KPFM was demonstrated to be a powerful tool for the
work function investigation of mineral material surface.
In this paper, KPFM was applied for the measurement of
the contact potential difference and the estimation of the
local work function on the heterogeneous olivine samples.
Our results showed that the work function of olivine falls
within a range of 7.3-8.5¢V, which indicated insulator
mineral, olivine, can absorb energy from solar ultraviolet
and X-ray irradiation with wavelength of <171 nm in space
environment and emit photoelectron from olivine surface.
Additionally, based on a dozen scanning areas on the sur-
face of olivine, we found that the bias exhibited a well anti-
correlation with the surface morphology and is signifi-
cantly influenced by crystal orientation. In future work,
the work function measurements of pyroxene, plagioclase
and ilmenite will be performed with KPFM, which may
contribute to the understanding of lunar dust charging
and transport, and the development of the electrostatic
beneficiation and the dust mitigation technology.
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