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Studies of GaN Islands by Scanning Electric
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Student: Chung-I Huang Advisor: Dr. Wei-Kuo Chen

Institute of Electrophysics

National Chiao-Tung University

Abstract

We had developed a model.based on the equations related to the principle
of scanning electric force microscopy(EFM). By this model, we can obtain the
surface work function of the tip we used in our atomic force microscopy (AFM)
system and calculate the o-term Coulombic force between the tip and the
surface electrostatic charge (ESC) on the sample in the ®-term and 2®-term
force (signed F, and F,,, respectively) mappings at different tip-sample
distances. The calibrated value of tip work function can be used to characterize
the surface work function of other samples. The EFM results show that the F,
and F,, force mappings on disk-like GaN islands can be well-resolved. The
intensities of the electric forces F, and F,, on the region of GaN islands are

comparatively lower as respect to that of the plane surface. The higher the island



is, the lower the value of intensity is. We can also calculate the w-term
Coulombic force between the tip and the surface ESC on Si wafer and that on
the disk-like GaN island, respectively. We found that the reactive Coulombic
force can be interpreted by the cone model on the Si wafer, and by the charged
point-disk model on the disk-like GaN island, respectively. We believed that
such discrepancy can be attributed to the difference of electric field distribution
resulted from the dimension of the ESC distribution region on the sample
surface as compared with the tip. The uniform electric field acting on all part of
the tip above the infinite plane (such as the Si wafer) results in using the cone
mode to interpret the experimental ‘tésults. But, in the single disk-like GsN
island whose electric field resulted=from+ ESC on surface is not uniform and
decreases rapidly with incteasing ‘height. The sphere of the tip is the main
position suffered the w-term Coulembic¢ force between the tip and the surface
ESC on the single disk-like GaN island. As a result, we can use the charged
point-disk model to interpret the w-term Coulombic force between the tip and

the ESC purely on the single disk-like GaN island.



Chapter 1 Introduction

In recent years, scanning Kelvin probe microscopy (SKM) has become an
important characterization technique for semiconductors. [1-13] Utilizing SKM
technique we can probe the contact potential difference (CPD) which represents
the difference of work function between metal tip and sample surface
regarding to the micro-structure on the semiconductor materials [14-16] or
devices [3-13].

According to the report of G. Koley et al. [17], the CPD voltage (Vcpp) is
increased as the tip-sample distance 1s inereased, as shown in Fig. 1.1. In other
words, the Vcpp is dependent on the distance between tip and sample surface.
The equation of the associated ‘electrostatic' @-term force can be expressed as
[17-22]

0

3 :_E(Vdc _VCPD)Vac + QtQS (1-1)
1o/4

4, 7°

(o)

where Q; is the charge on the tip surface, Qs is the charge on the sample surface,
Verp 1s the difference between the work functions of the sample surface and the
probe tip surface, C is the capacitance between tip and sample, Z is the tip to
sample distance, and g, is the dielectric constant of the medium between tip and
sample. It is noted that we use point-charge to point-charge model to describe
the actual situation of atomic force microscopy (AFM) tip and sample for

simplicity. [23] There is also other report, J. W. Hong et al., for example [24-31],



which describe the charge on the sample surface as a uniform charge density

signed as 0, and the second term of Eq. (1.1) is rewrote as Q,c, for infinite
2¢

0
charged plane sample. Here we use the form of Eq. (1-1) (point-charge to
point-charge model) to interpret Fig. 1.1, which are both quoted from Ref. 17, to
debate continuously in this chapter to maintain the consistence. In order to
measure the SKM V. signal, a feedback loop is used to adjust the external biasd
voltage V4 between the tip and the sample such that the vibration amplitude of
the o-term force F,, vanishes. In Fig. 1.1, we find the voltage (so-called “SKM
resulted signal V) varies strongly at smaller distance, and tends to saturation
as the distance beyond 1.5um. It cain'be seen more clearly in Eq. (1-1). When the
tip-sample distance is smaller than Lum, the SKM resulted signal V. is smaller,
and its value is affected strongly by the second term in a short distance, as
shown in Fig. 1.1. And the second term in Eq. (1-1) can be ignored when Z is
larger than about 2um. That is to say that the V. is equal to Vcpp under such a
situation. In short, we can obtain the exact value of Vcpp when Z is large but low
spatial resolution. On the other hand, when Z is always small, high spatial
resolution can be obtained and precise Vcpp can not be retrieved.

From the above discussions, it is learned that obtaining the Vcpp value at
nano-scale remains a challenge. We must examine the second term of Eq. (1-1)
more thoroughly. So far, G. Koley et al. has viewed the second tern in Eq. (1-1),

Coulombic force, acting on the tip in SKM measurement as the point-point



model [17-22], parallel-plate capacitance model [24-25] or point-plane model
[26-31] to characterize the surface properties. But these models are too simple to
correspond to the real condition and nobody has studied the characteristic of the
Coulombic force between the tip and the surface charge on the sample. In this
study, we set up a series of experiments to measure the Coulombic force acting
on the tip on different sample surface (plane and disk-shape island) and find a
model for explaining the tip-sample distance dependence of the Coulombic force

at fundamental frequency.
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Chapter 2 Theoretical Backgrounds

In this chapter, we describe the measuremental principle of atomic force
microscopy (AFM), scanning electric force microscopy (EFM), and scanning

Kelvin probe microscopy (SKM).

2.1 Atomic Force Microscopy (AFM)

The basic operational principle of AFM is to bias the cantilever with an AC
and a DC voltages. When the AC signal was tuned to the resonance frequency of
the cantilever, the cantilever will vibrate.with a maximum amplitude. After
placing the probe on the -holder, we~<can move the probe with tip on the
cantilever to the sample surface.. Whenithe tip is put closer to the sample, the
attractive and repulsive forces will raffect the displacement amplitude of the
cantilever. Utilizing the reflective optical signals from the cantilever, we may
analyze the surface properties of the sample. Generally, there are three modes to
obtain the sample morphology in the AFM system.

We introduce these modes as follows, with the diagram shown in Fig.
2.1.1.

(I) Contact Mode

In this mode, the cantilever touches the surface and scans over the sample

surface. Via the electrical feedback loop, the piezoelectric scanner enforces the

cantilever with a constant force. As the surface height changes, the system will

5



detect the deflection signals of the cantilever and then it modulates the scanner’s
height to keep the force at a constant value. The modulation of the scanner’s
height will be recorded and processed by the controller and the software, which
provides us the information of the sample’s morphology property.
(IT) Non-Contact Mode

In order to avoid the destruction of the probe in scanning, we operate AFM
system in non-contact mode. Utilizing the long range Van der Waal’s force
between the tip and sample surface it vibrates with a smaller amplitude. But the
long range force is not sensitive to the changes of the height, it needs advanced
modulation technology to enhancé'the signal to noise ratio. In the ambient
environment, the non-contact mode’s resolution is only about 50nm. If we want
to obtain the better images, the“system must be loaded into the vacuum
chambers.
(IIT) Semi-Contact Mode

The semi-contact mode (or named tapping mode) is modified from the
non-contact mode, the amplitude of the cantilever is enlarged, and the height
between the tip and the sample is reduced. Through the modulation technology,
the changes of the cantilever’s amplitude affected by the surface height are
recorded, and one obtains the morphology through the software analysis. The
tapping mode is also more sensitive to interact with sample surface, and we may
obtain the AFM image at higher resolution as compared with the non-contact

mode. This mode is also applicable to characterize the surface distribution of the



magnetic and electric field, elasticity and viscosity.

Besides the morphology measurements, the AFM system can also be
utilized for other researches, such as the micro I-V measurements, spreading
resistance distribution, and the nano-lithography. All the new functions are still

under developing. [23]
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2.2 Scanning Electric Force Microscopy (EFM)

The scanning electrical force microscopy (EFM) is semi-contact AFM
technique, which uses a metal-coated tip to probe electrical properties of surface
under AC operation. In our studies, we used Pt-coated tip. The schematic
diagram of scanning EFM is shown in Fig. 2.2.1.

The scanning EFM mapping is obtained by two-pass method. The
corresponding schematic diagram is shown in Fig. 2.2.2. In the semi-contact
mode scanning, the first pass is used to measure the sample surface morphology.
Then, at the second pass, the probe is withdrawn from (or approached to) the
sample surface relative to the first passiwith a distance AZ and passed at this
height over the sample surface to probe.otherJocal signals corresponding to the
morphology image, such as:the intensity-of the electrostatic force acting on the
tip in this studies. But the second-pass scanning process may be with different
scanning parameters. In scanning EFM, we apply an AC and a DC voltage (V.
and V. , respectively) between the tip and sample, as shown in Fig. 2.2.3. At the
same time, the scanning EFM system monitors the cantilever vibration due to
the electrostatic force at the fundamental frequency ® and second harmonic
frequency 2w of the applied V,.. Via the reflected light from vibrating cantilever
being detected by the photodiode of the scanning EFM system without feedback
(Fig. 2.2.1), the magnitude of force acting on tip is transferred to a current signal.
In the continuous chapters, all of the force magnitude is expressed by current.

In the scanning probe microscopy (SPM) system, the structure between the

9



metal tip and the sample can be regarded as a capacitance. When we bias the
applied voltage on the tip, the induced charge would appear on the tip surface
and the sample surface. Besides, there is also some local surface electrostatic
charge (ESC) on the sample surface which may come from the broken bonds,
micro structures, and interface, etc., as shown in Fig. 2.2.4. The ESC already
exists under thermal equilibrium and the opposite pole of charge exists in the
opposite side of the space charge region of the semiconductor sample to
maintain charge neutrality. In our study, the applied voltage is maintained under
1 volt for DC voltage and 0.1 volt for AC voltage. We assume that the applied
voltage would not change the distribution of surface ESC.

If we applied a voltage v = Vo +V_sin ot between the tip and the

applied;tip .
sample, the total voltage between them:is-U as written below.
U=(V, -V, )+ V sinot (2-1)
The electrostatic force acting on the tip is

OE . U? oC (2_2)

oz 2 oz

where E is the electrostatic energy, C is the capacitance between the tip and the
sample, and Z is the distance between the tip and the sample. If there is local
surface ESC on the sample surface and we assume that the ESC is uniform
distribution on the surface. The electrostatic force includes two components:

capacitive component and Coulombic component. Thus, Eq. (2-2) is rewrote as

10



U’ oC
_7 572 + FESC—tip

(2-3)

where Fggc.p 1S the Coulombic force acting on the tip from the surface ESC on

the sample. By Substituting U by Eq. (2-1), we find that F consists of three parts

at dc, o, and 2m:

10C

F=m [(V,. = Vi )+ V, sinot] +FE
1oC .
- _5 87Z [(Vdc - VCPD )2 +2 (Vac - VCPD )Vac sin ot
+V_*sin’ oat] + Fio_y, (dC, @)
10C -
- _5 872 I:(Vdc 3 VCPD )2 +2 (Vac o VCPD )Vac Sin ot
v Lﬂ} i fide, o)

=F_ +F smot+F_cos2ot

where
1oC
F,=- 5 872 (Vdc ~ Ve )2 + FESC—tip,dc
oC
Fo) - 872 (Vdc - VCPD )Vac + FESC—tip,o) (2-4)
20 - 1 a£ Vai (2_5)
4 07

Fq., the o-force F,, and the 2m-force F 5, can be measured separately using
lock-in amplifiers without feedback, as shown in Fig. 2.2.1. The w-force acting

on the tip consists of two kinds of interaction. One is the tip and the sample

11



surface induced charge (capacitive component, first term in Eq. (2-4)), and the
other is the tip and the surface ESC (Coulombic component, second term in Eq.
(2-4)), as shown in Fig. 2.2.4. The second interaction plays an important role in
determining SKM and scanning EFM signals. We would discuss in detail in this
studies.

It 1s noted that the Fy4. and the w-force F, have the term Fgsc.ip, but the
2mw-force F,, does not. The reason can be explained as follows. For simplicity,
we regard the situation as the plate capacitance model and assume that there are
point charges Qs and Q. on the sample surface. Q. is induced charge resulted
from the applied voltage, Q is ESCIoti the sample surface, and Q; is the charge
on the metal tip, as shown in“Fig. 2.2.5. We can write the following equation.

Q, =CV =C(V, + V,, stnot)

The Q, includes —Q. and the image charge of Q,, as written in the following

Q, =-(Q,+Q,)=—(Q, +CV, +CV,_ sinwt)-
According to Coulomb’s law, Fgsc.ip can be rewrote as

_ Q,Q,
ESC-ip dng 7’
Q.(Q, +CV, +CV_sinot)
- 4,7’
B Q.(Q, +CV,)+Q.CV_sinot
dng 7’
= dc-term force + w-term force

Therefore, Fgsc.ip 15 the function of dc-term force and o-term force. The

2m-term force F 5, does not include the term Fgsc.p.

12
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2.3 Scanning Kelvin Probe Microscopy (SKM)

The SKM mode can be used to image distribution of surface potential on
the sample surface. In SKM, we apply an AC and a DC voltage (V,. and Vg,
respectively) simultaneously between the tip and sample, as shown in Fig. 2.2.3.
At the same time, the SKM system monitors the cantilever vibration due to the
electrostatic force at the fundamental frequency ® of the applied V.. As
expressed by EFM formulas (Eq. (2-4)) in scanning EFM, the z-direction ®-term
force acting on the tip is given as

SC-tip,o

oC }
Fo) = _672 (Vdc - VCPD )Vac + FE (2 6)

For most of cases, the effect of Coulombic component F.. can be

~tip, o
ignored, such that by tuning the Vg to'make F, to equal zero we can retrieved
contact potential difference Vpp whichis equal to V. under this condition.

The operation of SKM is used in two-pass method, as similar to the case in
scanning EFM. In the first scanning, we obtain the morphology image of sample
surface. In the second pass, we obtain the mapping of variation of SKM

feedback voltage on the same position at the sample surface.
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Chapter 3 Experiments

In this chapter, the preparation of the samples, the experiment procedure,

and the analysis instruments are described.

3.1 Sample Preparations

In our experiments, two sets of samples were used. The first series of
samples were with flat surface, and the other set of samples possess micro
structure on its surface. The first series of samples include intrinsic Si (i-Si)
wafer, 1-Si wafers coated with-200nm-Pt film and 200nm-Au film, respectively,
using ion sputter (Hitachi E-1010). Their schematic diagrams of structure are
shown in Fig. 3.1.1 (a).

The second type of sample 15"Alp'1Gag goN epilayer with micro structures,
GaN islands, grown by AIX 200/4 RF-S horizontal-reactor metalorganic
chemical vapor deposition (MOCVD) system. Trimethylgallium (TMGa),
trimethylaluminum (TMAI), and ammonia (NH;3) were used as the source
precursors of Ga, Al, and N, respectively. Hydrogen was used as a carrier gas.
Prior to the material growth, the sapphire substrate was heated to 1120°C in a
H, ambient for 10minutes to remove any residual impurities on the surface.
The substrate was then cooled to 650°C for the deposition of a nominal
25-nm-thick AIN nucleation layer. It followed by an increasing of substrate

temperature to 1120°C and then a growth of a 1.5 um Al ;;GaggoN layer.

18



Finally, the GaN islands were deposited at temperature 900°C by the flow-rate
modulation epitaxy (FME) technique. The schematic diagram of the sample

structure is shown in Fig. 3.1.1 (b).

19



(a)

200nm Pt-film

200nm Au-film
il

7

Fig. 3.1.1. Schematic diagrams of sample structure (a) Si wafer, Pt-coated
Si wafer and Au-coated Si wafer, and (b) the sample with GaN

islands.
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3.2 Experiment Procedure

During the experiments, if clearing was necessary, the Si wafers were

cleaned in the following procedures:

1. All of the Si wafers were dipped into the diluted BOE solution (HF:
NH4F=1:6) for 5 minutes to remove surface oxide. The diluted BOE
solution was diluted with D.I. water and the concentration was about
10%.

1. After removing the surface oxide, Si wafers were pulled out and
blow-dried with N, gas.

ii1.One of the Si wafer was put ‘on the stage of SPM and made the
measurement immediately to'avoid surface oxidation. The other two Si
wafer were put into the-chamber of the ion sputter for coating
200nm-thick Au film “and+200nm-thick Pt film on their surface,
respectively.

iv. After coating, the Pt-coated Si wafer and Au-coated Si1 wafer were put
on the stage of SPM and made the measurement immediately to avoid
surface oxidation.

The schematic illustrations of grounding of the Si wafer and coated Si wafers on
the SPM stage are shown in Fig. 3.2.1 (a).

Similarly, the GaN sample clearing procedure is as follows:

i. The sample was rinsed in the D. I. water whose resistance was larger
than 15MQ for two minutes to remove particles.

21



ii. The sample was dipped into the acetone (ACE) solution in ultrasonic
cleaner and oscillated for 3 minutes to remove D. 1. water.
i1i. The sample was dipped into the isopropy alcohol (IPO) solution in
ultrasonic cleaner and oscillated for 4 minutes to remove oil and organic
pollution.
iv. The sample was rinsed in the D. I. water for 2 minutes to remove IPO.
v. The sample was dipped into the diluted hydrochloric acid (HCI) solution
(HCI: H,O=1:1) with D. I. water in ultrasonic cleaner and oscillated for
4 minutes to remove surface oxidation layer on the sample.
vi. The sample was rinsed inithé D, I. water for 4 minutes to remove HCI
and blow-dried with:N, gas.
After the clearing, the sample was then put in the auto drybox for exceeding
1 hour to remove the moisture to a:maximum extent. The sample on the stage of
the SPM was grounded by putting In-ball film on the surface, as shown in Fig.

3.2.1 (b).

22



(b)

Fig. 3.2.1. Schematic diagrams of sample grounding of (a) Si wafer,
Pt-coated Si wafer and Au-coated Si wafe, and (b) the sample

with GaN islands.
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3.3 Analysis Instruments

Our SPM system was manufactured by “Molecular Devices and Tools for
Nano Technology “(NT-MDT Company) in Russia. The AFM system we used
1s Solver P47H that can be operated in multi-modes, such as AFM for
morphology measurements, scanning EFM for o-term and 2o-term forces
microscopy, SKM for the Vcpp, and lateral force microscopy for the friction
distribution, conductive AFM for current mapping and I-V spectroscopy, MFM,
etc. There are also many other functions in this system, such as force curve,
force vs. applied voltage, etc. In our experiment, we operated the AFM,
scanning EFM, and SKM in semi-contact mode. The latter two modes were
operated in two-pass method to make:the measurements at different tip-sample
distances.

The Si-probes used in this/study  were also from the NT-MDT. The
conductive probes for SKM and scanning EFM were coated Pt film on the probe
surface. They have a cantilever with length of 50 ~ 80 um. The sharp tip have
nominal radius of curvature of 10~30 nm, height of about 15 um and the cone

angle of about 25°. The SEM image of probe is shown in Fig. 3.3.1.
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Fig. 3.3.1. SEM image of the probe.
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Chapter 4 Results and Discussion

In this chapter, we present experimental results and a proposed model to
describe them. Firstly, we introduce the model used here. Secondly, we show
how to calibrate the work function of metal-coated tip by comparing the results
with the theoretical calculation. Finally, we show the tip to sample distance
dependence of the o- and 2w-force acting on the tip, which the forces originate
from the surface ESC on the samples with flatness and with a single disk-like

GaN island, respectively, and propose explanation for the experimental results.

4.1 Model

We measured the o--and’ 2®-force ‘at different tip-sample distances,

respectively. Thus, the Eq. (2-4) ‘and"(2-5) can be rewrote as the following

equations:
Fco (2)=- o(z) (Vdc - VCPD )Vac + FESC—ti ® (2) (4-1)
o7z, p,
b ()= L@ )
4 0Z

where Z is the tip to sample distance. The other parameters, V4. and V., were
kept constant during the experiment, whose values were under 1 volt for V. and
fixed 0.1 volt for V,.. The value of Z was obtained from force curve in the first
pass of AFM system.

It is noted that the Eq. (4-1) consists of capacitive component (first term)

26



and Coulombic component (second term). We found that the Coulombic
component has many expressed forms in the published literatures. The
Coulombic component has been treated as the interaction between point-charges
[17-22], charged plates [24-25], as well as point-charge and charged plate
[26-31]. In our studies, we would merely analyze the tip-sample distance

dependence of the w-term Coulombic force . So, we wrote it as the form

Eiscoipo(Z)-

Moreover, it is also noted that the origin of the capacitance C which is
considerably important in the term O0C/0Z in the Eq. (4-1). It is usually
presumed [27, 32-36] that the capacitance value is independent of the shape and
charge distribution of the tip and cantilever. That is the total capacitance C can
be simply the sum of the ;capacitance-ecomponents between the tip and the

sample (Cyp) as well as between the cantilever and the sample (Ccanei). The total

capacitance is given as

C=C, +C_.

In a typical SPM setup, the cantilever to sample distance (>15um) is much
larger than the tip to sample distance (~tens to hundreds of nanometers). The
maximum vibration magnitude of the tip in the distance, about 10nm, is much
less than the tip length L. Since, the electrostatic force changes as L™, we can
expect that the variation of cantilever capacitance (C..yq) 1s less than 0.3%, and

can be negligible. Thus, it comes to a conclusion that the main contribution of

electrostatic force to the reduction in 0C/0Z is due to the tip-sample
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interaction: [34-35]

F=F . +F =F

canti tip tip
By rearrangement of Eq. (4-2), we have

0C(Z) _4E,,(2) (4-3)
oz V2

Because V4. and V,. were known and V¢pp could be obtained from SKM
measurement when Z > 4um, by substituting Eq. (4-3) into Eq. (4-1), we can

extract the dependence of F (Z) on tip-sample distance, as shown in the

ESC-tip,®

following

@)= @¥ D v, —v,) (4-4)

ac

ESC tip, ®

Through this method, we can acquire the tip to sample distance dependence

of the forces F. (z) at low tip-sample'distance.

*lfD
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4.2 Calibration of work function of tip

According to the SKM principle, we know that the value of CPD is the
difference of work function between sample surface and metal-tip surface. [14,
16] We used the Pt-coated tip in our experiments. Since the Pt-coated film is
rather than 10nm and tends to oxidize easily, we would confirm the work
function of the metal-tip surface in the first place. In G. Koley’s phrase, the
saturated feedback voltage V4. (marked as “region of measurement” in Fig. 1.1)
can be regarded as the CPD because the Coulombic component becomes
negligible at this distance range.

The Fig. 4.2.1 (a) and (b).show the AAFM image and SKM mapping of Si
wafer at constant distances between the tip and the Si wafer. The SKM signal
increases much rapidly with thé.inereasing value of distance for Z<~1pum and
varies slowly when Z>~2um, whichris similar to the result of G. Koley et al. To
get a better signal-to-noise ratio, the SKM signal is extracted by averaging over
the same square region (~2um x ~2um). We measured the SKM signals of Si
wafer, 200nm-thick Pt-film/Si wafer, and 200nm-thick Au-film/S1 wafer at
different distance from ~100nm to ~4um, as shown in Fig. 4.2.2. We found the
SKM signals would be saturated at the distances >~2pum. It is worth to remind
that the saturated value of Vg represents the value of Vcpp between metal tip
and sample. The experimental data indicates that the Vcpp for i-Si, Au-coated
and Pt-coated Si wafers are 0.603V, 0.046V, and -0.442V, respectively. For
comparison, the relationship between the value of CPD (V¢pp) and the work
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function of various metals are also indicated in Fig. 4.2.3. According to the
definition of Vpp [14]:

Veyp =P, — D (4-5)

sample
where @, and Dgympie are the work function of tip surface and sample surface,
respectively. And the work function of i-Si, Au, and Pt are 4.6eV [37], 5.1eV
[38], and 5.65eV [38]. The derivative of eVipp to Pgampie 15 €xactly equal to -1
theoretically. The slope of the fitted linear line of our experimental results is
about —0.99 which is very close to the predicted value. It shows the data in this
series of measurements is correct in substance.

From Fig. 4.2.4, we can derived the work function of the Pt-coated tip from
the contact potential difference Vcpp between: Pt tip and Si wafer, and later on
obtain the work function of other-samples using the same tip via the above

measurement of Vepp.
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Fig. 4.2.1. (a) The AFM of Si wafer surface. (b) The SKM mapping, (c) the
wo-force mapping, and (d) the 2w-force mapping are the same
region as the AFM image (a) on the Si wafer. Their value are
obtained by averaging over the same square region (~2um X

~2um ) for improvement of signal to noise ratio.
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Fig. 4.2.2. The SKM signal vs. tip to sample distance for i-Si, 200nm-Pt/Si,
and 200nm-Au/Si. When the distance is larger than 2000nm, the

SKM signals of the samples tend to a constant, respectively.
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Fig. 4.2.3. Relationship between V¢pp and work function. The dots express
the saturated feedback voltage values (SKM signals) in Fig.
4.2.2. The slope of the fitted linear line is about -0.99 which is

very close to the theoretical result, -1.
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Fig. 4.2.4. Schematic diagram of work function of different samples and

metal tip.
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4.3 ®-Fgsc.tp from plane on sample

We also studied the scanning EFM on the Si wafer. The experimental
values were extracted from the mapping (as shown in Fig. 4.2.1 (¢) and (d)) in
the same method as the SKM signal, mentioned in section 4.2. Figure 4.3.1
shows the tip-sample distance dependence of w-force and 2w-force acting on the
tip from Si wafer, respectively. We found that the intensity of both forces
decrease with the increasing tip-sample distance. Based on the model as
mentioned in section 4.1 and Eq. (4-4), we can obtain the electrostatic force

F (z) between the tip and the surface ESC on Si wafer, as shown in Fig.

ESC—tip, o
4.3.2.

For scanning EFM, the tip surface was: more adequately described as a
hyperboloidal surface due to the fact of smaller tip-sample distance used here in
the range of hundreds of nanometers, ‘it is more proper to employ the cone
model [39] (Fig. 4.3.3) to describe the experimental results. The formula of

electrostatic force of cone model is expressed as [39]

.. R
In |:1+(1’max /R) (1+Z)} (4-6)

ln2 1 + ntip
l_ntip

F=4ng V]

where V, is the applied voltage on the tip, R is the tip radius and

nup = \/Z/(Z+R)'

We used the Eq. (4-6) to fit the data of F (z) calculated from Fig.

C—tip,®
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4.3.1 and Eq. (4-4) by tuning three parameters which were the radius R, the
length L. and the half cone angle 6 of the tip, as showing in Fig. 4.3.4, and

r_~Ltan0. The fitted result indicated that the radius R is about 10nm, the

length L is about 14um, and the cone angle is about 27° of the tip we used in this
measurement, as shown in Fig. 4.3.2. These values agree well with the
specification of the probe (R=10~30nm, L~15um and cone angle ~25°) from
NT-MDT Company and our SEM image (as shown in Fig. 3.3.1). In our
experiment, the Si wafer is a square with an area of 1 cm?, which is much larger
than the apex area (~400nm®). Thus, our Si wafer could be treated as the infinite

plane for the tip. In such a way, 'we can obtain the F.. by assuming the

—tip,®

surface ESC on the infinite semiconductor plane based on cone model.
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Fig. 4.3.3. Schematic diagram of cone model. [39]
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Fig. 4.3.4. Schematic diagram of tip mounted on the probe.
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4.4 Morphology and force mapping of GaN island

Next, we used the same technique in the sample with GaN disk-like islands.
We would analyze the o-term force acting on the tip from the single island. In
the first place, we observed the shape of the GaN island in this section.

Figure 4.4.1 shows the S5um x S5um AFM plane-view image of the GaN
sample grown on Alj;1GaggoN/sapphire (0001) substrate. The estimated dot

density is about 2.3x10%cm’. The height is ranged from 2nm to 15nm and the

average value is about 5.7nm with standard deviation of 2.1nm. The diameter is
ranged from ~100nm to ~400nm and the average value is about 175nm. The
aspect ratio (height/diameter) isiranged from 1/13 to 1/50 and the average value
is about 1/30. The shape of:the single GaN-island is disk-like, as shown in Fig.
4.4.2.

Figure 4.4.3 shows the w-force' mapping (a)-(b) and 2w-force mapping
(c)-(d) of GaN islands, respectively. GaN islands are also well resolved in both
the w-force and 2w-force images as shown in Fig. 4.4.3 (b) and (d), respectively.
It is also seen in the profiles of morphology and force intensity as shown in Fig.
4.4.4. The profiles of surface morphology and w-force along the dotted line in
Fig. 4.4.3 (a)-(b) are shown in Fig. 4.4.4 (a) and (b). The profiles of surface
morphology and 2m-force along the dotted line in Fig. 4.4.3 (c)-(d) are shown in
Fig. 4.4.4 (¢) and (d). It 1s interesting to note that the profiles of the w-force and
2m-force mapping images are gentle similar. For the case of GaN islands the

higher the island is, the lower the magnitude of electrostatic force (F,, and Fy,)
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can be obtained.
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Fig. 4.4.1. The plane view image of AFM scan on the GaN islands.
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Fig. 4.4.3. The AFM imag il the Telative o-force mapping (b) of GaN
islands. The AFM image (c¢) and the relative 2w-force mapping

(d) of another portion of GaN islands.
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4.5 ®-Fgsc.ip from the single GaN island

In this section, we would discuss the tip-sample distance dependence of the
o-force acting on the tip from the surface charge on the fixed GaN island. The
sample is AlGaN epilayer with GaN islands and its morphology is shown in Fig.
4.4.3. When the tip is above the fixed island during the scanning, we believed
that the w-force acting on the tip, F,, consists of two parts. One is the o-force
between the tip and the island, Fy.is, and the other is the w-force between the
tip and the entire plane area except of island itself, Fy., . And they both consist
of capacitive and Coulombic components, respectively. Thus, the m-force acting
on the tip can be expressed as.the sum of the two kinds of w-forces: (see Fig.

4.5.1)

E,(2)=[F,.,.(2)+F, (D)]
{ 8C“pp(Z)

( CPD P )V + F p,ESC—tip,o (Z):|

aCtlp IS( )
+ - o7 ( CPD IS)V + Fs ESC-tip, m(Z)

where Fip. 1 the w-force between the tip and the plane, Fyp.is, 1s the w-force
between tip and the specific island, F,gsc.ipo 15 the o-term Coulombic force
between the tip and the surface ESC on the plane, Fispsciipo 1S the o-term
Coulombic force between tip and the surface ESC on the specific island, and
Verpp 5 Verpiiss Ciipp s Ciip-is denote the Vepp on the plane around the specific

island, the Vpp on the specific island, the capacitance between the tip and the
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plane around the specific island, and the capacitance between the tip and the
specific island, respectively. In the experiment, when the applied dc voltage
Va= Veppy, the capacitive term of the island can be neglected. Thus, we can
have an equation with a much simple form, and obtain the Coulombic force
between tip as well as the surface ESC on the specific island, Fisgsc.tip.o, by the

following equation.

_ aCtlp P ( )

Fru (Z) - ( CPD P )V +F p,ESC—tip,® (Z)
oC
+ |: tlp IS( ) ( CPD is )V + Es ,ESC—tip, (Z):|
oC,,,(2)
~ |:_ gzp (Vdc CPD P )V + F ,ESC—tip,®» (Z):| is,ESC—tip,® (Z)
th p,® (Z) + Es ,ESC—tip, o (Z)

Fis,ESC—tip © (Z) 3 (Z) tlp P (Z) (4'7)

We conducted the experiments on the GaN islands, for example, the
specific GaN island circled in Fig. 4.4.3. Its height and the diameter are about
9nm and 250nm, respectively. The value of F,, used here represents the averaged
o-force value over the 70nmX 70nm area of the island on the w-force mapping
(Fig. 4.4.3 (b)). The value of Fy,,, represents the averaged w-force value over
the 0.2umX 0.2um region measured at a distance of ~1pum away from islands in
Fig. 4.4.3 (b), assuming that the value of Fy,,, does not change no matter at
region with or without GaN islands. Since the obtained value of Fip, . 1S

measured at a featureless plane area away from islands, where exhibits uniform
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charge distribution on surface, as shown in Fig. 4.5.2 (c), which is different from
the area region around the island, where we assume no ESC in the interface
between AlGaN epilayer and the GaN island, as shown in Fig. 4.5.2 (a). Using
charge superposition principle, the charge distribution on the island and
surrounding area (Fig. 4.5.2 (a)) can be resembled by the equivalent charge
distribution described as follows. In equivalent charge distribution, we assume
there exhibits charge distributed on the AIGaN under the GaN/AlGaN interface
with exactly the same charge density as that of plane area. In order to balance
the charge above, we also assume the same interface charge density, however,
with opposite polarity, also exists:on'the:GaN island side (signed as solid circles),
as shown in Fig. 4.5.2 (d). Consequently, by this arrangement we can subtract
the force Fp.p o, resulted from the uniform charge distribution signed as the open
circles in Fig. 4.5.2 (c) from F, by using Eq. (4-7) to obtain the value of the
o-term Coulombic force Fisgsc.ip,» due to the interaction of charges between tip
and the specific island, as shown in Fig. 4.5.2 (b). From Fig. 4.5.2 (d), we learn
that Fi gsc-ip.o 18 not due to the surface charge (signed as “x“) of the island itself,
instead, it represents o-term Coulombic force due to the net surface charge
effect owing to the surface charge of island (signed as “X‘“) and imaginary
interface charge (signed as solid circles) on the island side because the thickness
of island (~10nm) is relatively thin as compared with the distance between tip
and sample (100~500nm).

Figure 4.5.3 shows the w-force and 2w-force intensities vs. tip-sample
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distance, which the forces consist of the interactions between tip and both the
specific island as well as the plane area around the specific island. Fig. 4.5.4
shows the w-force and 2m-force intensities vs. tip-sample distance, which the
forces are both between the tip and the plane around the specific island. By
referring Eq. (4-7), we can deduce the w-term Coulombic force intensity vs.
tip-sample distance, which the force is between the tip and the surface ESC on
the specific GaN island, as shown in Fig. 4.5.5.

Figure 4.5.6 shows the fitting result of the data in Fig. 4.5.4 (a) by cone
model, which represents that the tip-sample distance dependence of the m-force
can be interpreted by cone modeLk:Thé!fitting parameters L, R, and 0 are 14um,
11nm, and 12°, respectively.-We would use those parameters to fit the following
data.

In our fittings, we viewed the single GaN island as a thin disk because of its
disk-like shape and the height of the island being much smaller than the tip to
sample distance. And in the range of the tip to sample distance in our
experiments, the charge distribution of the tip was viewed as uniformly charged
line, point charge, and cone, respectively, which were proposed in the published
literature. [40-41] Therefore, we used uniformly charged line-disk model,
charged point-disk model, and cone model to fit the data in Fig. 4.5.5,
respectively. The calculation of the models is discussed as follows.

(I) Uniformly charged line-disk model

Figure 4.5.7 shows the schematic of uniformly charged line-disk model.
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The force between uniformly charged line and the uniform ESC density on the
GaN island whose radius 1s 125nm as mentioned above. We use a well-known
example in the textbook about electromagnetics to calculate the force between
the uniformly charged line and the disk, as shown in Fig. 4.5.7. The formula [42]

for the electric field of the well-known example is

E=2

ps 2 2\-0.5 -
> [l—z(z +b%) ] (4-8)

0

The schematic diagram is shown in Fig. 4.5.8. The ps in Eq. (4-8) is the
charge density of the disk in Fig. 4.5.8. In Fig. 4.5.7, when integrating the Eq.
(4-8) with respect to the charged line length element dZ’, we can obtain the total
electrostatic force F

A Py r / 2 27793 ' -
F_ngj{l—(2+2)[(z £Z) +b] }dz (4-9)

0

According to the report of S. Belaidi et al. [40], they analyzed the
electrostatic forces acting on the tip in AFM and the result is in Table 1 [40]. It is
noted that the results in Table 1 are in the assumption of infinite plane. And the
M(0) is obtained as follows when an infinite cone with a half angle 6 [40]:

_ 2me)V,
Argsh(tan™ 0)

(IT) Charged point-disk model

The schematic diagram is shown in Fig. 4.5.9. If we take point discharge
into account and ignore the interaction between side wall of the tip and the
single disk-like GaN island, the interaction between the sphere on the pointed
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end of the tip and the island is the main contribution of the force. [43-44] We
took the sphere as a point-charge located in the center because of the smaller
size (~20nm in diameter) relative to the diameter of the disk-like island

(~250nm) and convenience. By Eq. (4-8), this model is easily calculated as
_Qp.ry 2 | 12y (4-10)
F= ) [1-(Z+R)[(Z+R)* +b*)** |
80

where Q is the point-charge on the pointed end of the tip.
(IIT) Cone model

Eq.(4-6) in section 4.3 has represented the result.

The fitted results of those models for Fig. 4.5.5 are shown in Fig. 4.5.10.
We found that the charged point-disk- model is the better model to interpret the
interaction between the tip and the surface ESC on the specific GaN island,
which is different from the model of the interaction between the tip and the
infinite Si wafer resulted from the section 4.3.

Above the infinitely charged plane, the electric field is uniform. Thus, the
electric field from the sample surface acts on all part of the tip above the plane.
In the experiment on Si wafer, the dimension of Si wafer is so large that the Si
wafer is infinite compared with the tip. In this condition, we must take all part of
the tip into account when computing the w-term Coulombic force acting on the
tip. Therefore, we must use the cone mode to interpret the w-term Coulombic

force between the tip and the surface ESC on the Si wafer. In addition, in the
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single disk-like GaN island whose dimension is finite compared with the tip, the
electric field is not uniform and decreases rapidly with increasing height (see
Appendix.). So, the more the position approaches to the sample and the more the
quantity of charge is, the more the electrical force is. On the probe, the sphere on
the pointed end of the tip is the most close to the island and more induced charge
assembles there (phenomenon of point discharge). The w-term Coulombic force
acting on the sphere of the tip from the surface ESC on the single disk-like GaN
island is the main origin. As a result, we used the charged point-disk model to

interpret the force Fis gsctip.o(Z).
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Table 1. Analytic expressions for the electrostatic force. R is the radius of

the tip. Z is the tip to sample distance. L is the length of the tip. 6

is half angle of the cone. s(0)=ab+b, a=0.13 and b=0.72 can be

used in the 5<6<50. [40]

Very small tip- Intermediate Large tip-sample
sample distance distance distance
Z<R (R<Z<L) Z>L
Model Sphere Uniformly Modified sphere
charged line
Expression of » R M0)’ L .( L 2
Gradient i |
OF 12 - >3
o7 Z Z Z
Localization
of the force on . -
the tip Apex Tip side Not localized
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Fig. 4.5.1. Schematic diagtam of the interactions between the tip and the
sample surface with GaN islands. The “+” and “-* represent the
induced charge by biasing, and the solid circles are surface ESC.
It is noted that the twin-arrows represent the force. Fj is the
force between the tip and the specific island. The F,, is the force
between the tip and the plane around the specific island. The

size of the arrows does not express the intensity of the force.
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(a) Realistic situation
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Fig. 4.5.2. Schematic diagram.of:the structure (a) which represents the
realistic distribution of surface ESC on the AlGaN epilayer
with GaN island being combined by (b) and (c¢). (b) and (c)
represent the ESC distribution on the GaN island and AlGaN
epilayer, respectively. The open circles and “X* are expressed
as the surface ESC on plane and island, respectively. And the
solid circles are expressed as the charge on the lowerside of
the GaN island, which is opposite pole to the charge expressed
by the open circles. (d) is equivalent to (a) and the circles in

the dotted ellipse in (d) express the counter-balanced charge.
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Fig. 4.5.4. The intensities of (a) o-force and (b) 2w-force acting on the tip
vs. tip-sample distance which the forces are between the tip and

the plane around the island.
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Fig. 4.5.5. The calculated o-term Coulombic force intensity between the tip
and the surface ESC on the specific island vs. tip-sample

distance.
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model.
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Fig. 4.5.8. Schematic diagram of Eq. (4-8). [42]
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Chapter 5 Conclusion

In this thesis, we have developed a model to elucidate the o-term

Coulombic force F.. between the tip and the surface ESC on the Si wafer

~tip,o
and on the disk-like GaN island, respectively. By the method, we can obtain the
surface work function of the tip we used here, which can in turn retrieve the
surface work function of other samples using the same tip.

In the scanning EFM experiments, the results show that the o-term and
2m-term force mappings on disk-like GaN islands are well-resolved as AFM
image. The intensities of electric force F, and F,, on the region of GaN islands
were observed appearing to:be lower as-compared with that at the plane surface.
The higher the island is, the strongertheeffect is.

According to the model we developed, we also calculated the Fig o O0

the sample at different tip-sample distances. We found that for uniform Si wafer

the o-term Coulombic force between tip and surface ESC, F. .
ip.

(Z), can be
interpreted by cone model. Furthermore we also carried out scanning EFM for
disk-like GaN islands with diameters ranged from ~200 to ~500nm grown on
AlGaN epilayer. Our results showed that the o-term Coulombic force between

tip and surface charge F. (z) for the single GaN island can be interpreted

SC—tip,®
well by the charged point-disk model.

Whenever charged point-disk model or cone model is used to explain for
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o-term Coulombic force between tip and sample depends on radius of tip and
diameter of sample. For uniform Si wafer, the dimension can be considered to be
infinite compared with the radius of the tip. In this situation, cone mode can be
employed to interpret the experimental results because of the infinite Si plane
relative to the tip radius and the uniform electric field intensity from the ESC on
the Si wafer, which cause the all part of the cone-like tip to be suffered from the
electric force from the ESC on the Si wafer. For the single disk-like GaN island
whose diameter of disk possesses a finite value as compared with that of the tip,
the electric field is not uniform and decreases rapidly with increasing height. On
the probe, because the sphere on the pointed end of the tip is the most close to
the island and more charge -assemblés theré. That is the part of sphere is the
main position suffered the force Figpsciip. As a result, we must use the charged
point-disk model to interpret‘the Fispsc.ip(Z) in the case of the single disk-like

GaN island.
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Appendix

We drew the calculated electric field intensity vs. height (by the Eq. 4-8) in
the Fig. A.1 (marked as the black dots). The radius b is replaced with 125nm and
the height Z varied from 50nm to 600nm in the calculation, which corresponds
to the case of our experiments mentioned in the section 4.5. The fitted results
show that the force decays rapidly and the electric field intensity can be ignored

when height is larger than about 300nm.
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A.1. The electric field intensity vs. height calculated by Eq. (4-8).
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