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Nanometer order separation control of large working 
area nanogap created by cleavage of single-crystal 
silicon along {111} planes using a MEMS device 

 

Masaki Shimofuri, Amit Banerjee, 
Jun Hirotani, Yoshikazu Hirai, and Toshiyuki Tsuchiya, Member, IEEE 

Abstract— Nanogaps with a large working area and a precisely 
controlled separation of about 1 to 20 nm has important 
applications in nano photonics, thermal management, power 
generation, chemical sensing, etc. However, an effective method of 
fabricating such nanogaps has not yet been established. In 
addition, it has been necessary to evaluate the dependence of 
physical characteristics of nanogaps on the separation, but it has 
been technically and economically difficult to develop such a 
system. In this study, we developed a MEMS device, which can 
produce nanogaps with a large area and parallel smooth surfaces 
by the (111) plane cleavage of a single crystal silicon beam and can 
change and measure the separation of nanogaps. Using this device, 
nanogap fabrication by cleavage and separation control were 
uninterruptedly carried out while maintaining the cleanliness of 
the gap surfaces in vacuum; a nanogap with a large smooth surface 
area of 30 μm2 was successfully controlled in the range of 14 nm–
1.5 μm. For a small separation of less than 100 nm, the control 
resolution was sufficiently high at 1 nm. This method is fully 
compatible with conventional fabrication technologies for not only 
MEMS but also other semiconductor devices and should 
contribute to the fabrication of devices that exhibit useful 
quantum effects with only minor modifications. 
 

Index Terms—Nanogap, Casimir force, Van der Waals force, 
Lifshitz force, Thermophotovoltaic energy conversion (TPV), 
Thermionic energy conversion (TIC), Thermal nanotechnology 

I. INTRODUCTION 

HEN the gap between two objects becomes 
nanometer-scale, phenomena different from those 
in the bulk appear owing to local electric field 

enhancement and quantum tunneling [1,2]. The phenomena 
occurring in the nanogap, such as, charge tunneling [1,3–5], 
near-field radiation [6,7], optical rectification [8], localized 
surface plasmon [8–10], and Casimir–van der Waals force [11], 
are not only important from the viewpoint of physics, but also 
have a wide range of applications, including in chemical and 
biosensors, such as, gas sensors [12] and SERS [2,8–10], in 
electronics, such as, vacuum transistors [3,4] and resistance 
switches [5], in thermal management technologies, such as, 
thermal diodes [7] and electronic refrigeration [13], and in 
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highly efficient power generation, such as, thermophotovoltaic 
(TPV) energy conversion [14] and thermionic energy 
conversion (TIC) [13,15]. 

Nanogap fabrication has been studied for various materials, 
gap distances, and surface geometries, and various methods, 
such as, electron-beam lithography, electromigration [1,2], and 
ion beam technology [16] have been investigated. However, 
nanogaps with a narrow separation of about 1 to 20 nm 
fabricated by those methods usually have a very small working 
area. Therefore, these fabrication methods are not suitable for 
applications, such as, in thermal management and power 
generation, which require nanogaps with both small separations 
and large working areas. Moreover, although quantum 
phenomena between nanogaps have a strong dependence on the 
separation, the separation is less reproducible and fixed in most 
cases, and it is still difficult to change the separation or obtain 
a specific separation with high accuracy. 

In a recent study of large-area nanogaps with controllable 
separation, Song et al. fabricated parallel-plate nanogaps made 
of SiO2–SiO2, Au–Au, SiO2–Au, an Au–Si with a facing area 
of 40 × 40 μm2 [17]. The separation was precisely controlled 
using a nano-positioner, and the near-field radiation 
characteristic was measured. The obtained separation was 
limited to 50 nm–10 μm because of cleanliness issues of the 
facing surfaces. Fiorino et al. fabricated parallel plate nanogaps 
with a microfabricated thermal emitter and a microscale solar 
cell [18]. They had a facing area of Φ80 μm, and their TPV 
power generation performance was evaluated by controlling the 
separation using a nano-positioner. However, the obtained 
separation was limited to 60 nm–12 μm for the same reason. To 
realize ultra-narrow gaps with a large working area, low surface 
roughness, high flatness, and high cleanliness are required over 
all the facing surfaces; there is still no method of fabricating 
large-area nanogaps of µm2–mm2 order with a separation of 
about 1 to 20 nm. 

To fabricate nanogaps with a large working area and a 
controllable separation of about 1 to 20 nm, we have proposed 
a method of cleavage along the {111} crystal plane of a single-
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crystal silicon (SCS) beam patterned on a MEMS device. This 
method yields nanogaps with large-area facing surfaces of 10–
50 of μm2 with a roughness in nm order, whose separation is 
less than 15 nm and can be varied and measured by MEMS. 
Furthermore, the process from gap fabrication by cleavage to 
separation control can be performed continuously in a vacuum 
environment by using an electrical control system. Therefore, 
the cleanliness of the gap surfaces, which had been an issue in 
previous research, can be maintained at a high level by 
preventing oxidation and contamination. We have previously 
reported on the observation of a pull-in phenomenon in 
nanogaps using this device and that pull-in was considered to 
be because of Lifshitz force [19]. In this paper, the measurement 
results are further analyzed by fitting a physical model and 
discussed in detail by considering both electrostatic forces and 
Lifshitz forces acting between the electrodes of the nanogap. 
We also discuss the validity of the proposed MEMS-based 
large-working-area nanogap fabrication method by evaluating 
the smoothness of the surfaces of the nanogap by high-
resolution visual examination using a Field Emission Scanning 
Electron Microscopy (FE-SEM). 

II. METHOD 

A. MEMS device 

The schematic diagram of the MEMS device is shown in Fig. 
1. The fork-shaped shuttle of the device is supported by only 
two pairs of suspensions, and its central part is connected to a 
fixed anchor via a notch. When tensile force is applied to the 
shuttle, cleavage occurs at the notch and a gap is formed 
between the shuttle and the anchor. To minimize the 
displacement of the shuttle other than along the long axis 
direction, the part called “tab”, where the tensile force is 
applied, consists of all silicon-on-insulator (SOI) layers to 
increase rigidity. The tensile force is transmitted to the shuttle 
via hooks between the shuttle and the tab. A pin inserted into a 
hole of the tab is used to apply tensile force; however, it does 
not affect the accuracy of controlling the separation because the 
shuttle and the tab are separated by hooks except during gap 
fabrication. A stopper structure is patterned near the hook 
structure with a gap of 1.5 μm from the fixed part to prevent 
damage to the structure by the large displacement of the shuttle 
at the time of cleavage. After gap fabrication, the shuttle is 
driven in the long axis direction by comb electrostatic actuators 
on both sides to change the separation. All processes from 
applying the tensile force to controlling the separation can be 
operated remotely so that they can be performed inside the 
vacuum chamber of an SEM. 
 

B. Nanogap fabrication by cleavage 

In this study, we apply SCS cleavage to obtain nanogaps with 
large-area smooth surfaces suitable for various applications. 
SCS is a typical brittle material at room temperature and is 
known to fracture preferentially along the crystal planes of 
{111} and {110}. It has been reported that cleavage along the 
(110) plane deflects onto to the (111) plane because of bond 

reconstruction near the crack tip [20], making it unstable and 
unsuitable for obtaining nanogaps with large-area smooth 
surfaces. On the other hand, cleavage along the (111) plane is 
not disrupted by deflection and produces smooth surfaces, as 
reported by the Uesugi et al. [21] Therefore, cleavage along the 
{111} plane is adopted in this study. This can be achieved by 
using (110) oriented silicon wafers because (111) plane exists 
in the direction orthogonal to (110) planes. 

The design of the notches, which is the starting point of 
fracture, requires careful consideration to obtain smooth and 
straight surfaces. The symmetry of the notches on the left and 
right sides may initiate cracks from both sides at the same time, 
causing steps in the fracture surfaces. Therefore, notches on the 
left and right sides have different curvatures. Other features, 
such as, the shape and arrangement of etching holes, are made 
symmetrical, because the asymmetry of the structure near the 
notches can cause asymmetry in the stress field, which leads to 
crack deflection. 
 

C. Separation control 

To control the separation, the shuttle is driven by comb-drive 
actuators and the displacement of the shuttle is measured by 
parallel-plate capacitive sensor. The driving force of the comb-
drive actuator shown in Fig. 2 is given by 

 
𝐹 =

1

2

𝑛 𝜀 𝐻

𝑔
𝑉 , (1) 

where 𝑛  is the number of gaps of the comb actuator, 𝜀  is the 
vacuum permittivity, 𝐻 is the height of the structure (5 µm), 
and 𝑔  is the separation between the comb teeth. The driving 
force does not depend on the displacement, and since there is 
almost no hysteresis, control with high accuracy is possible. 

The parallel-plate capacitive sensors have an asymmetrical 
structure on both sides of the shuttle, and the displacement of 
the shuttle is measured using the capacitance difference 
between the left and right sensors. 

 
Fig. 1. Schematic diagram of MEMS device. 
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 𝐶 = 𝜀 𝐿 𝐻
𝑛

𝑔 − 𝑦
+

𝑛

𝑔 + 𝑦
 

𝐶 = 𝜀 𝐿 𝐻
𝑛

𝑔 + 𝑦
+

𝑛

𝑔 − 𝑦
 

(2) 

When the displacement is sufficiently small, the capacitance 
difference can be approximated as eq. (4). 

 𝛥𝐶 = 𝐶 − 𝐶  (3) 
 

≈ 2𝜀 𝐿 𝐻
𝑛

𝑔
−

𝑛

𝑔
𝑦 (4) 

The separation is controlled by the circuit shown in Fig. 2, and 
the capacitance-to-digital converter AD7745 is used to measure 
the capacitance difference. Excitation pulses of 0 − 𝑉  [V] 
are applied to the shuttle and the anchor, and the capacitance is 
measured by charging and discharging between the parallel 
plates of the sensors. 
 

III. EXPERIMENTS 

A. Device fabrication 

The MEMS device was fabricated from a SOI wafer with a 
5-µm-thick device layer with (110) orientation, a 2-µm-thick 
buried oxide layer, and a 400-µm-thick handle layer. An 
overview of the fabrication process is given below and shown 
in Fig. 3. 
(1) Resists for bilayer lift-off processing (PMGI SF5S) and a 

photoresist (TDMR-AR80) were spin-coated and patterned 
by photolithography using a stepper. 

(2) Cr 50 nm, Au 200 nm (for electrodes), and Cr 50 nm (for a 
DRIE hard mask) thin-films were sequentially deposited 
by electron beam deposition and lifted off. 

(3) A photoresist (TDMR-AR80) was spin-coated and 
patterned by photolithography using a stepper. 

(4) Device layer structure was patterned by Deep Reactive Ion 
Etching (DRIE). 

(5) A photoresist (CY1000) was spin-coated on the reverse 
side and patterned by contact photolithography using a 
mask/bond aligner. 

(6) Handle layer structure was patterned by DRIE. 
(7) Buried oxide layer was etched by vapor HF and the 

movable structure was released. 

B. Nanogap fabrication & gap control 

A pin attached to a piezoelectric actuator was inserted into 
the hole of the tab of the device, and they were introduced into 
the vacuum chamber of SEM. Under SEM observation, a 
voltage was applied to the piezoelectric actuator, and a gap was 
formed by cleavage at the notches. After gap formation, the 
separation was changed by applying voltage to the comb-drive 
actuators while measuring the capacitance difference of sensors 
using the circuit shown in Fig. 2. 
 

IV. EXPERIMENTAL RESULTS 

A. Fabrication result 

SEM images of the fabricated device is shown in Fig. 4. The 
narrow pattern of the electrode was observed to be peeling up. 
This is considered to be due to tensile stress in the Cr layer. 
Fortunately, there was no warping of the shuttle, and no cracks 
were observed over the entire electrode, and voltage could be 

 
Fig. 4. SEM image of the fabricated device. [19] 

 
Fig. 5. SEM image of the device after gap formation. [19] 

 
Fig. 3. Fabrication process flow. 

 
Fig. 2. Electric circuit for separation control. 
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applied without any problem. Therefore, the effect of 
detachment on subsequent experiments, such as the accuracy of 
separation control, are considered to be small. The results of 
gap formation are shown in Fig. 5. 

 

B. Nanogap fabrication & gap control 

The displacement as a function of the voltage of the comb 
actuators for gap widening is shown in Fig. 6, where the voltage 
was decreased step by step from 74 V to 10 V. Above 75V, not 
only the stopper but also the teeth of the displacement sensor 
came into contact, so it was not included in the experiment. 
Almost no capacitance change was observed between 10 V and 
15 V, indicating that gap contact occurred between 15 V and 16 
V. The relationship between the displacement and the 
capacitance change was characterized by fitting the 
experimental results based on eq. (6) for the balancing of forces 
on the shuttle and eq. (3) for the relationship between the 
capacitance difference and the displacement (solid curve in Fig. 
6(a)). For fitting, 𝑔  and 𝑔 , which are largely affected by the 
manufacturing error, are adopted as the fitting parameters, 
while the design values are used for the other parameters. 

 
𝑔 = 𝑦 + 𝑦 , (5) 

 
  

 
𝐹 = −𝑘 𝑔 +

1

2

𝑛 𝜀 𝐻

𝑔
𝑉 − 𝑉 𝑉 +

1

2
𝑉  

+
1

2

𝑉

2
𝜀 𝐿 𝐻

𝑛

(𝑔 − 𝑔)
−

𝑛

(𝑔 + 𝑔)
 

−
1

2

𝑉

2
𝜀 𝐿 𝐻

𝑛

(𝑔 + 𝑔)
−

𝑛

(𝑔 − 𝑔)
= 0, 

(6) 

where 𝑔 is the separation (unit is m), 𝑦  is a parameter used to 
correct the separation in the initial state, and 𝑘  is the spring 
constant of the suspensions. Note that 𝑦  can take both positive 
and negative values. This is mainly due to residual stresses from 
the SOI wafer and internal stresses in the electrodes. The 
proportionality constant of 0.10 fF/nm was obtained for a 
sufficiently small separation of less than 100 nm. 

Deviations from the experimental results were observed 
above 65 V, which may be caused by the deformation of the 
displacement sensor due to electrostatic forces and errors in the 
excitation voltage applied by AD7745 to the shuttle. This 
deviation at large separation has little effect on the fitting 
parameters, therefore the evaluation at small separation is 
expected to be reliable. A deviation was also observed at 10–15 
V, which is considered to be due to pull-in caused by an 
attractive force acting within the gap. The effect of the 
attraction will be discussed in detail later. As shown in Fig. 6(b), 
the standard deviation (SD) of the measured capacitance ranged 
from 1.8 to 2.0 fF; therefore, we could not observe the small 
separation region in detail. In this measurement in vacuum, the 

 
Fig. 6. Results of separation control in SEM. (a) 
Relationship between capacitance difference (fF) and 
applied voltage on comb actuator for gap widening. (b) 
Relationship between standard deviation of capacitance 
difference and applied voltage. 

 
Fig. 7. Results of separation control in atmosphere. (a) 
Relationship between capacitance difference (fF) and 
applied voltage on comb actuator for gap widening. (b) 
Relationship between standard deviation of capacitance 
difference and applied voltage. 
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ground potential of the capacitance measurement and the 
ground potential of the SEM system were shared to prevent 
charging up during SEM observation, and the reason for the 
error in the measurement is considered to be the noise from the 
SEM system. Since displacement measurement and SEM 
observation are usually not necessary to be performed 
simultaneously, this problem can be solved by separating the 
ground potentials during displacement measurement. 

Next, the same experiment was conducted in air without the 
effect of SEM system. The experimental results are shown in 
Fig. 7. The relationship between the separation and the 
capacitance change was calibrated by fitting the experimental 
results in the same way as that in the SEM (solid curve in Fig. 
7(a)). For gaps sufficiently smaller than 100 nm, the 
proportionality constant of 0.10 fF/nm was obtained similarly 
to that in vacuum. The SD in capacitance measurement was 
about 0.3 fF (Fig. 7(b)), which corresponds to a measurement 
error of ±3 nm. The resolution of the separation control depends 
on the resolution of the applied voltage which is about 0.1 V 
and roughly corresponds to 1 nm displacement for in the small 
separation regime. Pull-in was clearly observed at 16.7 ± 0.1 V, 
where the minimum separation was 14 ± 3 nm. 

 

C. Gap observation 

The gap was observed from three directions using a FE-SEM 
system with high resolution. The images are shown in Figs. 8 
and 9. The gap is closed because no voltage is applied to the 
actuator during observation. During fracture, the crack 
propagated in a straight-line except at the left and right edges, 
indicating that the gap surface is very smooth. The FE-SEM 
system has a resolution of about 1 nm; since no clear opening 
can be seen, the roughness of the gap surface is considered to 
be less than 1 nm.  

V. DISCUSSION 

Here, the pull-in behavior of the nanogap is discussed. Forces 
such as Lifshitz force 𝐹  and electrostatic force 𝐹  act 
within gaps. Therefore, eq. (6) can be rewritten as 

 
𝐹 = −𝑘 𝑔 +

1

2

𝑛 𝜀 𝐻

𝑔
𝑉 − 𝑉 𝑉 +

1

2
𝑉  

+
1

2

𝑉

2
𝜀 𝐿 𝐻

𝑛

(𝑔 − 𝑔)
−

𝑛

(𝑔 + 𝑔)
 

−
1

2

𝑉

2
𝜀 𝐿 𝐻

𝑛

(𝑔 + 𝑔)
−

𝑛

(𝑔 − 𝑔)
 

+𝐹 + 𝐹 = 0. 

(7) 

Pull-in occurs when there is no stable equilibrium point 𝑦 
that satisfies eq. (7). The existence of a stable equilibrium point 
𝑦 is equivalent to the local maximum of 𝐹 being greater than or 
equal to zero. Therefore, the minimum separation can be 
obtained by finding 𝑦 where 𝐹 takes a local maximum. Since 
the third and fourth terms can be ignored when the gap is small, 
the minimum separation can be obtained by solving  

 
𝜕𝐹

𝜕𝑔
= −𝑘 +

𝜕𝐹

𝜕𝑔
+

𝜕𝐹

𝜕𝑔
= 0. (8) 

 
(1) Electrostatic force 

Local charging due to contact potential and tribo-charging 
occurs [22]. The electrostatic force is given by  

 
𝐹 = −

𝜀 𝐴

𝑔
𝑉 , (9) 

where 𝑉  is the voltage acting between the gap and 𝐴  
is the area of the gap. The dotted curve in Fig. 7 shows a 
numerical calculation assuming that the electrostatic force 
is dominant. A large potential of 0.2 V is required to match 
the experimental results.  
 

(2) Lifshitz force 
Casimir predicted the force between parallel plates made 
of conductors with gap 𝑑 in a vacuum as  

 

𝐹 = −
ℏ𝑐𝜋 𝐴

240𝑔
, (10) 

where 𝑐 is the speed of light. This force is called Casimir 
force, which is due to the imbalance of the zero-point 
vibration mode inside and outside the gap [23]. Lifshitz 
proved that this force has the same origin as the van der 
Waals force and comprehended these forces to a theory that 
can be used for dielectric materials [24]. This is called 
Lifshitz force, which is given as 

 
Fig. 8. FE-SEM images of top side. 
 

 
Fig. 9. FE-SEM images from left and right sides. 
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𝐹 = 𝐹
120

𝜋
𝑑𝐾 𝐾

𝑑𝛺

𝐾
𝑓(𝑟 , 𝐾, 𝑥) , (11) 

 
𝑓(𝑟 , 𝐾, 𝑥) 

=
𝑟 (1 − 𝑒 ) 𝑒

(1 − 𝑟 𝑒 ) − 𝑟 (1 − 𝑒 ) 𝑒
, 

(12) 

 

𝑟 =
𝐾 + 𝛺 (𝜀 − 1) − 𝜀𝐾

𝐾 + 𝛺 (𝜀 − 1) + 𝜀𝐾
, (13) 

 

𝑟 =
𝐾 + 𝛺 (𝜀 − 1) − 𝐾

𝐾 + 𝛺 (𝜀 − 1) + 𝐾
, (14) 

 
𝜔 = 𝑖𝜉, (15) 

 
𝛺 =

𝜉𝑔

𝑐
 (16) 

 
𝑥 =

𝑤

𝑔
𝐾 + 𝛺 (𝜀 − 1) (17) 

where 𝜀(𝜔)  and 𝑤  are the dielectric function of the 
material and the thickness of plates, respectively [25]. 
Thus, the Lifshitz force can be calculated using the 
dielectric function of the material. For SCS, Duraffourg 
and Andreucci have calculated the Lifshitz force 
numerically for sufficiently thick plates and a doping level 
of 1018 cm−3 [25], and the following simple equation 
provides a good approximation for it. 

 
𝐹 =

0.33𝑔

𝑔 + 25.3 × 10
𝐹  (18) 

The dashed curve in Fig. 7(a) shows the results of 
numerical calculations considering the Lifshitz force. In 
the theoretical calculation, the separation at which pull-in 
occurs is about 17 nm, which is slightly different from the 
experimental result, but this is considered to be because of 
the fact that the temperature dependence was not taken into 
account in the calculation. 

 
The shuttle and the anchor are electrically connected so that 

they are at the same potential, and the time constant is evaluated 
to be less than 10−11 [s]. Therefore, it is unlikely that 
electrostatic forces are dominant, and the pull-in observed is 
most likely due to the Lifshitz force. The relationship between 
the minimum separation and the spring constant of the 
suspensions can be derived from eqs. (8), (9), and (11). This 
allows the minimum separation to be predicted at the design 
phase of the fabrication process. When the electrostatic force is 
dominant, the minimum separation is given by 

 

𝑔 =
2𝜀 𝐴 𝑉

𝑘
. (19) 

Thus, the minimum separation when electrostatic forces to be 
dominant is found to be proportional to the −1/3rd power of the 
spring constant of the suspensions. When the Lifshitz force is 

dominant, the approximation equation (18’), which holds when 
𝑔 ≪ 2.53 nm, can be used to obtain the explicit form, eq. (20). 

 
𝐹 =

0.33𝑔

25.3 × 10
𝐹  (18’) 

 

𝑔 =
ℏ𝑐𝜋 𝐴

80𝑘

0.33

25.3 × 10
 (20) 

Therefore, the minimum separation for Lifshitz forces being 
dominant is proportional to the −1/4th power of the spring 
constant of the suspensions. This means that as the gap becomes 
smaller, the Lifshitz force becomes more dominant than the 
electrostatic force. Particularly for a nanogap with a separation 
of less than 10 nm, the Lifshitz force becomes critically 
important. Thus, in the design of devices, the effect of the 
Lifshitz force must be considered. 
 

VI. CONCLUSION 

In this study, nanogaps with a large working area and parallel 
smooth surfaces were fabricated by the (111) plane cleavage of 
a SCS beam, whose separation can be changed and measured 
by MEMS. The experiments, from gap fabrication by cleavage 
to its separation control, were carried out continuously in 
vacuum, and nanogaps with large smooth surfaces of 30 μm2 
were obtained and their separation was successfully controlled 
in the range of 14 nm to 1.5 μm. For small separations of less 
than 100 nm, the resolution of separation control was estimated 
to be 1 nm, which has a sufficient resolution. The fabricated 
nanogap has extremely smooth surfaces, and the surface 
roughness was estimated to be less than 1 nm by FE-SEM 
observation. The proposed method is fully compatible with 
conventional fabrication methods for MEMS and other 
semiconductor devices. Compared with conventional methods 
for fabricating nanogaps [1,2, 16-18], it succeeds in achieving 
both a narrow gap and large working area, and additionally 
enables separation control at high resolution on the chip scale. 
In addition, the application of voltage or measuring temperature 
differences across gaps can be realized by simple design 
modifications, such as, by addition of electrodes, and our 
devices can be readily extended as tools for studying separation 
dependent phenomena specific to nanogaps. 
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