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Abstract 

 

Advanced Metrology for High-k Films 

and Bulge-free Process for Grayscale 

Lithography via Versatile AFM 

 

 

Seunghyun Moon 

Department of Nano Science and Technology 

Graduate School of Convergence Science & Technology 

Seoul National University 

 

Scanning probe microscopy (SPM) is widely used to analyze the surface 

structures and properties of semiconductor and bio-molecular films. The merits of 

the SPM method are that it does not require any process for sample preparation and 

minimizes damages of the probing sample. Moreover, the growth of industries 

related to semiconductor and nano-bio devices has led to the development of 

nanotechnology. Many researchers now become aware of the importance of local 
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variations, such as the local doping profiles of semiconductors, the work function of 

two-dimensional materials, the surface profiles of bio-molecular films, the diodic 

behavior of nanofluidic devices, the surface roughness of semiconductor thin films, 

and the distribution of local surface charge. Thus, the researchers are seeking 

appropriate SPM equipment to analyze the local variations. 

In recent years, atomic force microscopes have emerged that can perform 

various functions. Especially, low-noise atomic force microscopy can be used to 

measure linewidths of nanoscale next-generation semiconductors or inspection for 

ultra-thin films. Therefore, Korea Research Institute of Standards and Science has 

developed a low noise atomic force microscope considering the industrial 

application. As well as, it has been developed to perform sophisticated nano/micro 

patterns by adding the function of nano-indentation.  

The low-noise atomic force microscope avoids the installation of an internal 

stage due to the nature of the development background. Although it contributes 

significantly to the signal integrity of the low-noise atomic force microscope, it 

serves as a weakness to limit the scan area of the test sample. Therefore, it is 

essential to have an independent external stage to compensate the weakness. In this 

paper, we have developed the middle range moving stage for the measurements of 

the standard reference samples. The maximum travel length of the external 4-axis 
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stage is 10 mm. For image scanning of a specific area of interest, the sample is 

positioned with micron accuracy through an external stage and then finely 

positioned using a PI XY piezo scanner. We confirmed that the position error of the 

developed stage can be ignored by the reproducibility experiment. Subsequently, the 

sidewall of the improved vertical parallel structure (IVPS) was measured. The 

repeatability and reproducibility (R&R) of the CD measurement was estimated using 

the CDR30-EBD tip. Finally, we found that the tip wear was minimized by 

measuring the TGX1 sample with the undercut structure. Thus, the development of 

independent external stages can be useful for many tasks that require large scanning 

areas.   

In the industrial semiconductor fabrication, the inspection of thin films is 

performed through optical equipment to check the uniformity of wafers. In the next-

generation semiconductor industry, high-capacity and low-power devices with 

complex lithography patterns and ultra-thin insulating films are emerging. Therefore, 

in order to improve the yield of semiconductor devices, it is necessary to inspect not 

only the thickness of these thin films but also local variations. Indeed, the surface 

roughness of the semiconductor process may affect the formation of the ultrathin 

film, and even if the process of the ultra-thin films is optimized by the atomic layer 

deposition (ALD), the performance of the device may be degraded due to the 
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roughened surface. Therefore, atomic force microscopy is the most suitable method 

for quantifying the properties of thin films and for analyzing the local surface 

structures. 

In this thesis, critical roughness (CR) was defined for the first time in a 

nanoscale by devising a roughness scaling process as a method for managing 

hafnium oxide film, which is a high-k insulating film of a MOS transistor. The 

surface roughness of the substrate was processed by a wet etching method, and an 

ALD process was used to obtain a hafnium oxide film. This is a study on the 

influence of the roughness of the lower layer on the roughness of the upper layer, 

and this definition makes it possible to present the criteria of the standard production 

in the in-line oxide film process. Moreover, we confirmed that the CR value defined 

in this study was effective by realizing the MIM diode structures with different 

roughness.  

Furthermore, new research methods were introduced through the indentation 

lithography. The first study suggests that nano- and micro-patterns can be formed on 

biofilms that is impracticable by electron beam lithography. The indentation method 

can be a means to compensate the weaknesses of electron beam lithography. The 

second study is to selectively remove the bulges generated during the indentation 

process. For many years, it was a quite important issue because the formation of the 
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bulge was a major factor impeding the development of indentation technology. 

All in all, in this thesis, various research themes realized by the multi-functional 

AFM are presented. The new definition of the roughness contributed to the in-line 

process control. The patterned biofilm could be used as a standard sample of the 

TOF-SIMS imaging. The selective removal of the bulges suggested a new method 

for three-dimensional nanolithography. Therefore, this research is expected to be a 

cost effective technology in the industry and to be used in various research fields. 
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Chapter 1 Introduction 

 

1.1 Multifunctional atomic force microscopy 

 

Atomic force microscope (AFM) is a third-generation microscope widely used 

in research fields and industry, along with optical microscopes and electron 

microscopes. As a sub-concept of scanning probe microscope (SPM), it is scanned 

through the probe to obtain images. AFM is now an indispensable metrology tool 

that is capable of reliably and accurately observing surface structures in a 

nondestructive way [1-6]. It directly assesses the surface morphology and roughness 

with a sub-nanometer spatial resolution. For example, the metal etch-back (MEB) 

depth profiles of dynamic random-access memory (DRAM), for which no signal can 

be detected by spectroscopic ellipsometry (SE), can be examined by using inline 

automated AFM (AAFM). In addition, roughness examinations of the ultrathin films 

without any interference from the lower membrane can be implemented [5, 7].  

In spite of the fact that it is a relatively slow imaging technology, AFM has been 

adopted in many fields. As well as, it can be supplied at a low cost. Thus, expanding 

the ability to utilize such AFM equipment has become a demand for current 

researchers. For examples, the history that AFM technology has used to stimulate 

soft cell surfaces and begin to utilize it as a bio-imaging technology dates back a 
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long time [8, 9]. A frequency-modulation method in electric force microscopy or 

kelvin probe force microscopy enabled us to monitor the local charge distributions 

[10]. Surprisingly, the function of the AFM is now being extended to the 

lithographic technique [11-14]. It is worthy that indentation lithography is a cost-

effective lithography technique that is less susceptible to materials or substrates. 

However, the main factor impeding the development of indentation lithography is 

the occurrence of bulge. Particularly, the bulge formed at the moment of pressing 

into the polymer is difficult to remove. Moreover, three dimensional (3D) patterning 

technique is a critical issue to be solved through the AFM technique because the 

pressing force can be controlled by the equipment. 

 

1.2 Background on development of external stage for low noise 

AFM  

 

The signals taken by the automated AFM in the industrial field contain various 

noise. In this circumstance, it is more efficient to remove the specific frequency 

using software filtering technology than to find and eliminate the cause of the noise. 

Based on the background knowledge, we have designed minimized mechanical 

components for low noise atomic force microscope (LN-AFM) design. That is, to 

supply accurate surface information and to improve the signal-to-noise ratio (SNR), 
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mechanical components, such as an automation stage, should be excluded.  

The LN-AFM is supposed to measure the surface of thin films or variations of 

nanostructures [15, 16]. Likewise, AFM manufacturers and a lot of researchers 

suggested novel measurement methods for various samples to supply more 

sophisticated surface profiles and more improved signal-to-noise ratios (SNRs) by 

using robust hardware configurations or by eliminating noise via software filters [10, 

17-19]. However, low noise technology and sample mobility still conflict each other. 

 Even if the noise problem is solved, AFM continues to have reliability 

problems due to tip wear, which can distort the force strength between the sample 

and the probe. Even with the use of durable diamond-like carbon (DLC) coated tips 

or high-density carbon (HDC) probes to avoid abrasion, the tip-wearing problem is 

inevitable. Particularly in special circumstances such as sidewall measurements or 

critical dimension (CD) metrology, the target sample has to be traveled at least in a 

few millimeters. In addition, minimum trials and precise measurements should be 

conducted at the location because an increased number of measurements due to 

position errors can lead to probe abrasion [20-23].  

Accordingly, an independent external stage that enables the measurements of 

critical dimensions (CDs) by the LN-AFM was suggested in this thesis. It was 

confirmed that the position errors caused by the external stage and the tip stage were 
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negligible through the reproducibility study and the AFM indentation method. 

Furthermore, by securing the capability of positioning, unlimited applications such 

as CD measurements, surface inspections, and large area processing of indentation 

lithography will be expected through the external stage.  

 

1.3 Industrial applications for low noise atomic force 

microscopy 

 

1.3.1 Critical dimension  

 

The demand for mobile devices, the internet of things (IoT), and artificial 

intelligence (AI) has increased dramatically, and the semiconductor industry is also 

making efforts to expand supply. Especially, as new insulating materials and 

multilayer techniques are introduced, a thickness metrology for ultrathin films is 

becoming significant. Thus, new industrial criteria are required to enhance 

production yield and stable process control through reliable inline metrology 

together with an increasing production scale. Thickness metrology now requires 

quantitative methods for surface topology and interface effects between each 

multilayer film as well as thickness measurement. For that purpose, roughness 

metrology through nanometer- or angstrom-level process control will reinforce the 
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thickness metrology because the roughness of the ultrathin films directly impacts the 

local thickness of the films, which can affect the performance and lifetime of the 

devices. 
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Figure 1.1 (a) Logic 2X SRAM Finfet structure images. DT tip was used. (tip 

diameter ~ 10 nm) (inset: when using conical tip.) (b) CD AFM image of Logic 2X 

SRAM FinFet structure using Insight Bruker inline CD-AFM. CDR20-EBD tip was 

used (tip head: 20 nm). Scan area is field of view of 300 nm × 400 nm with CD 

mode. (inset: when using flare tip) 
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1.3.2 Emergence of ultrathin films  

 

In relation to current industrial semiconductor metrology, the management of 

the thickness of ultrathin films has been conducted in a strict manner. Electron 

microscope studies, such as vertical scanning electron microscopy (VSEM) and 

transmission electron microscopy (TEM), are crucial to accurately measuring the 

thickness of ultrathin films and calibrating optical thickness measurement tools. 

These instruments are used to measure the films directly, but practical uses are 

difficult for inline metrology due to the potential damage to the device during the 

destructive sampling process [24-27].  

Ellipsometry is a common approach to managing the thickness of the 

transparent and translucent films used in the semiconductor manufacturing process 

because this method is fast and nondestructive [28-30]. The film thickness can be 

calculated from measuring optical constants, such as the reflection coefficients and 

phase changes, by detecting the polarized light reflected from the thin film. 

Although spectral ellipsometry is a powerful tool when managing film thicknesses at 

the angstrom (Å ) level using a proper micrometer spot size on the illuminated areas, 

it does not provide sub-nanoscale local surface information due to the limited lateral 

resolution associated with this method [31, 32]. 

In recent years, a great deal of attraction has been paid to improve the 
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performance of the AFM because of the surge of interest in the ultrathin films. Many 

efforts have been made to replace the gate SiO2 (K = 3.9) layer with a high dielectric 

constant (K) to reduce the tunneling current and ensure low power consumption for 

a complementary metal-oxide semiconductor (CMOS) [33-35]. Among high 

dielectric constant materials, hafnium oxide (HfO2) films are being used in the 

semiconductor industry due to their relatively high K values (K = 25) and large band 

gaps [36]. However, the reliability of HfO2 thin films comes into question on 

multiple layers due to the poor interfacial quality and inferior thermal stability 

between the Hf atoms [37-40]. Therefore, providing the criteria pertaining to sub-

nanoscale surface roughness is becoming an important task. 

 

1.4 Applications of indentation lithography using low noise 

atomic force microscopy 

 

1.4.1 Demand for biological applications  

 

From the example of the brain slice image of a rat, we can find easily the 

different contrast images of the same bio molecular. Showing different image shapes 

depending on the primary beam source is acting as a stumbling block to bio-

applications of time-of-flight secondary ion mass spectrometry (TOF-SIMS) [41]. 
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Therefore, it is necessary to carry out a calibration process with already known bio 

standard samples.  

Many researchers have been achieved for the biologicals applications of TOF-

SIMS equipment [42-45]. Secondary ion mass spectrometry (SIMS) has been a 

powerful tool for chemical imaging and depth analysis. Especially, gas cluster ion 

sources (GCIB) in SIMS analysis have widely used not only as a primarily source 

for surface analysis but also as an erosion source which has a low damage cross 

section and a fast erosion rate for molecular depth profiling experiments. However, 

in order to understand an erosion mechanism for 3D depth profile in SIMS analysis, 

it is necessary to calibrate with a well-defined 3D organic micro-patterns. However, 

only two-dimensional (2D) patterns or non-patterned three-dimensional layers are 

being studied [46, 47]. This is because it is a quite challenging work to make 3D 

organic patterns for image analysis by traditional methods. Therefore, indentation 

lithography is the excellent candidate for making patterns on bio-films 
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Figure 1.2 The diagram describes overlaps and unique area of MALDI, DESI and 

SIMS. Lipids are detectable in all three methodologies. (Reprinted with permission 

from reference [44] of chapter 1.) 
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Figure 1.3 Example of TOF-SIMS imaging. Brain slice image of a rat.  
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Figure 1.4 Indentation line patterns formed on the trehalose biofilm using a ball tip. 

Different depth profiles are formed depending on the strength of the pressing force. 

The numbers represent the relative strength of the pressing force.  
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1.4.2 Various lithography techniques 

 

Lithography technology is key technique for research fields and industry. The 

technique is directly connected with the production of nano-bio sensors [48, 49], 

nano/micro fluidic devices [50], optoelectronic devices [51], and plasmonic 

templates [52] and capable of producing various nano/micro structures on a desired 

substrate. 

Conventional nanofabrication technologies such as electron beam (E-beam) 

lithography, focused ion beam (FIB) and extreme ultraviolet (EUV) lithography 

have dominated nanostructure fabrication to provide unprecedented resolution. 

However, these techniques have the disadvantage of requiring capital equipment, 

and there is still a need for accessible nano-pattern lithography in many research 

areas. For this reason, techniques such as nanoimprint lithography, colloid 

lithography, and dip-pen nanolithography have been developed to overcome the 

weakness of the conventional techniques [53]. 

 

1.4.3 Strengths and limitations of AFM indentation lithography  

 

AFM indentation lithography is a promising technique because it has several 
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advantages. For example, it can be written directly on a substrate without a mask. 

The patterning can be conducted regardless of organic/inorganic materials, or 

biomaterials. AFM is already widely available equipment. It is not necessary to 

consider the pretreatment process of the sample or the charging effect. It is another 

merit that inspection can be performed immediately after the patterning.  

However, in terms of technical completeness, the following problems should be 

solved. i) The first drawback is wear of the probe induced by the indentation process. 

An attempt to use diamond probes is the effort to address this problem. ii) Second 

problem of indentation lithography is low throughput. It takes minutes to acquire an 

image or make dent patterns on the sample surface because the scan speed is limited 

by the piezotube. It is inadequate for the industrial demands to make wafer-scale 

patterns. However, in near future, the problem will be solved with a high-speed and 

multi probes AFM. iii) The final difficulty is the unintended formations (or 

protrusions) which are piled around the indentation patterns. Unlike the 

conventional lithography method, this is the most serious and inevitable problem for 

the AFM indentation lithography. The bulge is formed in an asymmetrical shape and 

formed in various sizes depending on the tip shape, the hardness of the polymer 

resist, and the tip loading force. These protrusions must be addressed to broaden the 

application range of the AFM indentation process. In addition, this bulging problem 
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hinders the fabrication of multi-layered patterns with micro and nanometer scales. 

 

1.5. The aims of this study 

 

The goals of this thesis are to maximize the use of LN-AFM equipment. So both 

industrial and academic applications will be introduced. The industrial applications 

will contribute to the next generation semiconductor metrology by measuring CD 

and defining critical roughness. Therefore, a stage capable of extending the scanning 

area of the sample is essential. 

This paper also reports the patterning method on biomaterials. This patterned 

bio-sample will be used as a reference sample for the TOF-SIMS imaging. 

Furthermore, the selective bulge removal in a very simple process will open a new 

era in 3D nanolithography.  
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Chapter 2 Development of external automation stage 

for LN-AFM 

 

2.1 Configurations of LN-AFM 

 

Unlike industrial automated AFM which performs full wafer inspections, AFM 

equipment normally used in the research field aims at measuring the limited surface 

area of an ultrathin film or variations of nanostructures. Thus, it is not obligatory to 

install a stage for long distance transportation. For this reason, all mechanical drives, 

including the movable stage, are removed to construct a robust hardware 

configuration for low-noise atomic force microscope (LN-AFM).  

In order to reduce the mechanical noise, the LN-AFM adopted minimized noise 

sources by eliminating motion in the sample holder. In addition, the XY and Z 

scanners were separated to eliminate coupling effect between scanners when 

measuring CD. The Z scanner (P-010.00H, Physik Instrumente, Germany) is a stack-

type scanner that ensures high mechanical stability and positional accuracy. The 

SNR of the position-sensitive photo diode sensor (PSPD) was improved by 

separating the heat sources. For this purpose, a low-coherence and low-noise 

infrared ray (IR, ~ 850 nm), a super-luminescent diode, and an integrated type of 

CCD were used in the bounce path of the laser beam. The root-mean-square (RMS) 
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noise of the LN-AFM is as low as 35 pm. However, conversely, in order to give 

multi-functional tasks to the LN-AFM such as indentations, CD measurements, 

inspections for certified standard samples, and so on, an external stage capable of 

mid-range position movement is required. 
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Figure 2.5 CAD image of the LN-AFM. (inset) PI XY scanner for fine positioning.  
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Figure 2.6 (a) LN AFM system equipped with humidity, thermal, and oxygen 

sensors. The oxygen sensor is used for safety purpose. (b) Plot of the 

humidity and temperatures in the AFM measurement environments. (c) AFM 

images of HfO2 film at a relative humidity of 35%. The RMS roughness is 

0.13 nm at a 500 nm FOV. (d) AFM images of HfO2 film at a low humidity 

level of less than 10%. The RMS roughness is 0.15 nm at a 500 nm FOV at a 

position identical to that in panel (c). 
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2.2 Development of independent external stage 

 

2.2.1 Configurations of the external stage  

 

In this section, the development of an independent mid-range stage for LN-

AFM is introduced. The external stage is comprised of three external axes and one 

sample grip and can be used to determine the coarse x-y position of the target 

sample after millimeters-travel. Fine x-y adjustments are carried out through the PI 

XY piezo nanopositioning stage of the LN-AFM.  

This system includes a computer with custom-made software, a control box, and 

an external base for the AFM stage. The detail of the external base will be discussed 

below. A five-axes controller/driver module (TMCM-6212, Trinamic Motion 

Control GmbH, Hamburg, Germany) was used to operate the step motors (X, Y, Z, 

gripper, and rotator) and was designed for serial communication based on an RS485 

bus between the computer and the control box. The power for the step motors is 

supplied from the control box, in which the switching-mode power supply (SMPS) 

produces DC 24 V/4.2 A and DC 12V/ 2.1 A independently from the two types of 

motors. These step motors (EN AM2224 AV-4.8 (22mm) and EN AM1524 V-6-35 

(15mm), Faulhaber, Croglio, Switzerland) were purchased from Faulhaber. They 

have 24 steps per revolution, which correspond to a step angle of 15 degrees. A CCD 
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camera (XCAM 1080PHA, ToupTek, China) was used to capture images and was 

connected to a PC via a USB cable connection. An electromagnet consisting of a 

bobbin shaft created by winding a 0.3-mm-thick coil served as a sample anchor with 

which to maintain a nonslip condition. The 500-turn coil was connected to a DC 

12V SMPS and heat generation between the interlayers was prevented by inserting a 

protective film when winding the coil. 

There are two kinds of stages. The first is a universal tip cartridge for cantilever 

loading, and the other is a four-axes stage for the coarse x-y positioning of the 

sample. Each stage is designed to be inserted into the external base and the LN-

AFM equipment. 

The external stage consists of three parts: an optical microscope (Olympus 

SZX7, Japan) to observe the shape of the sample, a gripper to hold the sample and a 

base to attach or detach the sample holder to/from the electromagnet. The sample 

gripper is designed for precise control of the vertical and horizontal positions. Three 

step motors are assigned to the position control stage to adjust the vertical and 

horizontal positions. The maximum travel distance is 10 mm. A limit sensor is 

attached to each axis. The major roles of the limit sensor are to set the origin of each 

axis and to safely operate the gripper within the travel range. The horizontal and 

vertical limits are 8 mm and 6 mm, respectively. The diameter of the motors is 15 
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mm and the holding torque is 22 mNm. The resolution of the step motor is 1.3 µm. 

However, it does not represent the position accuracy for the external stage. We have 

tested the coarse x-y positioning as shown in next section. The information will 

show how accurately the external stage positions the sample.  
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Figure 2.7 (a) Hardware configuration of the external stage system. (b) Photograph 

of the external base. The external four-axes stage is designed to be compatible with 

the tip stage of the LN-AFM.  

 

Figure 2.8 Photograph of the external stage for the coarse x-y positioning and the 

AFM tip stage. 
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Figure 2.9 (a) Schematic illustration of the external AFM stage. (b) Photograph of 

the external four-axes stage. (c) Illustration of the sample gripper. (d) Bottom view 

of the base for the sample anchor and rotator. (e) Cross-sectional view of the base. 
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2.2.2 Position adjustment method  

 

The position adjustment method for the LN-AFM comprises two steps: coarse 

and fine control. The developed external four-axes stage moves the sample through 

mid-distance transport (maximum 10 mm), while fine-tuning of the sample position 

is performed through the XY piezo nanopositioning stage (P-733.2DD, Physik 

Instrumente, Germany). The lateral resolution and scan area of the XY piezo 

nanopositioning stage are 0.1 nm and 30 μm, respectively. During AFM 

measurements, there is little drift (0.5 nm/min) in the scan range because 

temperature and humidity are controlled through the environmental chamber.  

When moving the sample, the gripper is set to catch the sample. The gripper 

utilizes a linear motion (LM) guide to open both arms, and a spring is used to fix the 

sample holder. Linear motion is realized by placing two blocks on the LM guide. 

The gripper can then be operated by attaching a motor to a cam with a different 

aspect ratio. A step motor (EN AM2224 AV-4.8 (22mm), Faulhaber, Croglio, 

Switzerland) is used to rotate the cam, and it has a torque rating of 22 mNm. A 

sample rotation was achieved by connecting a timing belt to the step motor. The 

position of the sample can be fine-tuned using a high-magnification microscope, 

because the rotation resolution is 0.06 degrees. 

The method for operating the system comprises three steps: initialization and 
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recording of the probe position, rotational adjustment and position measurement of 

the target sample, and mounting of the AFM tip stage and AFM measurements. The 

details of the operation steps are described in the block diagrams.  

The first step is to extract the tip contour and to find the end of the tip. For this 

purpose, the tip stage is mounted on an external base and an image of the tip is 

stored using an optical microscope. The software developed in this study identifies 

the position of the probe and then matches the position and image of the sample to 

be measured. The location of the probes can be detected by the Canny algorithm 

using the OpenCV library [1, 2]. After the tip-location information is stored, the tip 

stage is unmounted. 

The second step is to rotate the sample and move to the measurement position. 

To do this, the sample and the external four-axes stage are loaded onto the external 

base. When measuring a new position, a tilt correction by sample rotation should be 

performed in advance and the target position has to be set. In order to repeat the 

measurement, the sample can be reloaded with automatic rotation correction after 

sample loading. The position and scaling of the sample can be estimated by 

comparing the previous image with the current image using the Speeded-Up Robust 

Features (SURF) algorithm [3]. For position alignment, the location of the probe is 

determined in advance, after which the target sample is moved to the position of the 
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probe.  

Finally, once the location relative to the probe is recorded through the external 

stage, it is inserted into the LN-AFM instrument (NanoFocus, Seoul, Korea) and the 

sample is placed in the same position. The AFM measurement is then performed 

after the sample is securely mounted in the AFM equipment. 
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Figure 2.10 Flow chart of the image match process and AFM measurements. (a) 

Example of picking up the tip contour using the Canny algorithm and recognizing 

the tip position. (b) Example of position matching with a previously saved image 

using the SURF algorithm. (c) Mounting process of the external stage. 
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2.2.3 Position accuracy test 

 

A sample preparation method for the experiments of the mid-distance 

transportation is as follows. The 4-inch glass substrate was diced to 1 cm × 1 cm. 

Cross patterns were formed on the glass substrate using a photolithography method. 

A negative photoresist (DNR-L300-30, Dongjin Semichem Co., Ltd., Seoul, Korea) 

was used for this fabrication. ID numbers were assigned to each cross, and the pitch 

between the crosses was 2 mm. Cr/Au (3/17 nm) layers were deposited by an 

electron beam evaporation method. The sample was immersed in acetone for the 

metal lift-off process. The surface was rinsed with deionized water and dried in 

nitrogen gas blow. 

The target sample was attached to a circular stainless steel (SUS) substrate 

using a conductive silver paste. Using the rotation stage mounted on the external 

base, the tilted angle was adjusted with the baseline shown on the screen. The 

gripper held the SUS board before moving. Initially, the starting point was recorded 

and the sample was lifted to a height of 1 mm. The sample was then moved 2 mm in 

the horizontal direction. The sample was brought into contact with the external 

electromagnet base. To record the final position, the images of the moved positions 

were obtained by the microscope. This procedure was repeated 12 times. The 

location information for each image was analyzed using ImageJ software[4]. As 
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shown in the figure below, positional inaccuracy after mid-distance travel was about 

9.1 μm. The causes of this inaccuracy result from the gripping error, the impact 

caused by contact with the magnet base, and the operating error of the stepper motor.  
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Figure 2.11 A position accuracy experiment for coarse x-y positioning using the 

external four-axes stage. (a) A schematic diagram of a mid-distance-travel 

experiment. (b) Microscope image of the cross-marked sample. Cross markers were 

fabricated by Cr/Au deposition with patterns of 2 mm intervals. (c) Enlarged image 

of (b). Optical microscope images of the initial and final points during the migration 

experiment. (d) Results of the position error after 12 repetitions of the experiment. 
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The coordinates of the cantilever can be changed by an incorrect position of the 

tip stage, even if the sample is inserted precisely at the desired position by the four-

axes outer stage. Therefore, in order to confirm the position accuracy of the tip stage 

based on the repeatability of the mounting process, the tip location was directly 

recorded using an indentation experiment[5-7]. For this experiment, a poly-methyl 

methacrylate (PMMA A4, MicroChem Corp., Westborough, MA, USA) layer 

was spin-coated onto a glass substrate, after which a thin gold film (10 nm thick) 

was deposited by an electron-beam evaporator (Ultech Co., Ltd., Daegu, Korea).  

In this study, in order to confirm the error of the tip stage, indentation method 

was used. It might be impractical to use indentation techniques for lots of 

application. However, when inserting tip cartridges, it is inevitable that the tip 

position will be loaded differently each time. So the purpose for the indentation 

techniques is not to find the position of the tip every time. We are trying to estimate 

the magnitude of the error that occurs when the tip cartridge is loaded. This 

experiment was possible because the indentation point could represent the 

measurement position of the tip stage.  

Prior to the indentation step to determine the tip positions, the surface of a 20 

μm scan area was confirmed. Three point defects were detected, as shown in the 

figure. Subsequently, an indentation dot was set to the origin using an HDC tip (400 
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nm long EBD-HAR short probes, Nanotools GmbH, München, Germany), and a 3 × 

3 array marker was placed at the upper right corner. Indentation was performed at 

each tip position while the tip stage was inserted and detached. This procedure was 

repeated 10 times, and topological images were acquired using the HDC tip that was 

used for the indentation process. All topological images were processed with 

WSXM software[8]. Interestingly, all 10 indentation points were distributed within 6 

μm and listed in the forward direction with respect to the origin. This is the tip-

loading direction.  

The position of the tip may be changed each time while repeating loading 

tips and samples. The position errors of the sample occur in two situations. 

One is the mounting error of the tip stage and the other is positioning error 

caused by the external stage. The mounting error of the tip stage was 6 µm 

and the position error of the external stage was 9.1 µm. Both errors are 

independent each other and may occur at the same time. In the worst case, the 

maximum position error under this condition can be about 15 µm. However, 

even in the worst positioning error, the user can find the desired position of 

the target patterns which are located at the boundary of the field of view 

because the maximum field of view for the PI XY scanner is 30 µm (PI XY 

piezo scanner, P-733.2DD, Physik Instrumente, Germnay, Scan range 30 um, 
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resolution: 0.1 nm). Therefore, the inaccuracy of the sample position is 

considered to have only a negligible influence on our measurements.  
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Figure 2.12 Position accuracy of the tip stage as measured by the indentation method: 

(a) Initial condition (indentation for the origin and marker). (b) Tip positions are 

expressed by AFM indentation during the mounting and unmounting process of the 

tip stage. This was repeated ten times. (c) Schematic drawing of maximum position 

errors. The σx and Δrx represent the mounting error of the tip cartridge and position 

error of the external stage along the tip-loading direction, respectively. In the worst 

positioning error, the IVPS patterns are located at the boundary of the field of view. 
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Chapter 3 Industrial applications using the LN-AFM 

with the external stage 

 

3.1 Industrial demands  

 

The demand for mobile devices, the internet of things (IoT), and artificial 

intelligence (AI) has increased dramatically, and the semiconductor industry is also 

making efforts to expand supply. In particular, with the emergence of high-

capacitance and low-power devices in the semiconductor industries, lithographic 

patterns for next-generation semiconductors have become increasingly complicated, 

and the thicknesses of these films have been reduced from a few nanometers to the 

subnanometer range [1-3]. Given that the production yield of semiconductor devices 

during in-line processing should be improved in the near future, examining not only 

the thickness of these thin films but also the 3D surface information is necessary.  

As the development of the Fin-FET structures and NAND devices has 

accelerated, there has been a demand to observe the 3D shapes. In a three-

dimensional structure with a high aspect ratio, many attempts are made to probe the 

sidewall of the vertical structures to check the roughness of the sidewall or to 

estimate the critical dimension. However, in the conventional method, image 

distortion may occur when observing high aspect 3D structures. Therefore, an 
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appropriate tip and operating mode should be selected for the inspections of the 

nanostructures. 

Another industrial concern is management of ultrathin films below the 0.5-nm 

equivalent oxide thickness. As new insulating materials and multilayer techniques 

are introduced, a thickness metrology for ultrathin films is becoming significant. 

Thus, new industrial criteria are required to enhance production yield and stable 

process control through reliable inline metrology together with an increasing 

production scale. Thickness metrology now requires quantitative methods for 

surface topology and interface effects between each multilayer film as well as 

thickness measurement. For that purpose, roughness metrology through nanometer- 

or angstrom-level process control will reinforce the thickness metrology because the 

roughness of the ultrathin films directly impacts the local thickness of the films, 

which can affect the performance and lifetime of the devices. 

For these purposes, the AFM is the best metrological method to quantify the 

properties of semiconductors and to analyze the various shapes of the surface 

structures by directly scanning them in a nondestructive manner [4-6]. 
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3.2 Critical dimension measurements 

 

3.2.1 Vector approach probing method  

 

The 3D AFM technique aims at versatile measurement outcomes, such as the 

height, width, and sidewall profile. In current inline metrology, automated CD-AFM 

acquires images via the dithering method. In this method, when measuring the 

sidewall of the trench pattern, the enough pitch between the patterns, which is about 

twice as large as the tip head, should be secured. As the width of the patterns 

become smaller, the demands for the use of small CD tips are increasing. Moreover, 

the tendency of sticking to the sidewalls must be solved [7-9]. The measurement 

strategy of the low noise atomic force microscope (LN-AFM) was sourced from a 

method in the literature known as the vector approach probing (VAP) method, which 

was developed by German Physikalisch Technische Bundesanstalt researchers for 

CD measurements [10, 11]. Although this method is relatively slow and requires 

accurate measurement positions during CD measurements, it is capable of 

measuring at narrow trenches where the tip size is approximately the total width of 

the pattern. 
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3.2.2 Advantages and limitations  

 

The advantages of the VAP method is that the measurements can be made in 

narrow trenches where the tip head size is close to the total width of the pattern. 

Moreover, by obtaining the image directly through the point-contact, tip wear can be 

reduced with accurate side-pattern images. Limitations of our approach is that the 

speed of the measurement is slow. The accurate location for the measurement is 

strictly required. 

 

3.2.3 CD measurement using vertical structure 

 

The sidewalls of the improved vertical parallel structure (IVPS) and the 

calibration grating (TGX1) samples were then examined by precisely aligning the 

position of the CD tip. From these experiments, the capabilities of the external stage 

are indirectly verified.  

A CDR30-EBD tip (Nanotools GmbH, München, Germany) for the sidewall 

measurements of the IVPS100 reference sample was used. The reason for choosing a 

small-head CD tip is that there is a demand for measuring trench patterns with a 

narrow width in the current semiconductor industry. As depicted in Fig 6a, the tilt 

compensation angle (θ) of the tip is 13° (± 1°) and the total width (d) of the tip head 
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is 30 nm. The vertical edge height (VEH) and the effective length (l) are 10 nm (<15 

nm) and 150 nm, respectively. The length of the overhang (OH) structure is 8 nm 

(5~10 nm). The force constant of the cantilever is 40 N/m (± 20 nm). 

The pitch of the IVPS100 trench patterns is 500 nm ± 10 nm, and the depth is 

approximately 1 μm. The IVPS100 (Team Nanotec GmbH, Germany) sample, which 

has steep sidewalls, is commonly used in CD measurements [8, 12-14]. To measure 

the side of this sample, the sample orientation should be adjusted to be perpendicular 

to the direction of the tip. Otherwise, the tip will be broken or the measurement will 

be distorted due to tip wear and incorrect positions. Therefore, the CD 

measurements can inform whether external stage is working properly. 

The developed stage enabled us to measure the pattern accurately at the desired 

position. The measurements were performed by the VAP method. Two repeated-

measurement profiles are shown in Fig. 6c. The sidewall should ideally be formed 

vertically. However, as a result of the measurement, it seems that the sidewall has a 

slope. This is because the CDR30-EBD tip has a short effective length. Hence, the 

slope must be calculated through repetitive measurements. 
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Figure 3.13 (a) Top view and side view of the CDR30-EBD tip. (b) Tip stage loaded 

at the desired position to scan the trench patterns of the IVPS100. (c) Measured 

IVPS100 pattern. Two profiles are shown in the plot. Details of both sidewalls are 

shown in the inset. 
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Only limited depth profiles (up to 125 nm deep) were recorded using a software 

function because the depth of the trench patterns was greater than the effective 

length of the tip. The CD measurement method and the angle calculation method for 

the trench patterns are as follows. The 30% of upper and lower data was excluded 

from the CD and angle calculations, following a method developed previously [11]. 

That is, the middle CD values were calculated. The average horizontal position of 

the first trench wall is denoted by Y1, and the average horizontal position of the 

second wall is denoted by Y2. The middle CD value is then equal to mean (Y2) - 

mean (Y1). The angle values were calculated through the first order linear fitting of 

the selected data, and the angle was found through the arctan (slope) value. 

The sidewall measurements were repeated 30 times at the same position. The 

mean value and the standard deviation were 141.9 nm and 0.6 nm, respectively. For 

reproducibility measurements, both the sample and tip cartage were reloaded 10 

times. As a result, the average value of the CD measurements was 142 ± 0.8 nm, 

which is similar to the repeatability results. Furthermore, the angles of the left and 

right walls were calculated to be 86 ± 0.2 ° and 87.1 ± 0.1 °, respectively. 
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Figure 3.14 (a) Reconstructed 3D profiles of the IVPS patterns. (b) Example of the 

CD repeatability and reproducibility (R&R) measurement. (c) Results of the CD 

measurements, repeated 30 times at the same position. Solid (black) line shows the 

mean value (141.9 nm). (d) Reproducibility measurements for 10 engagements. 

Solid (red) line exhibits the mean value (142 nm). (e) Calculated sidewall angles of 

the IVPS sample for 10 engagements. (left and right sidewalls) 
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3.2.4 Tip wear test 

 

After the 30-times-repeated CD measurements, we also investigated a 

calibration grating (TGX1, NT-MDT Co., Moscow, Russia) sample, which has a 

chessboard-like array of square pillars with a sharp undercut pattern [15]. By doing 

so, we were able to confirm the wear of the CD tip. This experiment is another way 

to check the performance of the external stage. The length of the OH structure of the 

CD tip after the repeatability measurements can be estimated by measuring the 

undercut structure of the TGX1. The calculated mean value of the tip-overhang from 

the TGX1 data was 7.27 ± 1.03 nm which is still close to the OH value indicated by 

the specification sheet. 

The external stage developed here shows successful matching the positions of 

the tip and the sample using the custom-made software. In addition, we obtained 

good position accuracy for the external stage and the tip stage through the 

reproducibility experiments. Hence, we successfully measured the CD value using 

the external stage at precise locations, and the average values for 30-times-repeated 

measurements and 10-times-reproduced CD values were 141.9 ± 0.6 nm and 142 ± 

0.8 nm, respectively. Finally, we confirmed that the tip wear was minimized by 

measuring an undercut TGX1 sample. We expect this study to be helpful in the 
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inspection of semiconductor manufacturing [16, 17], the large-area indentation 

patterning [18], the study of nano-bio materials [19, 20], and the surface analysis of 

thin films using AFM [21-23]. 
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Figure 3.15 (a) Schematic illustration of the undercut measurements of the TGX1 

sample using the CD tip. (b) Plot of the measured sidewall of the TGX1 sample. 
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3.3 Critical roughness measurements 

 

3.3.1 Fabrication of ultrathin film using atomic layer deposition  

 

A hafnium oxide (HfO2) layer (3 nm) was deposited onto the surface-

treated Si substrates using ALD equipment (Nano-ALD2000; IPS, 

Pyeongtaek, Korea) because the thickness is corresponding to the 0.5-nm 

equivalent oxide thickness Tetrakis(ethylmethylamino)hafnium (TEMAHf) 

and ozone (O3) were used to form the hafnium oxide layer at 350℃. The gas 

pressure was 0.7 Torr. In order to check the optimal conditions of the ALD 

process, different cycles of the process were conducted. From the cross-

sectional TEM images, it was confirmed that the target thickness was well 

constructed. The high-resolution transmission electron microscopy (TEM) 

image of the hafnium oxide film was taken with a JEM-2100F (JEOL, Tokyo, 

Japan). The thickness of the HfO2 film was calculated to be approximately 3 

nm by DigitalMicrograph (Gatan, Pleasanton, CA, United States) software. 
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Figure 3.16 (a) MOSFET structure (b) Dielectric layer deposition (3 nm thick) on Si 

substrate. (c) Different cycles of hafnium oxide films fabricated by ALD. EOT 0.5 

nm thickness is corresponding to the 3 nm thick hafnium oxide film.  
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3.3.2 Reliability of surface roughness measurements  

 

The candidates of the noise sources of the LN AFM are the equipment itself and 

the environment. The noise of the facility can be managed with a very constant level, 

and the measurements using the LN AFM were tried to prevent the external 

environmental influences. Thus, we measured five different sites (upper, lower, left, 

right, and center position) of the mass produced hafnium oxide film to estimate the 

uncertainty for the roughness measurements. In addition, we obtained the reliable 

measurement values from z-piezo value using a tilt stage of LN-AFM (not shown 

here for the tilt stage). According to the Guide to the Expression of Uncertainty in 

Measurement (GUM), the combined uncertainty (𝑅2) can be expressed by below 

relation. 

 

𝑢𝑐(𝑅2) = √𝑅1
2 ∗ 𝑢2(𝐾) + 𝐾2̅̅ ̅̅ {𝑢2 (𝑅𝑎) + 𝑢2(𝑅𝑏) + 𝑢2(𝑅𝑐) + 𝑢2(𝑅𝑑)}   (3. 1) 

 

where u(K) is the calibration coefficient,  𝑅𝑎 is the uncertainty of caused by the 

repeatability measurement, 𝑅𝑏 is the uncertainty of caused by the non-uniformity (5 

different sites) of specimen, 𝑅𝑐 is the uncertainty of instrument noise of z-feedback 

without x-y motion, 𝑅𝑑 is the uncertainty of tip wearing during measurement, R1 is 

the average value of RMS roughness measurement, and �̅� is the average calibration 
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coefficient of the instrument. 

The custom-built LN AFM system used here which was developed at Korea 

Research Institute of Standards and Science. The temperature (22.3 ± 0.1°C) of the 

LN-AFM system can be controlled by circulating temperature-controlled liquid. An 

ultrathin HfO2 surface was inspected in tapping mode using a high-density carbon 

probe (SuperSharpStandard-NCHR; Nanotools, Germany) with a normal probe 

radius of ~ 3 nm and a cantilever spring constant of 40 N/m. The tip diameter of the 

manufacturer specifications is below 10.0 nm. The cantilever was oscillated at 5.28 

nm (free-air amplitude) with a Q-value of 537. The set point of the distance between 

the probe and the sample was 4.4 nm. When the AFM probe was engaged on the 

sample, we kept the set point at 7 nm for a wide separation distance to reduce or 

prevent damage to the probe. The probe was then slowly moved toward the sample 

in 0.1 nm steps with a large proportional and integral gain factor. 
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Table 3.1 Summary of uncertainty 

Source of uncertainty Contribution of each uncertainty source 

Calibration coefficient, u(K) 0.012 

Repeatability, u( 𝑅𝑎) 0.003 nm 

Non-uniformity, u(𝑅𝑏) 0.003 nm 

Instrument noise, u(𝑅𝑐) 0.035 nm 

Tip wearing, u(𝑅𝑑) 0.003 nm 

u(𝑅2) 0.036 nm 
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3.3.3 Interfacial effects using roughness scaling method  

 

A wet etch process was used to make roughened silicon (Si) substrates. The 

surface roughness was regulated by changing the dipping time in a buffered oxide 

etchant (BOE) solution. In order to examine the spatial resolution by using LN-AFM 

in a range of a few nanometers, the roughness of the Si surface was increased until 

the maximum peak-to-valley value (Rt) approached 3 nm. This process is designated 

as the “roughness scaling method”. 

When determining the scaling range, the Rq value of the sample subjected to the 

O2 plasma process on the bare Si substrate was designated as the minimum point. 

The Rq value of the bare Si substrate was 0.15 nm and increased to 0.17 nm after the 

O2 plasma treatment. The maximum roughness was set to Rq = 0.36 nm because the 

maximum peak-to-valley values reached the film thickness when dipped in the BOE 

solution for more than 7.5 minutes. 

The samples that did not undergo the BOE process are denoted as “0 

min”. An oxygen plasma treatment was conducted after surface etching 

because the hydrogen-terminated Si surface shows poor nucleation and forms 

a nano-island morphology during the atomic layer deposition (ALD) process 

[24-28]. The surfaces of each of the samples were measured with the LN 

AFM instrument before and after the hafnium oxide deposition process. The 
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piranha-treated sample was named “Piranha” instead of BOE etch process. To 

do this, Si wafers were immersed in a piranha solution (a 3:1 mixture of 

H2SO4 and H2O2) for 30 min and rinsed with deionized water. Oxygen 

plasma was implemented at a pressure level of 100 mTorr for 90 sec. 

Subsequently, a hafnium oxide film sample with a thickness of 3 nm was 

deposited onto the Si surface. The other samples were immersed in BOE 

solution at different times. The AFM images of the underlayers (SiO2) were 

measured 5 times for each sample after the oxygen plasma. The AFM images 

of the overlayers (HfO2) for each sample were measured 5 times at different 

points after the ALD process. 
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Figure 3.17 This plot shows how to determine the underlayer roughness range in the 

roughness scaling method. 
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Figure 3.18 (a) Schematic illustration of the roughness scaling method. Roughness 

scaling (Si substrates) was carried out using a BOE solution with different dipping 

times. (b) Representative AFM images of roughened silicon surfaces taken after 

oxygen plasma treatments. (c) AFM images of hafnium oxide surfaces after atomic 

layer deposition (3 nm in thickness). 
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Figure 3.19 Maximum peak-to-valley (Rt) distributions of AFM images for 5 

measurements. Each measurement was taken before and after the ALD process. The 

black square data represent the Rt values of silicon oxide surface. The red triangle 

data show the Rt values of hafnium oxide films. 
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3.3.4 Definition of critical roughness  

 

In order to determine the difference between the initial and final states of the 

surface roughness, the height distributions are overlapped in the plots. The 

parameters are extracted from these distributions. The arithmetic average of the 

roughness, the RMS roughness, and the distance between the highest peak and the 

lowest valley are denoted by Ra, Rq, and Rt, respectively. The result can be 

distinguishable into two groups. On the relatively smooth substrates, there is no 

significant effect on the roughness of the HfO2 overlayer. It can be explained as the 

smoothing phenomenon during ALD process that was also observed in other studies 

[29, 30]. However, the RMS roughness of the HfO2 overlayer is dramatically 

increased when the Rt values of the rough silicon surface approaches the thickness of 

the hafnium oxide film. This phenomenon is significantly related to the conformal 

growth of the ALD process since the surface variations are sufficiently high [31, 32]. 

In other words, the final roughness is less affected by the underlayer (Si substrates) 

unless the Rt values of the Si substrates match the thickness of the HfO2 film. Thus, 

we can determine the critical roughness based on the experimental data. Two linear 

fits were conducted to find each slope and intercept. The parameters of the first 

linear fit data were calculated by selecting the five lowest data values. The 

parameters of the second fit data were extracted from the three highest data values. 
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The critical roughness can be determined from the intersection between the two 

linear fits, as described by the following equations: 

 

CRover|𝑡=3 𝑛𝑚
𝐻𝑓𝑂2 =

𝑏1 − 𝛼𝑏2

1 − 𝛼
, (𝛼 ≡

𝑎1

𝑎2
)   (3. 2) 

CRunder =
1

𝛽
(𝑏1 − 𝑏2), (𝛽 ≡ 𝑎2 − 𝑎1)  (3. 3) 

 

where 𝑡  is the thickness of the hafnium oxide film, 𝑎1  and 𝑏1  are 

correspondingly the slope and the intercept extracted from the first linear fitting 

function, and 𝑎2 and 𝑏2 are likewise the slope and the intercept of the second linear 

fitting function. The finally estimated CR value of the HfO2 overlayer in this 

dielectric system was 0.18 nm while the CR value of the underlayer was 0.27 nm. 

Moreover, in order to verify the effectiveness of the CR, we measured the leakage 

current through the metal-insulator-metal (MIM) diode structure [33, 34]. A highly 

doped Si wafer was used for the substrates of the MIM diodes. In the case of highly 

doped Si wafers, it took a long time to adjust the roughness by the BOE wet etching, 

so the roughness was controlled by the KOH wet method. The control sample was 

subjected to O2 plasma treatment without etching, and the hafnium oxide film (3-

nm-thick) was fabricated by ALD method. Subsequently, the aluminum film (50-

nm-thick) was deposited by a thermal evaporator to complete the MIM structure. 

The diameter of the aluminum pad metal is 500 μm. A two-probe system was used 
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for the current measurement and the average value was evaluated through 20 

different devices. The IV plot shows minimum, median, and maximum values 

among 20 devices, and is drawn with different Si roughness. As shown in the 

logarithm plot, almost all devices show constant current before the CR, whereas the 

current of the device with a larger roughness than the CR is increased. Therefore, the 

CR value defined by the simple method in this study proved to be effective. 

Although the CR value in this experiment is not an absolute criterion for all hafnium 

oxide films, we believe that the proposed method will be useful for establishing an 

industry standard CR. 
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Table 3.2 Roughness information for surface control samples at a 500 nm FOV 

 Surface Ra [nm] Rq [nm] Rt [nm] 

Piranha Silicon 

oxide 

0.11 0.14 1.15 

Hafnium 

oxide 

0.12 0.16 1.34 

BOE 0 min Silicon 

oxide 

0.14 0.17 1.47 

Hafnium 

oxide 

0.13 0.17 1.35 

BOE 1 min Silicon 

oxide 

0.16 0.20 1.93 

Hafnium 

oxide 

0.14 0.17 1.36 

BOE 3 min Silicon 

oxide 

0.21 0.27 2.45 

Hafnium 

oxide 

0.14 0.17 1.49 

BOE 5 min Silicon 

oxide 

0.25 0.32 2.98 

Hafnium 

oxide 

0.19 0.24 2.07 

BOE 7.5 

min 

Silicon 

oxide 

0.28 0.36 3.24 

Hafnium 

oxide 

0.22 0.28 2.19 
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Figure 3.20 (a) Histograms of the height distributions of each AFM image at 500 nm 

FOV. (b) RMS roughness of a silicon surface before the ALD process vs. a hafnium 

oxide surface for five measurements. The first linear fit data (slope 0.13, intercept 

0.14 nm) was extracted from the four lowest data values. The second fit data (slope 

1.24, intercept -0.16 nm) was extracted from three highest data values. (c) Current at 

2 V from the MIM diode structure with different RMS roughness of the Si substrate. 
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Figure 3.21 Conceptual definition of the critical roughness.  
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3.3.5 Effectiveness of the critical roughness  

 

In order to verify the effectiveness of the CR, we measured the leakage current 

through the metal-insulator-metal (MIM) diode structure [33, 34]. A highly doped Si 

wafer was used for the substrates of the MIM diodes. In the case of highly doped Si 

wafers, it took a long time to adjust the roughness by the BOE wet etching, so the 

roughness was controlled by the KOH wet method. The control sample was 

subjected to O2 plasma treatment without etching, and the hafnium oxide film (3-

nm-thick) was fabricated by ALD method. Subsequently, the aluminum film (50-

nm-thick) was deposited by a thermal evaporator to complete the MIM structure. 

The diameter of the aluminum pad metal is 500 μm. A two-probe system was used 

for the current measurement and the average value was evaluated through 20 

different devices. The IV plot shows minimum, median, and maximum values 

among 20 devices, and is drawn with different Si roughness. As shown in the 

logarithm plot, almost all devices show constant current before the CR, whereas the 

current of the device with a larger roughness than the CR is increased. Therefore, the 

CR value defined by the simple method in this study proved to be effective. 

Although the CR value in the experiment is not an absolute criterion for all high-k 

insulating films, we believe that the proposed methodology will be valuable for 

establishing an industrial standard. 
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Figure 3.22 Current density plot of the minimum, median, and maximum data. (inset) 

A logarithm plot of the current density. 
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3.3.6 Inline applications for the morphology analysis of ultrathin 

hafnium oxide films  

 

An ultrathin HfO2 layer was inspected in tapping mode using a silicon tip 

(RTESPA-300; Bruker, USA) with a normal probe radius of 8 nm and a cantilever 

spring constant of 40 N/m. The cantilever was oscillated at 25 nm (free-air 

amplitude) and the set-point was 15 nm. During the semiconductor process, the 

probe is very quickly engaged on the sample with a digital signal processor control 

within a few seconds to ensure no damage to the probe. The temperature variation in 

the acoustic shielding chamber was held under 0.1°C at room temperature. Vibration 

was eliminated through feedback from the special linear motor used with a granite 

air-floating and anti-vibration table. The AFM feedback motion was conducted by 

changing the amplitude of the oscillating probe with an image isolation™ function. 

This method isolates the background frequency and the special fingerprint frequency 

from the environment before the image scan. 

During the inline fabrication process, surface morphology measurements of the 

sub-nanoscale roughness are among the most challenging applications in a typical 

facility environment. It requires a high performance of the anti-vibration efforts and 

acoustic shielding while executing atomic force feedback control on the surface. In 

addition, there are many items to be considered to achieve reliable data [35, 36]. 
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Thus, we undertook a surface analysis of a mass-produced ultrathin HfO2 film 

sample (~ 3 nm in thickness) using an optimized LN AFM system. Subsequently, 

roughness measurements of an identical mass-produced HfO2 wafer were conducted 

using an inline AAFM system (InSight; Bruker Corporation, USA), including an 

auto-level stage, automated probe exchange, and thermal stability, the process of 

which is fully automated for the mass production of these wafers. A highly accurate 

laser interferometer stage was used for the measurements. The resonance frequency 

of the AAFM itself and the fingerprint frequency of the environmental noise in the 

semiconductor facility were separated to obtain sub-nanoscale roughness with the 

in-line AAFM system. The background noise level was approximately 35 pm.  

The roughness parameters calculated from each topography image are 

summarized in Table 3.3. All roughness parameters are similar except for that in the 

area with a low FOV of 50 nm. A small scanning area (50 nm FOV) led to 

differences due to the lateral resolution limit in that case. The average value of the 

RMS roughness is 0.11 nm and the dynamic repeatability and reproducibility (R&R) 

value is below 30 pm (the 3 σ  value for 10 measurements). There are minor 

differences between the two results, as shown in Table 2. This subtle difference is 

considered to be caused by the different measurement environments and by the tip 

conditions. Thus, the results showed good consistent with the LN-AFM outcome 
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within the tool performance specifications. 

The present study utilized roughness scaling metrology for an ultrathin 

dielectric layer, hafnium oxide film, as utilized in the semiconductor manufacturing 

process. The effect of the substrate roughness on the roughness of a 3-nm-thick 

hafnium oxide overlayer was investigated using low-noise AFM. The overlayer 

roughness (HfO2 films) is less affected by the low roughness of Si substrates, but 

the interface effect became severe only when the maximum peak-to-valley 

parameter of the initial substrate was close to the thickness of the hafnium film 

(underlayer Rt ~ 3 nm). Thus, the CR value can be determined from the intersection 

of the two linear fits. The CR values of the overlayer and the underlayer were 0.18 

nm and 0.27 nm, respectively. In addition, the effectiveness of the defined CR was 

confirmed by measuring the leakage current of the MIM structure.  

We also confirmed the effects of sub-nanometer roughness management in an 

actual fabrication environment by applying an inline AAFM technique developed for 

a mass-produced monitor. The dynamic repeatability and reproducibility (R&R) of 

the roughness information for the mass-produced hafnium oxide films are in good 

agreement with those of LN AFM. Hence, the results here will contribute to 

development, enhance the production yields of semiconductors, and ensure reliable 

standardization metrology for surface roughness levels. 
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Figure 3.23 (a) Photograph of Bruker’s inline production auto-AFM. (b) AFM image 

of a hafnium oxide thin layer demonstrating the capability of roughness 

measurements in a fabrication facility (Fab) environment. 
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Table 3.3 Roughness parameters extracted from each topography image. 

 FOV [nm] Ra [nm] Rq [nm] Rt [nm] 

LN 

AFM 

50 0.09 0.11 0.80 

100 0.10 0.13 0.82 

200 0.09 0.12 0.84 

500 0.09 0.12 0.98 

Inline 

AAFM* 

50 0.06 0.08 0.72 

100 0.09 0.11 0.75 

200 0.09 0.11 0.78 

500 0.08 0.10 0.83 

*Note: image isolation was performed for inline AAFM data.  
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Chapter 4 Applications of indentation lithography  

 

4.1 Patterned organic films for 3D depth profiles of TOF-

SIMS imaging  

 

4.1.1 Fabrication method of organic dual layer for 3D TOF-SIMS  

 

Prior to the fabrication of the indentation patterns, micropatterns were produced 

by photolithography as shown in Fig. 4.1 below. While increasing the line width, 

various sizes were produced, and the minimum line width was 1 μm. SU-8 or GXR 

601 photoresist (PR) was used as the organic layer. After the formation of the PR 

patterns, the substrate was subjected to O2 plasma treatment. Trehalose was then 

spin-coated at 2000 RPM and applied onto the patterned PR layer. 
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Figure 4.24 Fabrication flow of organic dual layer using photolithography 
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4.1.2 Results for organic dual layer for 3D TOF-SIMS  

 

Image analysis was performed through TOF-SIMS [1]. The result was different 

from the expectation. The PR layer was penetrated below the substrate. That is, 

image distortion occurs in the depth direction. The reason for the interruption was 

thought as the two materials have different etch rate during the sputtering with argon 

clusters [2, 3]. Therefore, for the real bio-imaging, a three-dimensional patterned 

bio-standard sample is required. 
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Figure 4.25 Depth profile of organic layer   
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4.1.3 Fabrication issues of patterned organic dual layer  

 

In order to produce patterned bi-layer of the actual bio-specimens, a number of 

fabrication issues must be solved. 

 Bio materials are random structures: too many uncertainties in 

structure and chemistry. So chemically known composition required 

 No intermixing molecules between two organic-materials (i.e. A: 

trehalose, B: cholesterol) 

 Surface property of cholesterol (hydrophobic) and trehalose 

(hydrophilic).  Spin casting is not allowed. 

 No waviness surface is required: it causes the image distortion for 

depth profiling. 

 The top layer of the reference sample should be thin. (few micron or 

nanometer scale) 

 Method to make micro/nano patterns required. 

To address these issues, we chose two substances, trehalose and cholesterol. 

Although the cholesterol is an amphipathic substance, it exhibits hydrophobic 

properties when deposited on a substrate and has the advantage of no-intermixing 

with the trehalose. Thus, the cholesterol was deposited via the physical vapor 
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deposition (PVD) method following the literature [4-6]. The deposition was carried 

out at 10-5 Torr through a vacuum chamber. During the deposition process, the 

substrate was cooled through liquid nitrogen, and the temperature was transferred 

through the cold finger contact. The deposition was carried out for an hour and the 

thickness of the produced cholesterol was about 500 nm. 

After the cholesterol film was deposited, the indentation process was performed 

as shown in Fig. 4.5. The LN-AFM was used for the nano-patterns, and the stylus 

force of the alpha step was controlled for the micro-patterns. When the cholesterol 

layer was patterned, a trehalose layer was formed by drop casting. Prior to covering 

the top layer, the line width of the pattern was measured by AFM equipment. The 

line width of the currently fabricated sample was about 5 μm. 
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Figure 4.26 Cartoon for patterned organic-dual layer. The figure shows the goal for 

this project. 

  



 95 

 

 

 

 

Figure 4.27 (a) PVD setup for cholesterol film. (b) schematic image and 

photographs of PVD chamber. (c) Surface of the cholesterol film taken by low-noise 

AFM. RMS roughness = 1.4 nm. 

 

 

 

 



 96 

 

 

 

 

Figure 4.28 (a) schematic illustrations for fabrication processes. (b) Optical 

microscope image of the patterned cholesterol film. (c) AFM image of patterned 

cholesterol film before overfilling the Trehalose. 
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4.1.4 3D depth profile of patterned organic dual layer  

 

ToF-SIMS experiments were performed by using an IONTOF TOF. SIMS 5 

(ION-TOF GmbH, Münster, Germany) was equipped with two ion sources. A liquid 

metal ion gun (LMIG) was used to generate a pulsed 30 keV Bi3+ beam, whereas an 

electron impact gun was used to generate a 5 keV Ar1500+ beam. Both beams hit 

the target at an angle of 45°. A positive ion spectra were internally calibrated using 

total ion intensity normalized to the respective secondary total ion yields. 

For the 3D data sets, the Bi3+ beam was rastered over a 200 μm × 200 μm 

(varies between data sets) and centered inside a 600 μm × 600 μm Ar1500+ crater. 

In order to obtain the 3D imaging experiments, the mass resolution (m/Δm) at 

m/z=50 was roughly 300 for the imaging modes. Target currents were measured 

before each data set with use of a Faraday cup. 

The 30 keV Bi3+ current was typically 0.04−0.05 pA with an 80.1 ns pulse 

width for the imaging mode, while the 5 keV Ar1500+ current varied between data 

sets. The Ar1500+ puttering time was set to 2 sec, to achieve a constant sputter dose 

of 1.25 × 1012 ions/cm2 for each sputter cycle. Analysis cycles with a Bi3+ sputter 

dose of 5.8 × 1011 ions/cm 2 were used to acquire images (256 × 256 pixels) at each 

slice. 
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The first TOF-SIMS image of 3D patterned organic-dual layer was obtained. 

Unfortunately, the image distortion was still happening. The trehalose molecules 

were penetrated into the Si. Therefore, calibration process is required for the 3D 

depth profiling of organic films. 

It is necessary to perform a number of experiments in the future to examine why 

this image distortion occurs. It also is required to determine whether the image 

distortion is caused by the beam direction, and the beam intensity to be adjusted. It 

is also important to understand the degree of image distortion by changing the 

materials that fill the patterns. Creatinine (density, ρ = 1.09 g/cm3) and fructose (ρ = 

1.69 g/cm3) are candidates. The dependence of primary ion beam on the cholesterol 

(ρ = 1.05 g/cm3)/creatinine film if the densities of the materials are similar. 
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Figure 4.29 The results of 3D TOF-SIMS imaging for the patterned organic dual 

layer. The green layer represents the cholesterol film.  
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4.2 Bulge-free indentation technique 

 

4.2.1 PMMA bulge removal using IPA/DI developer  

 

A poly(methyl metacrylate) (PMMA) layer exposed to the electron beam 

selectively can be effectively desolved in IPA/water bi-solvent developer. The 

electron beam breaks the long chain of PMMA and eventually produces low 

molecular weight polymers, which is selectively decomposed by the developer [7, 8]. 

Interestingly, mechanically damaged PMMA (not exposed by electron beam nor 

illuminated by UV lights) can be also effectively elliminated by the IPA/water 

developer. This phenomenon is independent of the size of the bulge. In other words, 

both of the micro-bulges generated by the scratch process and the nano-bulge 

generated during the nanoindentation process are selectively removed from the IPA / 

water developer. 

For the indentation process, custom-designed software was used to define and 

fabricate the lithographic surface patterns. In the initial stage, the target images such 

as holes, lines, or pictures were recorded. The AFM probe was moved to a 

predefined position, where the scanner was stepped up to the predefined extension 

(Δz) in the z direction with the feedback loop turned off. Then, the designed patterns 

were pressed into a resist layer which is pre-deposited on the sample surface. Since 
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contact mode operation frequently damaged the PMMA surface due to the large 

spring constant of the probe used, the AFM was operated in a tapping mode for 

indenting the PMMA layer. 

PMMA (950,000 molecular weight, 2% dissolved in anisole from MicroChem 

Corp., USA) of ~ 100 nm thickness was spin-coated on a glass or Au-coated SiO2/Si 

substrate, which was cleaned in an ultrasonic bath of acetone prior to the coating 

process. The pinhole-free PMMA film was then baked at 170°C in an oven. 

Nanoindentation patterns on the PMMA layer were made using 7 nm diameter, 

conical, single crystal diamond probes (SCD, MikroMasch, USA) in a commercial 

AFM unit (SPA-400, Seiko Instruments, Japan). Also, in order to investigate on the 

dependency of IPA/DI water mixing ratios, we fixed other conditions such as 

humidity and process time. Dented holes were inspected in tapping mode AFM 

using ultrasharp high density carbon tips (HDC, Nanotools, Germany) having a 

nominal probe radius of 2 nm. 
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Figure 4.30 Deformation of PMMA during electron beam lithography and 

indentation lithography. 
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Fig. 4.8a shows the process of the bulge-free indentation lithography. When the 

PMMA was penetrated by the AFM tip, the bulges were formed around the tip. The 

bulge-free nano dot array can be produced after immersing the patterened sample in 

a developer for 10 minutes. Two typical line scans exhibit that the protrusions have 

been selectively removed. Integrations of the bulge heights and the hole depths were 

performed to confirm the residual bulge heights and the size of the patterns. The 

baseline was taken as zero, which represents the pristine PMMA surface. As a result 

of integrating the heights of the bulges and the depths of the holes, it was confirmed 

that the bulge was clearly removed.  

Soft matters are likely to recover through the self-healing process [9, 10]. 

However, the bulge produced by the indentation was not healed when immersed in 

the developer. The bulges were dissolved by the developer. This can be deduced 

from the fact that the volume was about two-fold increased since the development as 

shown in Fig. 4.8e. These selective bulge removal phenomena and mechanisms will 

be discussed further in the following sections. 
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Figure 4.31 (a) Schematic process of Bulge-free indentation lithography. (b) AFM 

surface image of generated bulges. (c) Bulge removal using developer. (d) Line 

profiles before and after the immersing in the developer. (e) Volume changes of 

indented pattern. The positive and negative volumes represent the bulge and the dent 

pattern, respectively.  
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4.2.2 Mechanism study on the selective bulge removal process  

 

The observed dissolution of the damaged PMMA in the mixture of IPA and DI 

water (5:1) is known as a cosolvency that a polymer chain can swell in a mixture of 

two miscible poor solvents, while the identical polymer collapses in these two 

individual components [7, 11-14]. The adoption of water to pure IPA effectively 

induces hydration shell around the individual PMMA molecules by the formation of 

hydrogen bonding to the ester group of PMMA. This phenomenon enhances the 

solubility of PMMA until the increased polarity of the solvent mixture leads to the 

formation of water clusters as the amounts of water increase. More recently, 

Mukherji et. al. reported that the subtle balance of entropically driven depletion 

interactions between polymer and cosolvents promotes polymer swelling in poor 

solvent mixtures [15]. However, the central question in understanding this bulge-free 

nanopattern is, how the bulge formed around the pattern is preferentially removed 

by the simple cosolvent treatment. New insight into the selective removal of 

polymer in the pile-up regions upon indentation comes from the recent theoretical 

and experimental studies that suggest the dynamics of polymer chain as well as their 

deformation are accelerated when the Gaussian chain conformation of polymer 

melts is perturbed under confinement in thin films. 

Indentation of a smooth polymer film produces a patterned surface, inevitably 
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accompanied by the large-strain deformation along with viscous flow of a polymer 

melt. Average height and width of bulges are about ~20 and 100 nm, respectively. 

These length scales are comparable to the unperturbed size (i.e. radius of gyration, 

Rg ~ 33 nm) of the polymer molecule. During the process, the chain conformation in 

the pile-up region should be modified by the large-scale rheological response (i.e. 

squeeze flow) of topologically entangled polymer melts to an applied load, which 

imposes a severe confinement as well as both tensile and compressive stress. In 

particular, these squeezed polymer molecules with the inelastic strain at similar 

length scale to the Rg can induce local entanglement depletion, which leads to the 

reduced relaxation time of entangled polymer melts. Moreover, the suppression of 

intermolecular entanglement effectively weakens the transient interpenetrating 

polymer network, preferentially swollen by the solvent mixture and eventually 

washed out. As a result, the transport process (i.e. dissolution) of polymer molecules, 

perturbed by squeeze flow in the pile-up, into a solvent is significantly accelerated 

compared to the unperturbed counterpart, and thus, the bulge can be selectively 

removed. 
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Figure 4.32 Schmetic illustration of the dis-entanglement of PMMA during dent 

process. (a) Entanglement of PMMA by spin casting process. The thickness of the 

PMMA is about 100 nm in the experiments. (b) The deformation of the PMMA by 

indentation process. The inset figure shows the local entanglement depletion so the 

distance between two neighbor chains was increased (d < d‘). (c) The hydrated 

PMMA in the IPA/water developer is dependent upon the degree of the 

interpenetration between neighbor chains. 
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4.2.3 Optimal condition for bulge-free indentation  

 

As discussed above, the indentation patterns can be controlled by the concentration 

of the developer and the molecular weight of the PMMA. The concentration of the 

developer will contribute to the melting of the hydrated PMMA, and the degree of 

the entanglement with different Rg values will be related to the selectivity of the 

bulge and pristine PMMA. Thus, optimization of pattering process is required 

depending on the different Rg values and the radii of gyration can be estimated by 

Flory-Fox equation: 

 

𝑅𝑔 = a√
𝑀𝑤/𝑀0

6
, (4. 4) 

 

where a is the monomer segment length (0.65 nm) and 𝑀0 is the molar mass of 

the PMMA monomer (100.12 𝑔 ∙ 𝑚𝑜𝑙−1) [16, 17]. Thus, the radii of gyration of 

23k, 77k, 120k, 950k, and 2903k PMMA, which were used in the experiments, were 

determined to be 4, 7.4, 9.2, 25.8, and 45 nm, respectively.   

The results for the optimization process by varying the 𝑀𝑤  of PMMA are 

shown in the Fig. 4.10 and 4.11. The etch rate represents the changes in PMMA 

thickness by the developer. The sum of bulge height is denoted by B and the ΔB is 
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the changes in the bulge height after dissolution in the developer. Conclusively, the 

larger the difference between etch rate and ΔB/B values shown in the results of Fig. 

4.11, the more optimized the patterning condition.  
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Figure 4.33 (a) Optical microscope images of scratch patterns on 100 nm thick 

PMMA (Mw = 950 kDa) layer. Before (left) and after (right) dipping in the 

developer. (b) A plot of line scans before and after dipping in the developer. (c) 

Optical microscope images of scratch patterns on 100 nm thick PMMA (Mw = 23 

kDa) layer. (d) Line profiles of the 23 k PMMA film. 

 

 

 

 

 



 111 

 

 

 

 

Figure 4.34 The changed thickness of the PMMA films by the IPA/water (5:1) 

developer depending on the average molecular weight (left). The changes in bulge 

height by the developer (right). 
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4.2.4 3D bulge-free nano-patterns  

 

The removal process of bulges from the PMMA can be useful in fabricating 

various multi-tiered master patterns. Soft lithography is receiving much attention 

because it can be easily applied to the advanced devices as well as biological 

applications such as the platform of lab-on-a-chip [18-21]. In soft lithography, the 

manufacture of a master pattern is a prerequisite. E-beam lithography is widely used 

to manufacture master nanopatterns, but this approach is expensive and necessary to 

meet severe conditions such as charging issue of the substrates, dose-test for 

appropriate beam exposing, and inspections using other equipment. Moreover, in 

conventional lithography, it is still challenging to manufacture three-dimensional 

master nanopatterns for multi-tiered nanostructures. The indentation lithography has 

been considered as a good alternative for fabricating multi-tiered nanostructures, 

however, the bulges have blocked the exact formation of size, shape and multi-tiered 

structure with a nanometer scale, so far. Therefore, the bulge-free process in this 

study will give the key to resolve the critical problems of indentation lithography.  

Various multi-tiered nanostructures were fabricated using raster and vector scan 

methods. Subsequently, bulge-free patterns were obtained by adopting IPA/water 

developer. In the bulge-free method after indentation lithography, we produced not 



 113 

only simple dent holes, but also line and complex images with multi-tiered 

structures for nanoscale mold. During the repeated indentation lithography, a 

diamond probe was used to minimize the deformation of the indentation patterns and 

the complex multi-tiered structures were successfully fabricated. The dent holes of 

different sizes can be fabricated by changing the probe loading force and the bulges 

of the PMMA were removed altogether. Furthermore, we fabricated the bulge free 

continuous nanopatterns with different depths, such as flower-pattern inside a 

nanometer scaled cup. Comparing with the isolated multi-tiered nanostructure, these 

continuous multi-tiered nanopetterns suggest that it is possible to increase 

dramatically the density in the structure and fabricate the sophisticated shapes with 

nanometer scale.  
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Figure 4.35 (a) Dot pattern images and line profile with different depths of 10, 22, 

and 38 nm. (b) Line pattern image and line profile with different depths of 8, 18 and 

28nm (c) Image of an indentation pattern of a cup and with a flower. Depth of the 

cup pattern is about 35nm and flower pattern is about 60nm as shown in the cross-

sectional line profile. (d) An expanded three-dimensional image of multi-tiered 

pattern and showing the nano-flower pattern with the different depth in cup pattern. 
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Chapter 5 Conclusion 

5.1 Discussion and conclusion  

 

As the semiconductor and biotechnology industries have become more 

developed, techniques are required to characterize the nanoscopic properties of 

semiconductors and biomolecular films. Many researchers have studied the surface 

properties of various films using SPM method [1-5].  

KRISS constructed a LN-AFM system (RMS noise ~35 pm) optimized for 

surface metrology in the semiconductor industry and the uncertainty was estimated 

by a quantitative method. Furthermore, the independent external stage for low noise 

atomic force microscope has been developed for mid-range movements so that it 

aids in various measurements such as critical dimensions, roughness study, and 

indentation lithography. The maximum travel length of the external four-axes stage 

is 10 mm. For image scanning of the specific target region, the sample needs to be 

moved through two steps: coarse positioning with the external stage and fine 

positioning with PI XY piezo scanner. Prior to the CD measurements, it was 

confirmed that the position errors caused by the external stage and tip stage were 

negligible through the reproducibility experiments. In this study, custom-designed 

software stored the initial position of the probe and then moved it precisely to the 
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sample location to be measured. Subsequently, the sidewalls of an improved vertical 

parallel structure were measured and the repeatability and reproducibility of the CD 

measurements were estimated using a CDR30-EBD tip. Finally, it was proved that 

the external stage was working well by measuring TGX1 samples with undercut 

structures. 

In the current semiconductor manufacturing process, the thickness parameter of 

ultrathin films is strictly managed on a test element group (TEG) between the chips 

by using spectroscopic ellipsometry. However, the thickness metrology of ultrathin 

films on a TEG does not reflect the actual characteristics of cell patterns; thus, on-

cell metrology is required to provide more reliable surface information [6]. As the 

thickness of the dielectric layers becomes thinner, the task of providing the criteria 

pertaining to the critical roughness has attracted considerable attention, particularly 

in relation to surface roughness variations on devices designed with dimensions of a 

few nanometers. An example of this is the side wall roughness for three-dimensional 

nanostructures [7], such as a FinFET device. Moreover, the metrology on the side 

wall roughness and the effect of the underlayer on the surface wall after depositing a 

very thin layer remain challenging issues. 

Hence, an easy, accurate, and nondestructive diagnosis of the effect on the 

underlayer roughness for industrial standard metrology regarding surface roughness 
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was reported. The surface roughness levels of HfO2 thin films were analyzed by the 

LN-AFM system. The surfaces of the substrates were artificially modified using a 

wet chemical etching process to examine how the underlayer roughness affects the 

overlayer roughness, and the relationship between each fabrication step was 

investigated. The CR criterion of the HfO2 thin film can be established according to 

the intersection between two linear fits. Simple diode devices were fabricated to 

verify the effectiveness of the defined CR. As a result, it was confirmed that the CR 

was meaningful because the amount of current increased after the CR. Subsequently, 

for the inline diagnosis of semiconductor fabrication, the roughness of a mass-

produced hafnium oxide film was investigated. We assessed the roughness of the 

mass-produced HfO2 wafer by using in-line AAFM and LN-AFM. From the results, 

we confirmed that the roughness of the mass-produced HfO2 wafer with a thickness 

of 3 nm is below the CR value.  

Time-of-Flight Secondary ion mass spectrometry (TOF-SIMS) has been a 

useful powerful tool for chemical imaging and depth analysis. Especially, Arn+ gas 

cluster ion beams in TOF-SIMS analysis have widely used not only as a primarily 

source for surface analysis but also as an erosion source which has a low damage 

cross section and a fast erosion rate for molecular depth profiling experiments. 

However, in order to understand an erosion mechanism for 3D depth profile in SIMS 
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analysis, it is necessary to calibrate with a well-defined 3D organic micro-patterns. 

   Here, maskless lithography (indentation) technique was employed to 

fabricate well-defined three dimensional organic micro-structures and TOF-SIMS 

was used to characterize the micro-patterns. Cholesterol film was deposited by the 

PVD method to produce a hydrophobic biomolecular thin film. Maskless indentation 

technique was used to fabricate micro-patterns on the cholesterol film. Then, 

Trehalose film was covered on the organic micro- structures by drop casting method. 

The erosion processes for GCIB on organic micro-patterns was analyzed by Bi3+ 

cluster ion source for TOF-SIMS will be investigated. Furthermore, we hope that it 

will be used as a certified standard bio-sample for 3D chemical imaging of TOF-

SIMS. 

At last, a simple removal method of bulges was introduced here. The PMMA 

layer, which was mechanically damaged, was spontaneously dissolved by the 

cosolvent. The optimized bulge-free indentation patterning is dependent upon the 

ratio of the miscible solution and molecular weight of the PMMA. In this study, the 

exact nanopatterns without bulges, and the advanced multi-tiered nanostructures 

were investigated. Furthermore, the neat multi-tiered nanometer scale molds through 

reworking process and the distinguishable replica structure with different four steps 

inside formed pattern were demonstrated. In conclusion, the AFM nano-indentation 
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process with bulge-free will be a key technology for future production of low-cost, 

complex, multi-tiered nanoscale devices. 

  



 124 

5.2 Reference 

 

[1] S.R. Cohen, A. Bitler, Use of AFM in bio-related systems, Current 

Opinion in Colloid & Interface Science, 13, 2008, 316-325. 

[2] T.G. Kuznetsova, M.N. Starodubtseva, N.I. Yegorenkov, S.A. Chizhik, R.I. 

Zhdanov, Atomic force microscopy probing of cell elasticity, Micron, 38, 

2007, 824-833. 

[3] C. Shin, K. Kim, J. Kim, W. Ko, Y. Yang, S. Lee, C.S. Jun, Y.S. Kim, Fast, 

exact, and non-destructive diagnoses of contact failures in nano-scale 

semiconductor device using conductive AFM, Scientific reports, 3, 2013, 

2088. 

[4] C. Shin, Nanoparticle alignment and nanoscale patterning study, 2010. 

[5] S.M. Salapaka, M.V. Salapaka, Scanning probe microscopy, IEEE control 

systems, 28, 2008, 65-83. 

[6] J. Park, C. Shin, M. Kim, J. Kim, J. Park, J. Kim, C. Jun, Y. Yim, J. Lee, 

Exact and reliable overlay metrology in nanoscale semiconductor devices 

using an image processing method, J. Micro. Nanolithogr. MEMS MOEMS, 

13, 2014, 041409-041409. 

[7] J. Foucher, From CD to 3D sidewall roughness analysis with 3D CD-



 125 

AFM, in:  Metrology, Inspection, and Process Control for Microlithography 

XIX, International Society for Optics and Photonics, 2005, pp. 966-977. 

 

  



 126 

국 문 초 록 

 

스캐닝 프루브 현미경 (SPM)은 반도체 및 생체 분자 필름의 표면 구

조 및 특성을 분석하는 데 널리 사용된다. SPM 방법의 장점은 시료 준비

를 위한 어떠한 공정도 필요로 하지 않으며 조사 시료의 손상을 최소화한

다는 것이다. 또한, 반도체 및 나노 바이오 디바이스와 관련된 산업의 성

장은 나노 기술의 발전으로 이어지고 있다. 그래서 많은 연구자들은 반도

체의 국소 도핑 프로파일, 반도체 박막의 표면 거칠기, 2 차원 재료의 일 

함수, 국소 표면 전하 분포, 유기-바이오 분자 박막, 나노 유체 장치의 

표면 등을 분석하기위해 SPM 장비를 활용하고 있다.  

최근에는 표면 분석 기능뿐만 아니라 여러가지 기능을 수행할 수 있는 

원자력 현미경들이 등장하고 있다. 그 중에서도 저소음 원자력 현미경은 

나노 스케일의 차세대 반도체 선폭을 측정하거나 초박막의 표면 검사에 

이용될 수 있다. 따라서 산업적인 응용을 고려하여 한국표준과학연구원에

서는 저소음 원자력 현미경을 개발하였고, 나노 인덴테이션 기능을 추가

하여 R&D 수준에서 수십 나노의 정교한 패턴을 형성할 수 있는 공정 방

법을 개발하고 있다.  

저소음 원자력 현미경은 개발 배경의 특성상 내부적인 시료 이동 스테

이지의 설치를 지양한다. 이는 저소음 원자력 현미경의 수취 신호 안정성
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에 크게 기여하는 최선의 선택이긴 하지만, 검사 시료의 측정 영역을 축

소시키는 약점으로 작용하고 있다. 따라서 이를 보완할 수 있는 독립적인 

외부 스테이지는 필수적이라고 할 수 있기때문에, 이 논문에서는 중거리 

이동 스테이지 개발을 통해 기준 시료의 임계 치수를 측정 할 수 있도록 

개발하였다. 외부 4 축 스테이지의 최대 이동 길이는 10 mm이며, 특정 

대상 영역의 이미지 스캐닝의 경우, 샘플을 외부 스테이지를 통해 마이크

론 정확도의 위치 지정을 거친 후, PI XY piezo 스캐너를 이용하여 미세 

위치 설정을 한다. 개발된 스테이지의 위치 에러는 재현성 실험을 통해 

무시할 수 있음을 확인하였다. 이어서, 개선된 수직 평행 구조(IVPS)의 

측벽을 측정하고 CD 측정의 반복성 및 재현성을 CDR30-EBD 팁을 사

용하여 추정하였다. 마지막으로, 돌출 구조로 된 TGX1 샘플을 측정하여 

팁 마모를 최소화 할 수 있음을 확인했다. 따라서 독립적인 외부 스테이

지의 개발은 향후 넓은 영역을 스캔해야하는 여러가지 임무에 유용하게 

적용될 수 있다.  

산업의 in-line 시스템에서는 대면적 웨이퍼의 균일도를 검사하기 위해 

광학적인 측정장비를 통해 박막 검사를 수행한다. 하지만 최근 차세대 반

도체 산업에서는 고용량 및 저전력 디바이스의 출현으로 리소그래피 패턴

이 점점 복잡해지고 절연체 박막의 두께는 수 나노 미터에서 서브 나노 

미터 범위로 축소되고 있다. 따라서 가까운 미래의 in-line 공정에서는 
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반도체 장치의 생산 수율 향상을 위해서, 이들 박막의 두께뿐만 아니라 3

차원 (3D) 표면 정보를 검사하는 것이 필요해지고 있다. 실제 반도체 공

정을 거친 표면의 거칠기는 향후 초박막 공정에 영향을 미치기도 하며, 

표면이 거친 상태에서는 원자층 증착법(atomic layer deposition, ALD)

에 의해 초박막 공정이 최적화되어 있다하더라도 소자에 영향을 줄 수 있

기 때문이다. 따라서 박막의 성질을 정량화하고 국소적 표면 구조를 분석

하기위해서는 원자력 현미경이 가장 적합한 분석법이라고 할 수 있다.  

이 논문에서는 MOS 트렌지스터의 high-k 절연막인 하프늄 산화막 공

정관리를 위한 방안으로 roughness scaling method를 고안하여 나노 스

케일에서 최초로 임계거칠기(critical roughness, CR)을 정의하였다. 기

판의 표면거칠기는 습식 식각 방식으로 진행하였으며, 하프늄 산화막을 

얻기 위해 ALD 공정을 이용하였다. 이는 하부 층의 거칠기가 상부 층의 

거칠기에 주는 영향성에 대한 연구이며, 이 정의를 통해 in-line 산화막 

공정상에서 생산관리의 기준을 제시할 수 있게 되었다. 그리고 초박막 거

칠기에 따른 MIM 다이오드 구조를 실현함으로써 이 연구에서 정의된 

CR값이 실효성을 가짐을 확인하였다.  

마지막으로 이 논문에서는 다기능성 원자현미경을 이용하여 나노 인덴

테이션 리소그래피 연구를 진행하였다. 그 첫번째 연구는 전자빔 리소그

래피로는 제작할 수 없는 바이오 필름 상에 나노 및 마이크로 패턴을 형
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성함으로써 전자빔 리소그래피의 취약점을 보완할 수 공정 방법이 될 수 

있음을 제시하는 것이며, 두번째 연구는 나노 인덴테이션의 근본적인 문

제점인 벌지를 선택적으로 제거하는 연구이다.  

우선 다기능성 원자현미경 활용의 첫번째 연구로는 바이오 필름상에 나

노/마이크로 패턴을 형성하는 일이다. 이 패턴된 바이오 필름은 비행 시

간 2 차 이온 질량 분석 (TOF-SIMS)의 화학적 성분 이미징 및 깊이 

분석에 유용한 강력한 시료로 사용될 수 있다. TOF-SIMS 분석에서 

Arn + 가스 클러스터 이온 소스 (GCIB)는 주로 표면 분석의 소스뿐만 

아니라 낮은 손상 단면 및 분자 깊이 프로파일 링 실험을 위한 빠른 침식 

속도를 갖는 침식 소스로서 널리 사용되었다. 그러나 SIMS 분석에서 3D 

depth profile에 대한 침식 메커니즘을 이해하려면 잘 정의 된 3D 유기 

미세 패턴으로 보정해야 하는데, 이때 나노 인덴테이션 기술을 이용한다.  

이 기법은 TOF-SIMS의 3D 화학적 성분 분석/이미징을위한 표준 바이

오 시료로 사용될 것으로 기대한다.  

두번째 인덴테이션 활용 연구는 탐침이 소프트 필름을 누를 때 발생하

는 벌지를 선택적으로 제거하는 연구로써, PMMA 필름이 나노 패턴 형성

층이 되도록 사용한다. 그동안 벌지는 인덴테이션 리소그래피의 발전을 

저해하는 가장 큰 요인으로써 선택적인 제거가 어려운 것으로 알려져 있

었다. 하지만 이 논문에서는 현상액을 이용한 간단한 방식으로 다단계의 
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벌지 없는 패터닝 방식을 최초로 소개함으로써 새로운 차원의 리소그래피 

기법을 제안하고 있다. 또한 이 기법은 3차원 나노 패턴을 성공적으로 복

제 몰드에 전사할 수 있으므로 공정 비용 절감 효과는 물론이고, 다양한 

연구 분야에서 이를 활용할 수 있을 것으로 기대한다.  
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