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Visualizing Positive and Negative Charges of Triboelectricity

Generated on Polyimide Film

Dai TAGUCHI', Takaaki MANAKA', Members, and Mitsumasa IWAMOTO™®, Fellow

SUMMARY  Triboelectric generator is attracting much attention as a
power source of electronics application. Electromotive force induced by
rubbing is a key for triboelectric generator. From dielectric physics point
of view, there are two microscopic origins for electromotive force, i.e., elec-
tronic charge displacement and dipolar rotation. A new way for evaluating
these two origins is an urgent task. We have been developing an optical
second-harmonic generation (SHG) technique as a tool for probing charge
displacement and dipolar alignment, selectively, by utilizing wavelength
dependent response of SHG to the two origins. In this paper, an experi-
mental way that identifies polarity of electronic charge displacement, i.e.,
positive charge and negative charge, is proposed. Results showed that the
use of local oscillator makes it possible to identify the polarity of charges
by means of SHG. As an example, positive and negative charge distribution
created by rubbing polyimide surface is illustrated.

key words: electric-field-induced optical second-harmonic generation,
orientational order parameter, dipolar rotation, charge displacement,
Maxwell’s displacement current

1. Introduction

Triboelectric generator has been known for long time as
an electrical generator [1], [2]. By rubbing an insulator by
metal, semiconductor, etc., charge displacement is induced
and mechanical power transfers to electrical power. Re-
cently, new synthesis of insulating polymers and new pro-
cessing technique development allows enhancement of sur-
face power density to 30 mW/cm? [3]. Micro- and nano-
structured surface of materials are utilized to enhance power
density. Accordingly, research and development (R&D) of
triboelectric generator is freshly being activated. For exam-
ple, the triboelectric generator for switching electronic pa-
per display [4], switching memory devices [5], power supply
with non-connecting power line [6], and so on, have been
reported.

Idea of triboelectric series has been utilized for the
choice of appropriate combination of materials for triboelec-
tric generation. However, emergence of micro- and nano-
structure surface for high power density generator tells us
that this situation is no longer sufficient to establish a new
scientific basis. That is, not only material property but also
microscopic structure of materials is a key for making clear
triboelectric generation process.

A high-tech analytical tool such as, energy-filtered
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transmission electron microscopy (EFTEM) [7], is available
from physicochemical aspects. Electronic energetics have
been investigated by using ultraviolet photoelectron spec-
troscopy (UPS) [8] and electrostatic potentials and so on in
micro and nano scales have been visualized by using Kelvin
probe force microscopy (KPFM)[9]. In terms of dielec-
tric physics, there are two microscopic origins for electric
power generation [10]. One is charge displacement and the
other one is dipole rotation. Accordingly, an experimen-
tal technique that identifies the two microscopic origins is
of importance to investigate carrier processes in triboelec-
tric generation. The authors have been developing opti-
cal second-harmonic generation (SHG) measurement as a
method that allows one to identify charge displacement and
dipolar alignment. SHG measurement can probe, selec-
tively, charge displacement at laser wavelength 4; and dipo-
lar alignment at A, (# A;) [11], [12]. But this situation is no
longer sufficient. EFTEM and KPFM investigations showed
that positive and negative charges are microscopically dis-
tributed after rubbing polymers, and we need to identify po-
larity of charges created on polymer surface.

The purpose of this paper is to show that the SHG mea-
surement can identify the polarity of charges and visualize
the distribution of positive and negative charges. The SHG
measurement system introducing local oscillator technique
is shown to be effective for this purpose. As an example,
positive and negative charge distributions remained on poly-
imide tape are visualized by using the SHG measurement
using the local oscillator (quartz) [13].

2. Experiment
2.1 Sample

Figure 1 (a) shows a typical chemical structure of polyimide
adhesive tape used in experiment. The polyimide layer
thickness is 25 um and adhesive layer is provided to fix the
polyimide on a Ni-foil. The rubbing of polyimide surface
is carried out by using cotton and polytetrafluoroethylene
(PTFE) film, in the direction along the incident plane of
laser beam (Fig.2). The impressed force of the rubbing is
about 5 N in normal direction to polyimide surface. The
rubbing was in one-directional way, i.e., the direction from
left to right as indicated in Fig.2. Preliminary experiment
of surface potential measurement was carried out to get in-
formation on the polarity of surface potential created after
rubbing. After rubbing the polyimide surface by cotton,
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Fig.1 (a) A typical chemical structure of polyimide used in experiment.
(b) A polyimide tape fixed on Ni foil used for SHG experiment.
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Fig.2 SHG measurement arrangement where local oscillator is installed
for to distinguish polarity of charge induced in a course of rubbing.

polyimide surface potential is established negatively
—1500 V. The rubbing by PTFE film induces positive po-
tential + 500 V across the polyimide film. The surface po-
tential value was measured in reference to Ni-foil. Note that
the polarity of surface potential well agrees to that expected
from the general tendency of charging of materials, which
is known as triboelectric series (an example of triboelectric
series is described in Ref. [3]). According to the triboelec-
tric series, among materials used in the SHG measurement,
cotton is positioned on the most positive side, and then poly-
imide. Meanwhile, PTFE is positioned on the most negative
side. Triboelectric series suggests that positive charges tend
to remain on a material positioned on the positive side, if this
material is rubbed with another material positioned on the
negative side. Accordingly, by rubbing polyimide with cot-
ton, triboelectric series suggests that cotton and polyimide,
respectively, will be charged positively and negatively. In a
similar way, by rubbing polyimide with PTFE, polyimide is
expected to be positively charged after rubbing.

171

The Ni-foil was electrically grounded and used as a ref-
erence electrode for intentionally charging and discharging
polyimide surface. The charging and discharging of poly-
imide surface were carried out by using conductive brush
where external high voltage is applied in reference to the
Ni-foil grounded. The voltage V = 0 V is applied for dis-
charging polyimide surface. V = +2 kV and — 2 kV are
applied for charging. The surface potential of polyimide sur-
face was measured by using Kelvin probe, and was used for
confirming the polarity of surface potential after applying
conductive brush.

2.2  SHG Measurement

SHG is nonlinear optical process where electric field E, of
probe laser beam vibrating at angular frequency w induces
nonlinear polarization at double frequency 2w, in a course
of electromagnetic coupling between electromagnetic wave
and electrons in materials. As a result of the electromag-
netic coupling, optical second nonlinear polarization P, is
induced in materials as

- -(2) R 3. 2 2 =2 =
Prw =€0X 1 EwEw+&0X EoELE, + Py, (1)

where the first term is SHG, the second term is electric-field-
induced SHG (EFISHG), and the last term P}, is higher order

L. . e s -(2)
SHG processes. & is dielectric permittivity of vacuum. y
is related to symmetry of materials, and is available to selec-

tively probe dipolar alignment [14], [15]. ;\?(3) expresses the
nonlinear property of materials where electrostatic field E,
deviates electrons cloud in molecules, allowing us to probe
electronic charge displacement by means of EFISHG mea-

surement. It is worth noting that )?(2) and )?(3) exhibit reso-
nance enhancement at different laser wavelength. In tribo-
electric generation process, both charge displacement and
dipolar rotation contribute to electrical work consumed in
an external circuit. By choosing laser wavelength 4 = A,

. () . . -2 . .
at which y ~ is dominant and y = is minor, we can selec-
tively visualize charge displacement [12]. By selecting laser
wavelength 4 = A, at which )?(2) governs second-harmonic
polarization and )?(3) is absent, we can probe alignment of
dipoles. In the experiment described here, we set the laser
wavelength 4; = 1064 nm (SHG wavelength 532 nm), to
selectively probe charge displacement. At A = 4}, Eq. (1) is

- -3). = -

Py, = cox :EOEwEw )

This polarization ﬁzw with nonzero }(3) is available to probe
electrostatic field Eo formed in materials. However, it is
not possible to determine polarity of electrostatic field by
measuring EFISHG light intensity /,,, from the polarization
B>, in Eq. (2). That is, the light intensity is proportional to
the square of polarization:

by, o |Pay,? = |EyP 3)
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Equation (3) shows that Ey and —E gives the same SHG
intensity I, = |E)o|2 = |—E)0|2. We cannot determine the
polarity of E,. Accordingly, local oscillator is freshly nec-
essary to determine both the intensity and phase of second-
harmonic polarization ﬁzw [16]. The local oscillator pro-
duces second harmonic polarization P, = Py e/ with known
phase 6, and ﬁL interferes with EFISHG as

= B 2 =2 = =
Py, =e0x  :EoELE, + P, “)

The first term on right-hand side is the polarization from
sample, and interferes with ﬁL from the local oscillator.
Note that experimentally, we control phase 6 by changing
optical path length between local oscillator and sample by
utilizing difference of refractive index of air at laser wave-
length A and at SHG wavelength 1/2[16]. Assuming that
x® = x&) is dominant, the component of P, (Eq.(4)) in
z-direction (unit vector Z along the film thickness direction)
is described as

Py, -2 = A(Eo + Be') 5)
P
SOX(3)EwEa)

By setting B > Ej, SHG intensity I, o« [Pyl is periodic
function of 6. By setting optical arrangement so that § = 0,
positive electric field (Ey > 0) constructively interferes with
SHG from local oscillator, increasing total SHG intensity.
Negative electric field (Ey < 0) decreases SHG intensity
due to destructive interference of EFISHG with ﬁL from the
local oscillator. In this way, we can distinguish positive and
negative charge displacement originating positive and nega-
tive electrostatic field Ej.

In experiment, we arranged local oscillator in SHG
measurement system as displayed in Fig.2. A variety
of SHG setups shown in Fig. A-1 in Appendix are tri-
aled. Among them, stable SHG interference is found to be
achieved by using the system illustrated in Fig. 2. As a probe
laser beam, Q-switched Neodyum doped yttrium-alminum-
garnet (Nd:YAG) laser with wavelength 4, = 1064 nm
(repetition rate 10 Hz, pulse duration 4 ns, average power
10 mW, laser beam diameter 3 mm) is installed. SHG
is available to probe charge displacement and dipole sep-
arately by selecting appropriate laser wavelength. At the
wavelength 4; = 1064 nm, charge displacement in poly-
imide is selectively probed [12]. Local oscillator is a quartz
plate with a thickness of 1 mm (Y-cut quartz with a mark
on x-crystal axis direction, Kogakugiken Co.). Accordingly,
p-polarized laser beam was incident on local oscillator and
on polyimide, and p-polarized SHG is selected by using a
linear polarizer.

The SHG measurement was carried out in 3 steps as de-
scribed in the following. In Step 1, correct position of local
oscillator is determined where phase difference 6 is zero or
7. Polyimide surface is positively and negatively charged by
applying conductive brush connected to high voltage source
(+2 kV and -2 kV). Positive charges remained on poly-
imide surface after corona-discharge by +2 kV. According

with A = ggy YE,E,, and B =
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to Gauss law in electromagnetism, positive charge on poly-
imide surface forms electrostatic field in the direction orig-
inating from positive charge on polyimide surface toward
negative charge induced on Ni-foil surface (Ey > 0). Neg-
ative charges remain on polyimide surface after charging
at —2 kV. Electrostatic field in the polyimide is pointing
in the direction from Ni surface toward polyimide surface
(Ep < 0). With the known polarity of charges on polyimide
surface, local oscillator was shifted toward the polyimide
sample to sweep phase difference 6 between SHG By, from

local oscillator and SHG go}(3)fﬁoﬁwﬁw from polyimide
(see Eq.(5)). The SHG light was detected by using pho-
tomultiplier tube (PMT) in the experiment.

In step 2, the local oscillator is set at the position sat-
isfying 6 = 0 or 8 = &. In the following, the case of con-
dition 8 = 7 (e/’ = —1) is described. Equation (5) shows
that negative electric field (Ey < 0) in polyimide results in
constructive interfere with ﬁL, resulting in increase of SHG
intensity. Meanwhile, positive electric field cause decrease
of SHG intensity. The same experimental procedure applies
for the case of 6 = 0 with opposite quality.

In Step 3, after rubbing polyimide film, positive and
negative charges are visualized by imaging SHG on charge-
coupled-device (CCD) camera (image A). The reference im-
age (image B) with zero surface potential was recorded and
subtracted numerically from the SHG image A, i.e., “im-
age C” = “image A” — “image B” for every pixel of CCD
camera. The positive and negative values of image C is an
image of negative and positive electrostatic field in poly-
imide layer. The rubbing is carried out at 5 N applied to nor-
mal to surface of polyimide tape and repeated for 10 times
in the direction indicated in Fig. 2. Note that after repeating
rubbing in this condition, surface potential formed across
the polyimide tape saturates.

3. Results and Discussion

Figure 3 shows SHG intensity recorded as a function of po-
sition of local oscillator (Sect.2.2: Step 1). Figure 3 (a) is
SHG from a polyimide after positively charging the surface
of polyimide. Along with the shift of local oscillator posi-
tion, SHG intensity increase from x = 0 and arrive at maxi-
mum at x = 20 mm. After that, the SHG intensity decreases
to minimum at x = 80 mm. Afterwards SHG intensity in-
creases again. The result shows that SHG from local oscil-
lator and SHG from polyimide interfere efficiently, causing
periodic change of SHG intensity as expected from Eq. (5).
Figure 3 (b) shows SHG intensity after negatively charging
polyimide surface. The changing behavior of SHG inten-
sity is similar to Fig. 3 (a), but the polarity is opposite. From
x = 0 to 20 mm, SHG intensity decreases, then increases
to 80 mm. The result is consistent with Eq. (5) where po-
larity of Ej is opposite for positive electric field (Ey > 0)
and negative electric field (Ey < 0). These results show that
local oscillator technique is available to distinguish between
positive and negative charges by using SHG measurement.
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Fig.3 Interference between SHG from local oscillator (quartz) and
EFISHG from polyimide. The interfered SHG intensity is plotted as a func-
tion of position x of the local oscillator. EFISHG is from (a) positively and
(b) negatively charged polyimide film in reference to grounded Ni foil.

Figure 4 is examples of SHG image recorded with the
local oscillator positioned at x = 80 mm. By setting at this
position, the phase difference condition is § = 7. SHG inten-
sity increases in an area where negative charge is on poly-
imide. By contrast, SHG intensity decreases in the region
where positive charges remained on polyimide. In these
figures, positive charges are printed in black and negative
charges are white, and labeled by red and green color, re-
spectively. It is noteworthy that the image of Fig.4 is the
difference between SHG image after rubbing and the refer-
ence image at zero surface potential. The SHG pattern orig-
inating from local oscillator dominates the raw SHG images
and the difference SHG image clearly shows SHG change
due to creation of positive and negative charges remained
on a polyimide tape. Note that the SHG was detected by us-
ing PMT to record interference profile (Fig. 3) while CCD
camera was installed to image charge distribution (Fig. 4).
As a result, SHG intensity in Fig.4 is in proportion to the
vertical axis of interference measurement in Fig. 3.

Figure 4 (a) shows that negative charges are created
on polyimide surface after rubbing by cotton. The neg-
ative charges are distributed on whole area of the rubbed
surface. Note that the laser spot is 3 mm diameter as in-
dicated by the circle in Fig. 4, and governs the area where
charges are imaged on a CCD camera. The result is consis-
tent with the estimation from surface potential measurement
that very large negative potential —1500 V is established by
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-1000

Fig.4 SHG image of polyimide tape surface after rubbing with (a) cotton
and (b) PTFE. The change of SHG intensity is displayed in reference to
the image taken in prior to the rubbing. The local oscillator is positioned
at x = 80 mm. SHG intensity increases (decreases) reflecting negative
(positive) charges on polyimide surface created by the rubbing.

1000 counts/pixel

negative charges. On the other hand, after rubbing by using
PTFE film, there are random domains of positive and neg-
ative charges separately on polyimide surface. The size of
domain is, for example, 810 um X 120 um. As the Kelvin
probe with 1 mm diameter was used to measure surface po-
tential + 500V, the positive and negative charges cancel their
electrostatic potentials in average, resulting in smaller sur-
face potential + 500 V.

It is noteworthy that generation of positive and nega-
tive charges after triboelectric generation process is known
in milli-meter scale [7] and nano-meter scale [9]. In these
reports, material transfer, chemical bond-breaking, etc., dur-
ing a course of rubbing, were argued as a mechanism for
creating both positive and negative charges, from physico-
chemical aspects. The appearance of positive and negative
charge after rubbing polyimide tape with PTFE may be sim-
ilar phenomena, but we do not have a concrete idea on the
mechanism at present.

4. Conclusions

SHG measurement is an optical way that directly visualizes
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triboelectricity. We have showed that the SHG measurement
is available to identify two microscopic origins of triboelec-
tric generation, i.e., charge displacement and dipolar align-
ment, and is helpful to visualize these microscopic origins
separately at different probe laser wavelength. In this paper,
we showed that the extra use of local oscillator (quartz plate)
in SHG measurement further allows us to identify polarity
of charges, i.e., positive and negative charges, in charge dis-
placement origin. The results confirmed that this idea is ef-
fective in experiment.
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Appendix:

Figure A- 1 shows a variety of optical arrangements for SHG
measurement with local oscillator trialed. Figure A-1(a)
(b) utilizes a dispersion of refractive index of air. The
phase 6 between SHG from local oscillator and EFISHG
is controlled by shifting location of local oscillator. Fig-
ure A-1(c)—(f) utilizes a dispersion of refractive index of
synthetic silica plate. The phase 6 between SHG from lo-
cal oscillator and EFISHG is controlled by rotating the sil-
ica plate. Figure A- 1 (a) was one of the best arrangements
that showed clear interference of SHG from local oscillator
with SHG from polyimide/Ni foil sample, and used in exper-
imental arrangement illustrated in Fig.2. The arrangement
in Fig. A- 1 (b) showed poor SHG interference probably due
to a deformation of probe beam pattern after reflection at
polyimide sample. The arrangements in Fig. A- 1 (c)—(f) are
also trialed, but are discarded for consideration of a shift of
image with a rotation of silica plate.
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