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Abstract 

 

Mechanical resonators realized on the nanoscale by now offer applications in 

mass sensing of bio-molecules with extraordinary sensitivity [19-21]. The general idea is 

that perfect mechanical mass sensors should be of extremely small size to achieve zepto- 

or yocto-gram sensitivity in weighing single molecules similar to a classical scale. 

However, the small effective size and long response time for weighing biomolecules with 

a cantilever restricts their usefulness as a high-throughput method. Commercial mass 

spectrometry (MS) on the other hand, such as electro-spray ionization (ESI)-MS and 

matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF)-MS and their 

charge amplifying detectors are the gold standards to which nanomechanical resonators 

have to live up to. These two methods rely on the ionization and acceleration of 

biomolecules and the following ion detection after a mass selection step, such as time-of-

flight (TOF). Hence, mass spectra are typically represented in m/z, i.e. the mass m to 

ionization charge ratio z. The principle we are describing here for ion detection is based 

on conversion of kinetic energy of the biomolecules into thermal excitation of CVD 

diamond nanomembranes via phonons, followed by phonon-mediated detection via field 

emission of thermally emitted electrons. We fabricated ultrathin diamond membranes 

with extreme aspect ratios for MALDI-TOF MS of high mass proteins. These diamond 

membranes are realized by straightforward etching methods based on semiconductor 

processing. Ion detection is demonstrated in MALDI-TOF analysis over a broad range of 
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proteins from Insulin to BSA. The resulting data and numerical calculations for detection 

with diamond nanomembranes offer the better sensitivity and overall performance in 

resolving protein masses as compared to existing detectors. 
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Chapter 1 

Introduction 

 

 

In this chapter general mass spectrometry and technologies are first introduced 

with individual characteristics of each mass spectrometry system. Recent research efforts 

for enhancing performance of sensitive detection of protein masses are then presented. 

Limitations of commercial detectors are also discussed in efficiency, sensitivities, 

reliability, and applicability. The principle of MALDI-TOF Mass spectrometry (MS) as 

an effective system for mass spectrometry is introduced. Several recent approaches based 

on nanomembrane MALDI-TOF MS are discussed in terms of principles, performance, 

and limitation. Finally, the motivation of this research is discussed in terms of diamond 

being a nanomembrane detector material with excellent physical, chemical, and electrical 

properties.  

 

1.1 Mass Spectrometry 

Proteomics is the study of the proteome which is the entire set of proteins, 

produced or modified by an organism or system. Proteomics has evolved from genomics 

(human genome project) sequencing DNA since the static set of genes cannot properly 

explain the continuous changes of proteins according to condition and environment of 
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organisms time to time. Proteomics focuses on the identification, localization, and 

functional analysis of the protein make-up of the cell. Proteins are vital parts of living 

organisms, as they are the main components of the physiological metabolic pathways of 

cells. When pathogens infect the human body, causing disease, proteins play a key role in 

signaling the presence and ridding it of these invaders. Due to the high degree of 

complexity of cellular proteomes and the low abundance of many proteins, a highly 

sensitive analytical technology is required. Mass spectrometry has increasingly become 

the method of choice for analysis of complex protein samples now available due to 

genome sequence databases and the technical advances. 

 

1.1.1 Mass spectrometry and technologies 

A mass spectrometer generates multiple ions from the sample under investigation, 

separates them according to their specific mass-to-charge ratio (m/z), and then records 

the relative abundance of each ion type. The first step in the mass spectrometric analysis 

of compounds is the production of gas phase ions of the compound, basically by electron 

ionization. This molecular ion undergoes fragmentation. Each primary product ion 

derived from the molecular ion, in turn, undergoes fragmentation, and so on. The ions are 

separated in the mass spectrometer according to their mass-to-charge ratio, and are 

detected in proportion to their abundance. A mass spectrum of the molecule is thus 

produced. It displays the result in the form of a plot of ion abundance versus mass-to-

charge ratio. Ions provide information concerning the nature and the structure of their 

precursor molecule.  
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Fig. 1-1 Simplified schematic of Mass spectrometry and technologies 

Mass spectrometry consists of three main components as shown in Fig. 1-1: an 

ion source, which produces gaseous ions from the substance being studied; a mass 

analyzer, which resolves the ions into their characteristics mass components according to 

their mass-to-charge (m/z) ratio; and a detector, which detects the ions at each m/z value. 

Electronspray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) 

are the two technologies most commonly used to volatize and ionize the proteins or 

peptides for mass spectrometric analysis [1-3]. ESI ionizes the analytes out of a solution. 

Therefore, it is readily coupled to liquid-based separation tools. MALDI which is the 

most notable protein ionization method as recognized by the 2002 Nobel Prize in 

chemistry [1] ionizes the samples from the dry and crystalline matrix via laser pulses.  

The mass analyzer plays a crucial role in mass spectrometry. Its key parameters 

are sensitivity, resolution, and mass accuracy [1, 4]. There are four basic types of mass 
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analyzers currently used in MS: ion trap [5], time-of-flight (TOF) [6-8], quadrupole [9], 

and Fourier transform ion cyclotron (FT-MS) analyzers [10, 11]. In ion trap analyzers, the 

ions are first captured or trapped for a certain time interval before the actual analysis. 

This type of mass spectrometer is extremely fast, but offers low resolution and low mass 

accuracy due to the limited number of ions that can be accumulated [1]. MALDI is 

usually coupled to TOF analyzers that measure the mass of intact sample ions, whereas 

ESI has mostly been coupled to ion traps and triple quadrupole instrument for generating 

fragment ion spectra of selected precursor ions [1]. In a quadrupole mass spectrometer, 

the quadrupole is the component of the instrument for filtering sample ions based on their 

m/z ratio. Ions are separated in a quadrupole based on the stability of their trajectories in 

the oscillating electric field applied to the rods. This type of mass spectrometer possesses 

good reproducibility and requires relatively small and low-cost setups, while the system 

is not well suited for the commonly used pulsed-ionization methods and the performance 

depends strongly on energy, collision gas, and pressure. FT-MS instrument also traps ions 

in a high magnetic field where each ion has a characteristic cyclotron frequency of 

oscillation that can be related to its m/z ratio. It measures m/z by detecting the cyclotron 

frequency produced by the trapped ions. A mass spectrum is extracted from the signal 

using a Fourier transform. This type of mass spectrometer offers high sensitivity and 

resolution, but it operates relatively slow and requires expensive maintenance [1].  

As a result of its simplicity, high speed, highest practical mass ranges, excellent 

mass accuracy, high resolution, and sensitivity, MALDI-TOF is still the method of choice 

for identifying peptides and proteins. 
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The detectors are important parts for enhancing the performance of MS in terms 

of resolution, sensitivity, and life time. The parts of ion source and mass analyzer are 

getting well developed with overall high performances nowadays. However, little has 

changed on the detector side of MS. Basically three different detection methods are used 

[12]: direct charge detection (in the Faraday cup detector), image charge detection (in 

inductive detector), or secondary electron generation (in the electron multiplier (EM) or 

microchannel plate (MCP) detector). Among those detectors, the electron multiplier (EM) 

or microchannel plate (MCP) satisfies the requirements such as large area for permitting 

spatial extent of ions, response time resolution, and sensitivity. In these detectors, the 

incident ions generate secondary electrons by attacking the surface, followed by 

amplifying the signal via a sequential cascade processe of electrons inside the detectors to 

the magnified output signal. The detectors have large active areas and rapid response 

times. Specially, for smaller and fast moving ions (e.g. relatively low m/z ions less than 

1,000 Daltons (Da)), the detectors are highly sensitive and effective with high conversion 

efficiency of incident ions to secondary electrons. 

However, these detectors suffer from the primary obstacle of dramatically 

decreased sensitivity with increasing m/z in analysis of large mass ions such as DNA 

molecules and proteins produced in the MALDI process as shown in Fig. 1-2(a). It is 

evident from this figure that the ion signal obtained from the higher mass components (it 

means larger time-of-flight and lower velocity) is much smaller than that obtained from 

the lower mass components. In terms of secondary electron yield considering secondary 

electron emission efficiency which is defined as the probability for emitting one or more  
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Fig. 1-2 Decreased sensitivity in output signal of MCP detector with increasing mass 

of ions. (a) MALDI-TOF MS analysis of an equimolar (5 µM) mixture of seven 

oligonucleotides showing a decrease in signal intensity with increasing mass. (b) 

Reduced secondary electron yield, γe/m, of the MCP for protein ions. The solid line is a 

fit to the data using the function, γe/m=Av
B
, where A=10

-24±1
 and B=4.4±0.2 [13]. 

 

electrons from the impact of an incident ion, the reduced secondary electron yield (shown 

in Fig. 1-2(b)), γe/m is changed as the function of v
4.4

 which means that the heavier ions 

move through the flight tube more slowly, leading to large decrease in ion detection 

efficiency as shown in Fig. 1-2(a). The effect of detection saturation contributes also 

small parts to the source of the signal loss. 

These phenomena give extreme limitation to the ability of mass spectrometric 

method for analysis in large mass DNA or proteins which get demands at the areas of 

proteomics and clinical applications. In order to extend the mass range to larger 

molecules, the development of more sensitive and enhanced detectors is necessary. 

 Cryogenic microcalorimeter is one of the types in detector as shown in Fig. 1-1. 

These detectors [14, 15] are operated at the temperature of 4K with giving very high 

detection efficiency, low noise levels, and performance of single ion counting by 
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measuring the amount of kinetic energy deposited in the detector by the ion impact. 

However, the cryogenic microcalorimeter has some limitations in mass spectrometry due 

to a few existence of the systems in the world, little development by now, a little research 

in those areas, high cost maintenance, relatively long response time (e.g. order of 

microseconds), and limited energy resolution [16].  

 More recently, several researches have been performed for detection of ions by 

using resonance frequency shifting via ion adsor ption on the surface of 

nanoelectromechnical systems (NEMS) resonator [17-19]. Resonance frequencies can be 

described as the function of mass in the device. Small mass changes by ion adsorption on 

the device cause resonance frequency shift of total device, followed by calculation of 

mass changes via the amount of frequency shift. Theoretically, the mass below a single 

Dalton (1 Dalton = 1.66×10
-27

 kg) is achievable in physically realizable devices. NEMS-

based mass spectrometry has been realized for detecting ions with coupling to ESI and 

MALDI used as ion sources [20, 21]. Their approaches are quite distinct in that the 

inertial mass of each molecule is weighed as the analyte adsorbs on the resonator. Those 

systems do not use a mass analyzer for pre-separating the molecule. Instead, real-time 

monitoring of the resonance frequency shift is performed to distinguish the mass of ions 

attached onto the surface of the devices at a given time. Using this method, BSA (66 kDa) 

and β–amylase (200 kDa) were detected [20]. Most recently, NEMS-based detection of 

ions with much higher mass such as gold particles (~4 MDa) and human immunoglobulin 

M (IgM, ~1 MDa) was shown using both ESI and MALDI [21]. Although this approach 

has demonstrated high mass sensitivity, the devices suffer from low active area and slow  
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Fig. 1-3 NEMS-based mass detection in real time. (a) Electron micrograph of a 

representative device in the study. (b) Plots of frequency shift vs. time for the first and the 

second modes of the doubly-clamped resonator as individual gold nanoparticles and (c) 

human IgM land on the resonator from the ion source of ESI [21]. 

 

response times as shown in Fig. 1-3. In addition, there are still challenges for this 

technology because (1) this approach needs the cooling system for sample stages to 

operating temperature such as 70 K for the gold nanoparticle samples and 140 K for the 

IgM samples, specially to prevent captured ions from rapidly desorbing from the device’s 

surface, (2) the resonance frequency drift caused by pressure variation and large 

environmental noise can lead to misreading of mass values determined, (3) the resonance 

frequency shift does not only depend on the mass of the molecule absorbed to the surface 

but also depends on where the molecule attaches along the surface, (4) a spectra of the 

same material with two different charge states can be distinguished with the different m/z 

in the traditional mass spectrometry using a mass analyzer (e.g. time-of-flight (TOF)), 

while NEMS based mass spectrometry is sensitive to only the given mass of the molecule, 

followed by producing the same mass spectra regardless of individual charge states, and 

finally (5) long lasting usage of the devices can cause malfunction in detecting molecules 

and difficulty in fitting from frequency shift to mass weight due to unstable resonant 
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frequency values by damaged devices and remnant piled up on the surfaces. Thus, 

NEMS-based mass spectrometry still has many obstacles needed to be solved for 

practical use.  

 Therefore, a new type of detector technology is required to have large active 

areas, mass independent response with high sensitivity and accuracy, fast response time, 

compatibility to existing technologies of mass spectrometry via using advantages of ESI 

or MALDI as an ion source and simple but powerful time-of-flight (TOF) as the mass 

analyzer. Moreover, the new type of detector should be suitable for practical use in the 

future and have long lasting access and durability of use. Based on those criteria, the new 

types of detectors presented in next sections will be coupled to MALDI-TOF mass 

spectrometry.   

 

1.1.2 Principle of MALDI-TOF Mass Spectrometry (MS)  

MALDI is the abbreviation for "Matrix-Assisted Laser Desorption/Ionization". 

The sample for MALDI is uniformly mixed in a large quantity of matrix. The schematic 

diagram of a MALDI-TOF mass spectrometry is illustrated in Fig. 1-3. The matrix 

absorbs the ultraviolet light from the laser converts it into thermal energy. A small part of 

the matrix heats up rapidly (nanoseconds) and is vaporized, together with the actual 

protein. Charged ions of various sizes are generated on the sample plate. A high DC 

voltage (HV) between the sample plate and ground attracts the ions into the direction of 

the detector (see Fig. 1-4). The velocity of the attracted ions is determined by the law of 

conservation of energy. As the high DC voltage applied is constant with respect to all ions, 
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Fig. 1-4 Schematic diagram of a MALDI-TOF mass spectrometry. Ions are desorbed 

and ionized via energy transfer from the matrix to the proteins by laser irradiation. This 

step is followed by acceleration via the high DC voltage and flight through the tube. 

Lighter ions with higher velocities fly faster to the detector while heavier ions drift more 

slowly. The detector senses each ion arriving at a given time and the impact is recorded 

by the oscilloscope in real time.  

 

ions with smaller m/z value (lighter ions) and more highly charged ions move faster 

through the time-of-flight tube (Electric field free region) until they reach the detector. 

Consequently, the time of ion flight differs according to m/z value of each ion. The 

potential energy of the charged ion in the electric field exerted by high DC voltage as it 

leaves the ion source must equal its kinetic energy.  

21 1

2 2

l
PE QV zqV KE mv m

t

 
      

 
                (2.1) 

where Q is total charge on the ion, V is the voltage difference in ion source, z is 

the number of charges on the ion, q is the elementary charge of 1.6×10
-19

 Coulomb, m is 

the mass of the ion, v is the drift velocity of the ion, t is the drift time of the ion, and l is  

the total drift distance. 
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Therefore, the drift time is proportional to the square root of the mass as defined 

by 

2

m
t l

zqV
 .                               (2.2) 

Once the output signal is recorded in real time by the oscilloscope, the mass spectra is 

collected by obtaining m/z values. The relation between m/z and the drift time is 

described by  

 2

2

2m qV
t

z l
 .                            (2.3) 

 

1.2 Application of nanomembrane detectors in MALDI-TOF MS  

In order to overcome the limitation of current detectors in MS discussed previous 

sections, several approaches have recently been pursued by Park et al. [24-26]. The 

possibility of using nanomembranes for protein MS has been demonstrated for Silicon 

nitride (Si3N4) and Silicon as materials for nanomembranes. The MS method of choice 

for this approach is MALDI-TOF. 

 

1.2.1 Silicon nitride (Si3N4) nanomembrane 

The new principle is introduced for ion detection in TOF MS in which an 

impinging ion packet excites mechanical vibration in a silicon nitride (Si3N4) 

nanomembrane [24, 25]. As shown in Fig. 1-5, the nanomembrane detector consists of 

four parts, a nanomembrane, an extraction gate, a microchannel plate, and an anode. It is 
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placed at the end of the flight tube in a commercial MALD-TOF mass spectrometer 

(Perseptive Bisosytems Voyager-DE STR). The square (5 mm×5 mm) nanomembrane 

consists of a suspended trilayer of Al/Si3N4/Al. The Al metal layer on top acts as a 

cathode for electron emission and the bottom Al layer forms the absorber of the incident 

ions. 

In the absence of ion bombardment, the nanomembrane is stationary, but it emits 

electrons by field emission and is bulged toward the extraction gate due to the applied 

electric field. Since the intensity of field emission is strongly dependent on the electric 

field generated between the nanomembrane and the extraction gate electrode, mechanical 

vibrations of the nanomembrane excited by ion bombardment translate into 

corresponding oscillation in the field emission current as shown in Fig. 1-5.  

The field emission current is superimposed on the DC field emission current, which is 

then amplified by the microchannel plate (MCP) and collected by the anode. The kinetic 

energy of the proteins delivered by the initial high DC voltage of the ion source is 

transformed into thermal energy during impact. This raises the temperature in the vicinity 

of the impact site causing a nonuniform temperature distribution across the 

nanomembranes. This thermal gradient leads to thermomechanical forces which exert 

nanomembrane mechanical vibrations. Fig. 1-5 (d) shows a MALDI mass spectrum 

obtained using the Si3N4 nanomembrane detector for an equimolar protein mixture (3.3 

µM) of Insulin (5,729 Da), bovine protein mixture (66,429 Da), and immunoglobulin G 

(IgG, ~150,000 Da) without large loss of sensitivity at higher masses.  
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Fig. 1-5 Operation of a Si3N4 nanomembrane detector. (a) Schematic of the detector 

coupled to a MALDI-TOF mass spectrometer. (b) Detailed illustration of the operation 

principle of the detector. Ion bombardment excites mechanical vibrations of the 

nanomembrane, resulting in a modulation of the field emission current. (c) Schematic of 

the detector configuration, consisting of a trilayer made of Al/Si3N4/Al, an extraction gate, 

MCP, and an anode. (d) Mass spectrum detected for an equimolar protein mixture of 

Insulin, BSA, and IgG [24, 25]. 

 

However, the factor that detection depends on vibration of nanomembranes at a 
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given moment can give the challenge to long lasting use since the damage on mechanical 

structure of membranes via continuous vibration and impacting the surface by ions and 

remnants of ions on the surface can cause the degrading of the quality factor, larger 

response time and the fundamental frequency changes in vibration which affect the 

sensitivity in detection of ions. Moreover, the oxidization of Al cathode and absorber 

during handling the device in air can cause performance degradation on electron field 

emission from the Al layer. 

 

1.2.2 Silicon nanomembrane 

The demand for enhancing performance and durability, which is stemmed from 

Si3N4 nanomembrane in previous application to MS as a detector, results in new 

application with silicon nanomembrane [26]. This type of detector uses phonon-assisted 

field emission in silicon nanomembranes via phonon transfer by heat generated from 

kinetic energy at the moment of ion impact.  Impinging ion packets on one side of the 

suspended silicon nanomembrane generate nonequilibrium phonons, which propagate 

quasi-diffusively and deliver thermal energy to electrons within the silicon 

nanomembrane as shown in Fig. 1-6. These nonequilibrium phonons deliver sufficient 

thermal energy to the electrons within the nanomembrane and excite them to higher 

energy states, thereby allowing them to overcome the vacuum barrier and escape from the 

nanomembrane surface via field emission (so called ‘phonon-assisted field emission’) as 

shown in Fig. 1-6 (c). This mechanism enhances electron emission from the surface 
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Fig. 1-6 Operation principle of the silicon nanomembrane detector. (a) Schematic of 

the detector coupled to a MALDI-TOF mass spectrometer. (b) Schematic representation 

of the detector, consisting of a 180nm thin silicon nanomembrane, an extraction gate, 

MCPs, and an anode. (c) Energy band diagram showing phonon-assisted field emission. 

(d) Mass spectrum for IgG obtained using the silicon nanomembrane detector [26]. 

 

with an electric field applied to it. In terms of response times, the phonons travel much 

faster in out-of-plane (in thin thickness direction comparable to mean free path of the 

phonon) than via normal diffusion but slower than in pure ballistic transport. This leads to 

a sharp onset with a rise time of 350 ns in the mass spectrum in time-of -flight axis shown 

in an inset of Fig. 1-6 (d). The exponential decay with a decay constant of 3 µs followed 

by the sharp onset mainly stems from the much slower process of the in-plane heat 

diffusion (in much larger lateral dimension than mean free path of the phonon). The 

nonequilibrium phonon-assisted field emission in the suspended nanomembrane 
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connected to an effective cooling of the nanomembrane via field emission allows mass 

analysis of MegaDalton ions such as IgM (~1 MDa) with high mass resolution at room 

temperature. Moreover, this type of detector also operates at acceleration voltages of only 

9 kV for the protein masses up to 39,212 Da (Aldolase) which enables possible 

application of the detector to other types of MS systems such as ESI-TOF. The detector of 

Silicon nanomembrane demonstrates the exceptional mass range and sensitivity for 

ultrahigh protein masses with 200 times smaller area than that of a typical MCP detector 

with a 1 in. diameter. 

However, several challenges still remain for the silicon nanomembrane detectors. 

Since the detector uses pure silicon as a base material, oxidization of the membrane 

during handling can cause weakening of the output signal, which in turn affects 

performance of the device. The resolution of the detector can be improved further by 

enhancing heat diffusion by applying materials with a larger thermal conductivity (e.g. 

diamond) instead of silicon. The durability can also be improved by applying harder 

materials such as diamond.        

 

1.3 Diamond as a material for the detector   

Diamond possesses outstanding properties so that its exploitation in many fields 

is desired and sought for several years now. It becomes gradually more interesting 

material for its exceptional physical, electrical and mechanical properties such as high 

thermal conductivity, chemical inertness, optical transparency, negative or small positive 

electron affinity, high mechanical stability, corrosion resistance, and so on. Although  
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Table 1-1 Material properties of Silicon, Diamond, and Germanium [27-29]  

 

 
 

diamond has a crystal structure identical to its more common relatives silicon and 

germanium, its properties differs from the others as shown in Table 1-1. Based on the 

overall properties of diamond, use of diamond as a material for nanomembrane detectors 

has theoretically a high potential. High thermal conductivity and long phonon mean free 

path can make the phonon propagation through nanomembranes more efficient and 

cooling of nanomembranes more effective, followed by improved performance. 

Moreover, the high Young’s modulus of diamond offers long lasting durability even in 

harsh environment. In addition, the surface of diamond is relatively inert to 

chemisorption, which means that the diamond nanomembrane detector has a high 

chemical stability.  

Based on the views of the existing challenges from Si3N4 and silicon 

nanomembranes discussed in previous sections, diamond material owing to its 
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theoretically exceptional properties such as extreme hardness, chemical inertness, high 

thermal conductivity, and long phonon mean free path can be one of promising 

candidates for application to the nanomembrane detector in MS. Although thermal 

conductivity and phonon mean free path are degraded from single crystal or natural 

diamond (not easily obtainable in reality) shown in Table 1-1 to polycrystalline diamond 

due to grain size effects [30], the outstanding properties of diamond itself are still 

attractive to approach as a diamond nanomembrane detector for proteomics.            
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Chapter 2 

Large-area freestanding Diamond nanomembranes 

 

 

As discussed in the previous chapter, application of nanomembranes as detectors 

in MALDI-TOF MS offers improved sensitivity for high mass detection. Diamond as a 

material for these nanomembrane detectors can be one of the promising candidates owing 

to exceptional electrical, physical, and mechanical properties. Single crystal diamond 

may be the best material for detector applications in proteomics. In reality, those types of 

diamond materials are not obtainable easily (e.g. very expensive price or rare to get). The 

polycrystalline chemical vapor deposition (CVD) diamond can be another type of 

diamonds easily assessable in real world although some of properties are degrading from 

natural diamond according to the grain sizes, direction, thickness of layer, and so on. 

However, the economical access to materials can be one of important factors in extended 

application in spite of the degrading effects of properties. One of types of polycrystalline 

CVD diamonds popularly used in many applications [31, 32] is ultra-nanocrystalline 

diamond (UNCD) developed by Argonne national laboratory (Argonne, IL) in the early 

1990s, followed by commercializing. Nowadays, the wafers with various types of UNCD 

on different substrates are sold by the company (Advanced Diamond Technologies, Inc., 

Romeoville, IL) with easy access to get. 
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Therefore, the diamond nanomembrane detectors for application in mass 

spectrometry are demonstrated based on UNCD as the type of diamond materials in this 

study.   

 

2.1 Boron doped (p-type) Ultra-nanocrystalline diamond (UNCD) 

Ultra-nanocrystalline diamond (UNCD) is deposited on various types of wafer 

substrates with the method of hot filament chemical vapor deposition (HFCVD) 

(Advanced Diamond Technologies, Inc., Romeoville, IL). In this deposition method, the 

process gas (usually mixture of 1% CH4/H2) is fed into the reactor chamber where it is 

activated by a coil metallic filament maintained at high temperatures. Diamond is 

deposited onto the surface of the wafer via a gas-phase chemical reaction [33]. The 

trimethylboron (TMB), B(CH3)3 gas is fed into the reactor chamber together with mixture 

of CH4 and H2 as a boron dopant in the case for boron doping of diamond [34]. In view of 

fabrication prices, the HFCVD technique has the advantage of uniform deposition of 

polycrystalline diamond over large area wafers at low cost.  

 

2.2 Fabrication 

The fabrication of freestanding diamond nanomembranes is depicted in Fig. 2-1: 

the processes begin with boron doped (p-type) diamond-on-insulator (DOI) wafer 

substrates containing ultra-nanocrystalline diamond (UNCD) layers of a 100 nm and a 

200nm thickness, respectively (Advanced Diamond Technologies, Inc., Romeoville, IL).  
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Fig. 2-1 Sequence of the two fabrication procedures for freestanding diamond 

nanomembranes applied in this thesis: using (a) wet etching of bulk Si for generating 

square membranes and (b) by dry-etching of bulk Si for circular membranes or other 

desired shapes (see text for details). 

 

We have employed two different types of fabrication processes, i.e. (a) wet etching based 

on tetra-methyl-ammonium hydroxide (TMAH) solution and (b) dry etching with the 

Surface Technology System (STS) Multiplex Inductively Coupled Plasma (ICP) for 

square membranes, circular membranes, or any other shapes. For both cases, the fully 

suspended diamond nanomembranes can be realized by etching the substrate layers 

through windows of defined shapes on the backsides of the samples.  

Typically, we apply 1 µm thick thermal SiO2 layers as an etch mask for the 

anisotropic wet etch step (see Fig. 1-1 (a)) of a 500µm-thick bulk silicon layer using 
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TMAH solution [35, 36]. These layers are then patterned with square windows defined by 

optical lithography and then the SiO2 is etched in a buffered oxide etch (BOE). In order to 

protect the diamond layer during wet etching, a SiO2 layer is deposited on top of it via 

plasma-enhanced chemical vapor deposition (PECVD). This ensures protection of the 

suspended structure from physical damage during the release from the silicon substrate. 

This 3 µm-thick PECVD SiO2 layer is deposited after about 60% of the silicon substrate 

is etched by considering the much lower etch selectivity of silicon to PECVD SiO2 than 

thermal SiO2 [37]. Finally, the freestanding diamond nanomembranes are obtained by 

totally etching away the bulk silicon substrate within the square window, followed by 

removing both layers of SiO2 in BOE solution. Fig. 2-2 (a) shows an optical microscope 

image of a 400400 µm
2
 freestanding 100 nm-thin diamond nanomembrane. 

The freestanding circular membranes in Fig. 2-2 (b) are realized via dry-etching 

of the silicon substrate using the STS Multiplex ICP. The circular window patterns of the 

thermal SiO2 layer are defined by optical lithography, hence any kind of shape can be 

defined. This is of importance for engineering the mechanical stress. Afterwards a BOE- 

step is employed as before. Since the 1µm-thin thermal SiO2 layer is insufficient as an 

etch-mask to resist several hours of dry etching the silicon [38, 39], we deposit a thick 

photoresist (PR) layer. The PR is coated with a thickness of around 30 µm on the surface 

of the diamond layer, i.e. we repeat spin coating of 10 µm three times. This ensures 

protection of the diamond layer from physical and electrical damage [40, 41] by the O2-

plasma. This PR coating is apparently repeated after every hour of dry-etching in order to 

retain a safe thickness. Once the bulk silicon substrate within the circular window is  



２３ 

 

 

Fig. 2-2 Freestanding diamond nanomembranes: optical microscope image of (a) the 

400400 µm
2
 free-standing 100 nm-thin diamond nanomembrane and (b) the 500µm 

diameter-freestanding 200nm-thin diamond nanomembrane. The specific buckling 

patterns are generated after release of the membranes. 

 

completely etched out, the freestanding circular diamond nanomembrane is finally 

obtained by stripping the remaining PR with acetone, followed by removing both layers 

of SiO2 in a BOE solution. Fig. 2-2 (b) shows the final optical microscope image of a 500 

µm diameter-freestanding 200 nm-thin diamond nanomembrane. 

As shown in Fig. 2-2, the free-standing nanomembranes reveal buckling patterns 

formed during releasing the structure from the substrate. The releasing procedure of the 

diamond membrane from the supporting stack of layers causes the simultaneous release 

of the residual stress built up inside the membrane. This embedded stress is internalized 

through the chemical vapor deposition (CVD) process during diamond deposition on 

SiO2/Si. In its entirety the buckling patterns depend on the total stress distribution, given 

by the embedded stress and the compressive residual stress depending on the geometry 

formed [42-45]. 
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2.3 Stress analysis 

The deposited thin film layers can contain residual stress arising due to the 

mismatch of the thermal expansion coefficients, non-uniform plastic deformation, lattice 

mismatch, substitutional or interstitial impurities, and the growth processes in general [46, 

47]. In our case, the thin diamond layer can have the residual stress built up during the 

CVD definition of the diamond on the SiO2/Si substrate and other steps in the fabrication 

process. This residual stress is released during the processes of releasing the diamond 

membranes. This in turn leads to buckling patterns of the membranes [42-45]. The 

buckling profiles of the membranes are investigated in the optical profilometer (Zygo 

NewView 6300 white light interferometer, Zygo Corp., Middlefield, CT). Fig. 2-3 shows 

the buckling profiles measured on the front sides (etching is always performed from the 

back side) of the samples for a (i) 485485 µm
2
 membrane (Fig. 2-3 (a)), the (ii) 

270270 µm
2
 membrane (Fig. 2-3 (b)), and a (iii) 500µm diameter-circular membrane 

(Fig. 2-3 (c)). The maximum out-of-plane displacement referenced to the outer area of the 

membrane is 10.1 µm, 5.7 µm, and -6 µm (downward) for (i), (ii), and (iii), respectively.  

The relationship between the pressure forced to the membrane and the 

displacement is given by [48, 49] and can be noted for square membranes as  
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Fig. 2-3 Color-scale profiles of the bulging patterns for three different diamond 

membranes. The profiles indicate the relative displacement due to the embedded stress. 

Shown are (a) 485485 µm
2
 and (b) 270270 µm

2
 diamond membranes with 100nm 

thickness bulging upwards, while in (c) circular 500µm diameter membrane of 200nm 

thickness is buckling downwards. 

 

While for circular membranes we have  

 

where P is the applied pressure, max  is the displacement at the center of the 

membrane, Ma  is the half-edge length of the square membrane, MR  is the radius of the 

circular membrane, Mt  is the thickness of the membrane, ME  is the Young’s Modulus, 

M is the Poisson’s ratio,   is the residual stress.  

The displacement at the center of the freestanding membrane due to buckling by 

only residual stress can hence be approximately obtained by assuming the pressure P to 

be zero in Eqs. (2.1) and (2.2). The terms inside the parentheses on the right consequently 

should be zero to obtain meaningful results. Then, we can reversely estimate the values of 

  based on max  measured by the optical profilometer. The residual stress built up in 

the membranes is then estimated to be (-840 ± 20) MPa (compressive) and (-340 ± 40) 
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MPa (compressive) for square membranes with 100 nm thickness and for circular 

membranes with 200 nm thickness, respectively. The membranes show buckling upwards 

and downwards, as shown in Fig. 2-3. We find both bulging up and down with 

displacements of ±5.7 µm in case of the 270 270 µm
2
 membranes with 100 nm 

thicknesses with bistable states. Since the second term within the parentheses of both Eqs. 

(2.1) and (2.2) has a square dependence on max , the compressive residual stress can lead 

to a positive or negative deflection, i.e. it is bistable [48, 50]. 
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Chapter 3 

Electrical and mechanical characteristics of Diamond 

membranes 

 

 

The investigation of electrical and mechanical characteristics of diamond 

nanomembranes are very interesting in terms of the freestanding large-area thin structure 

itself and also necessary for operation in mass spectrometry application, which is affected 

by mixed characteristics of the structures in the performance of the nanomembrane 

detector. Mechanical displacement and electron field emission characteristics of diamond 

nanomembranes play important roles regarding ion detection.  

 

3.1 Electron field emission measurement at room temperature 

In order to validate the applicability of the doped freestanding diamond 

nanomembranes as field emitters, we performed a set of measurement in our home-made 

MALDI-TOF unit (~2.0×10
-7

 mbar) as shown in Fig. 3-1 (a). The schematic diagram of 

the experimental configuration is shown in the inset of Fig. 3-1 (b): the electric field is 

ramped between the diamond nanomembrane and the extraction gate by applying 

voltages to the membrane (VDM) and the extraction gate (VG). This reduces the energy 

barrier for electrons inside the diamond membrane, so that they can tunnel out. 
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Fig. 3-1 Measurement of field emission from the freestanding diamond 

nanomembrane at room temperature. (a) Setup for field emission measurement in our 

home-made MALDI-TOF unit. (b) IV-curves of the measurement are given by the black 

filled circles, while the theoretical fit is given by the red line. Inset: schematic diagram of 

the experimental configuration. 
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The extraction grid funnels the electrons finally to the anode [24]. In Fig. 3-1 (b) 

the IV-characteristic of the 100 nm thin nanomembrane is given by black filled circles as 

a function of the voltage applied between the diamond membrane and extraction gate, 

VGM. In order to model the electron field emission analytically in this particular system, 

the mechanical and electrical behavior of the freestanding diamond nanomembrane has to 

be considered [24]. Effectively, the nanomembrane deforms due to the electromechanical 

pressure exerted by applying VGM. Hence, the electric field strength between the 

membrane and the extraction gate is altered. 

 

3.2 Theoretical approach to electron field emission 

In the freestanding membrane structure, electron field emission is affected by the 

mechanical and electrical properties of the structure which differs from that of original 

films deposited on the bulk surface. The applied voltage between the membrane and 

extraction gate causes the displacement of the membrane and changes the electrical field 

again and vice versa. The field emission from the membrane at a given moment also 

depends on the electric field strength. In order to approach electron field emission from 

freestanding diamond nanomembranes theoretically, all these effects have to be 

considered for modeling. 

 

3.2.1 Modeling of displacement under the electrostatic force 

We can describe this electromechanical circuit by considering the total electric 

potential energy stored between the nanomembrane and the extraction grid, which is 
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defined by 

21

2
GMW CV .                             (3.1) 

The capacitance between the nanomembrane and the extraction grid gate can be 

estimated by [24, 51] 
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where 0 is the permittivity, l  is the side length in the edge of the membrane, 

N and r  are the number and the radius of metal wires in mesh, which is acting as the 

extraction gate over the membrane, respectively, and s  is the distance between the 

membrane and the extraction gate as shown in the inset of Fig. 3-1 (b).  

Therefore, the pressure exerted to the membrane due to the electrostatic force can 

be obtained by using Eqs. (3.1) and (3.2) following [24] to be 
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where A  is the area. 

In our case, the pressure obtained from Eq. (3.3) at a given GMV  is used on the left side 

of Eq. (2.1) for calculating max  at GMV . 

The shape of the deformed diamond nanomembrane as a function of position, 

( , , )GMx y V  is described according to the maximum displacement at GMV  with the 

following relationship [24, 49] to yield 
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Fig. 3-2 Theoretical modeling of the displacement on the membrane: (a) Estimated 

displacement profile through the membrane at the applied voltages such as 0 V, 1,150 V 

and 2,300 V of VGM and (b) estimated maximum (red line) and average (blue line) 

displacement over the membrane’s surface as a function of applied voltage, VGM. 
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where Ma  is one half of the membrane’s edge length. The coefficients, 0.401 

and 1.12 are the values obtained with the Poisson’s ratio M  [15]. 

The displacement profiles of the diamond nanomembrane under applied voltages 

of VGM can be found by using Eqs. (2.1), (3.3), and (3.4) based on the residual stress 

obtained from measured initial buckling (shown in Fig. 2-3) of the membranes. Fig. 3-2 

(a) shows the estimated displacement profile through the membrane, ( , , )GMx y V  at the 

applied voltages such as 0 V, 1,150 V, and 2,300 V of VGM  as the examples among 

whole range of voltages applied. The average displacement ( ave ) over the membrane’s 

surface at a given GMV  can be obtained by [24] 

            

Therefore, the average distance ( )GMs V  between the membrane and the 

extraction gate can be found by 

0 0 max( ) ( ) 0.48314 ( )GM ave GM GMs V s V s V                  (3.6) 

where 0s  is the initial average distance without applying GMV .  

The estimated maximum ( max ( )GMV ) and average displacement ( ( )ave GMV ) over the 

membrane surface as a function of applied voltage, VGM is shown in Fig. 3-2 (b) with the 

red line and blue line, respectively.  
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3.2.2 Theory of field emission from semiconductor materials 

The Fowler-Nordheim (FN) equation [52] has been used to analyze field 

emission from diamond surfaces [53-55]. C. –L. Chen et al. [56] developed a modified 

theoretical model for field emission from p-type diamond surfaces (wide band gap 

semiconductor) based on the theory of field emission from semiconductor derived by R. 

Stratton [57, 58]. By using the theoretical model [56], S. –Y. Chen et al. [59] performed 

experimental work regarding the temperature dependence of field emission for boron-

doped (p-type) diamond films. 

The total field emission current density from freestanding diamond (boron doped, 

p-type) nanomembranes in our case can be modeled by [56, 59]  
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Where cJ  and vJ  are the emission current densities from the conduction band 

and the valence band, respectively,   is the electron affinity, gE  is the energy gap, and 

  is the energy difference between the surface conduction band minimum and the Fermi 

level, 
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Where ( )v y  is a tabulated function involving an elliptic integral, ( )t y  is 

another tabulated function closely related to ( )v y [60], and ( )GMs V  is obtained from Eq. 

(3.6). 
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3.2.3 Theoretical fit to the measurement curve 

The total emission current from the freestanding diamond nanomembrane is 

proportional to the effective area of the surface as given by 

               I = Aeff × J                               (3.9) 

The analytical plot of the total emission current from the 400 µm400 µm 

freestanding 100 nm-thin diamond nanomembrane is depicted as a red line in Fig. 3-1 (b). 

The curve is in good agreement with the results of the measurement. For explaining the 

discrepancy in the intermediate voltage range, more field emission mechanisms have to 

be considered.  

 

3.2.4 Compensation of theoretical fits with electron emission mechanisms in three   

      distinct field regions 

Electron emission in the intermediate voltage range can be modeled as a 

combination of three emission mechanisms including thermionic emission, Schottky 

emission, and FN tunneling, which is based on natural logarithmic analysis of the 

measured current density as shown in Fig. 3-3 (a).  

Thermionic emission [73] is acting primarily in the range of very small electric 

fields and consists of electrons being thermally excited with sufficient energy to 

overcome the energy barrier at the surface and thus being emitted into vacuum.  
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Fig. 3-3 Analysis of field emission via three distinct electron emission mechanisms. 

(a) Natural logarithmic plot of J/VGM
2
 vs. VGM

-1
. Measured field emission data (red filled 

circles) shows contribution of three distinct emission mechanisms. The linear region 

(above 1,500 V of VGM in our case, as marked as a blue straight line) in natural logarithm 

is dominated by Fowler-Nordheim tunneling. Other regions in the voltage range are 

affected by thermionic and Schottky emissions. (b) Log-scale current fit taking into 

account the three components of thermionic, Schottky, and FN emissions. The resulting 

curve (black-dashed line) exactly matches the measurement data (see text for details). 
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The thermionic current is given by a well-known expression 
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  where k1 is the Richardson constant defined previously in Eq. (3.8).  

Then, as the applied electric field increases, in the intermediate regime between 

thermionic emission and Fowler-Nordheim (FN) tunneling, a combination of the two 

effects occurs due to barrier lowering by the applied field. This intermediate region is 

where Schottky emission [74] plays a role for electron emission via modifying thermionic 

emission in the region where the electric field is not negligible, but it is not strong enough 

to cause FN tunneling: 
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In this expression we can see how the applied electric field F, defined previously in Eq. 

(3.8), reduces the height of the barrier ϴ at the surface. Finally, FN tunneling [52] takes 

over completely and dominates electron emission at fields above 10
7
 V/m, which, in our 

setup, occurs when the applied voltage exceeds 1,500 V. FN tunneling is then modeled by 

the modified expression given previously in Eq. (3.7). A log-scale current fit taking into 

account the three components mentioned above is shown as a black-dashed line in the 

inset of Fig. 3-3 (b). When combined together, Eqs. (3.7), (3.10), and (3.11) give a 

complete and accurate account of field emission from the nanomembrane.  
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Chapter 4 

Application of Diamond nanomembrane for detection of 

proteins 

 

 

Ultrathin freestanding diamond membranes with large lateral dimensions are 

realized by straightforward etching methods based on semiconductor processing. The 

mechanical and electrical characteristics of the membranes are investigated by stress 

analysis, field emission measurement, and modeling as discussed in the previous chapters. 

With a minimal thickness of 100 nm and lateral dimensions over 400 µm the freestanding 

membranes offer extreme aspect ratios. In this chapter, ion detection by applying the 

diamond nanomembrane as a detector is demonstrated in a home-made MALDI-TOF 

system for Insulin (5,735 Da) and Cytochrome C (12,362 Da).  

 

4.1 Operating principles of Diamond nanomembrane detector 

The schematic configuration of MALDI-TOF analysis coupled with a diamond 

nanomembrane is illustrated in Fig. 4-1 (a) and (b). The detector assembly is located in 

front of the exit of time-of-flight tube as in common MALDI-TOF systems (see Fig. 4-1 

(a)). In our case, the detector assembly has the freestanding diamond nanomembrane  
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Fig. 4-1 The principle of operation for the diamond nanomembrane detector. (a) 

Schematic of a MALDI-TOF mass spectrometer. Proteins are desorbed and ionized by 

MALDI, followed by separation with mass to charge ratio during flight along the time-of-

flight tube to the detector. (b) Schematic of the detector configuration and operation 

principle. The detector consists of a freestanding diamond nanomembrane (receiving the 

kinetic energy from the ions), an extraction gate, MCPs, and an anode. The electric field 

between the diamond nanomembrane and the extraction gate allows enhanced electron 

field emission by reducing the energy barrier for the electrons. MCPs amplify the number 

of electrons which pass through the extraction gate and arrive at the MCP. The electrons 

are collected in the anode, followed by tracing the signal in the time domain on an 

oscilloscope. Inset: optical microscope image of the 400 µm400 µm freestanding 100 

nm-thick p-type diamond nanomembrane used for measurement in this study (colorized). 

The buckling patterns in the membrane are generated by releasing of compressive 

residual stresses during etching of the substrate layers within the defined square window 

as discussed in previous chapters. 
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(lower right corner of Fig. 4-1 (b)) and the extraction gate built in front of a MCP input 

plate, as shown in Fig. 4-1 (b). Proteins on the sample holder are desorbed and ionized by 

a focused laser beam [3, 61, 62]. The ions are accelerated in a high DC field (~25 kV). 

They are separated by the mass to charge ratio while flying through the field free time-of-

flight tube until they meet the detector. Finally, the ions impact on the backside surface of 

the freestanding diamond nanomembrane with a kinetic energy obtained by the initial 

accelerating voltage and the charges. About a half of the kinetic energy is transformed to 

thermal energy on the surface of the membrane due to loss in impact fragmentation and 

ejection [14]. This raises the temperature in the vicinity of the impact site and produces 

nonequilibrium phonons which carry thermal energy away from the location of impact. 

Thermal energy of these phonons is delivered to the electrons within the diamond 

nanomembrane and excites them to a higher energy allowing them to overcome the 

vacuum barrier and escape from the nanomembrane surface via field emission [26]. The 

field emission current is amplified by the microchannel plates (MCPs) via sequential 

cascade process of electrons inside MCPs and collected by the anode, followed by 

recording in an oscilloscope in real time as shown in Fig. 4-1 (b). 

 

4.2 Detection of proteins 

The application of freestanding diamond nanomembranes for detection of 

proteins is demonstrated in a home-made MALDI-TOF MS system with a vacuum level 

around 2.0×10
-7

 mbar as shown in Fig. 4-2. The membrane is mounted by attaching it on  
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Fig. 4-2 Home-made MALDI-TOF MS system for ion detection. (a) Photograph of 

whole system setups. (b) Diamond nanomembrane detector mounted. (c) Protein sample 

plate with dried droplet spots of protein mixture and matrix. (d) Magnified image of the 

backside of the device with an intact diamond nanomembrane (light brown window in the 

first row and second column among sixteen windows).  
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a specially designed copper holder. A complete detector is assembled in a stack of 

membrane, sample holder, extraction gate grid, MCPs, and anode. The teflon holder with 

the detector is mounted in the chamber as shown in Fig. 4-1 (a) and Fig. 4-2 (b). Fig. 4-2 

(d) shows the magnified image of a membrane sample (backside of the chip, etched side 

of substrate silicon) mounted on the detector. Among sixteen windows, one diamond 

nanomembrane survived during fabrication in this case is shown in the first row, second 

column. The teflon sheet cut with one hole is used for protecting ions going through 

broken windows of the sample chip. Insulin (5,735 Da) and Cytochrome C (12,365 Da) 

as proteins and Sinapinic acid (224 Da) (Sigma Aldrich, U.S.A.) as a matrix are used for 

demonstration. Fig. 4-2 (c) shows dried samples (mixture of protein and matrix) after 

mixing with droplet as solution on the protein sample plate. The focused laser beam 

shown in Fig. 4-2 (a) is fired at the dried droplet spot. The matrix absorbs the laser energy 

and is desorbed and ionized. Then, proton transfer occurs between the matrix and analyte 

protein molecule (in our case, Insulin and Cytochrome C), followed by charging the 

analyte proteins (mostly singly positive charged protein ions). For all cases of detection 

with Insulin and Cytochrome C, a high voltage in the ion source part is set to 25.02 kV 

and the voltage difference, VGM between the diamond nanomembrane and the extraction 

gate is applied at 2,300 V. This considers the field emission characteristics previously 

discussed in Chapter 3. 

 

4.2.1 Insulin 

Ion detection with the freestanding diamond nanomembrane is demonstrated for 
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Insulin (5,735 Da, 100µM). Several results of mass spectra detected are shown in (a), (b), 

(c), and (d) in Fig. 4-3. All mass spectra are depicted as Amplitude (mV) versus m/z (Da). 

Since m/z describes the mass to charge ratio a singly charged ion has the same m/z value 

as its mass value while n times charged ion shows m/z value with mass/n. As shown in 

Fig. 4-3 the ions are mostly singly charged in the home-made MALDI. The peaks of the 

much lighter matrix than Insulin are first detected, then some fragments of proteins are 

detected and finally monomers, dimers, and trimers of Insulin (in Fig. 4-3 (b)) are 

detected. Mass spectra of MALDI normally show the fragment and incorporated 

compounds of same protein formed during the desorption process [22, 23]. However, the 

trimers and tetramers (in Fig. 4-3 (c)) of Insulin could not be detected only with the MCP 

detector. The fact that diamond nanomembrane detectors can detect trimers and tetramers 

of Insulin indicates the improved sensitivity. 

As shown in Fig. 4-3 (c) the much lighter matrix, monomer, and tetramer of 

Insulin do not show reduced peak intensities as the mass is increased. This is typically 

seen as the limitation of MCP detectors discussed in Chapter 1. This results from the fact 

that the diamond nanomembrane detector response depends on kinetic energy of the ions. 

All ions (regardless of fragmentation and mixture) desorbed and ionized obtain the same 

kinetic energy. Then, the ions are deposited on the diamond nanomembrane with the 

same kinetic energy. The emitted electrons fly through the extraction grid and impinge on 

MCPs with same velocities owing to fixed same voltages between the extraction grid and 

MCP input plate as depicted in Fig. 4-1 (b). Therefore the output signal from the MCPs 

depends on the velocity of the incoming particles and hence is identical for ions with 
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Fig. 4-3 Mass spectra obtained with the diamond nanomembrane detector for 

Insulin (5,735 Da) with a sinapinic acid matrix (224 Da). Mass spectra show peaks of 

dimers, trimers, and tetramers of Insulin as well as matrix and monomers of Insulin 

without large peak intensity reduction, which indicates improved sensitivity of the 

diamond nanomembrane detector.  

 

different mass. This phenomenon is the beneficial characteristic of the nanomembrane 

detector [24-26]. 

 

4.2.2 Cytochrome C 

Ion detection with the freestanding diamond nanomembrane is also demonstrated 
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for Cytochrome C (12,362 Da) with the same concentration of 100 µM as for Insulin. 

Several mass spectra are detected as shown in Fig. 4-4 (a) and (b). All operating 

conditions such as laser intensity, high DC voltage values, and membrane voltages, grid, 

and MCPs are fixed at the same values as in case of Insulin. To avoid loss of data in the 

spectra due to the lager time-of-flight of Cytochrome C and to obtain more data points, 

the signals from the matrix and small masses are pre-removed via a delayed run (60 µs) 

of the oscilloscope. (a) and (b) show the peaks of Cytochrome C detected with amplitude 

(mV) versus m/z (Da).  

In terms of peak intensity, the signal in (b) is obtained with a better peak intensity 

than that in (a). The peak intensities of Cytochrome C are similar to those for Insulin 

shown in Fig. 4-3 even though Cytochrome C has much higher mass than Insulin. As 

discussed in the previous section (4.2.1), these phenomena result from characteristics of 

nanomembrane detectors being dependent on kinetic energy rather than the velocity of 

the ions. Since all conditions are the same for both cases (Insulin and Cytochrome C), the 

kinetic energy finally transferred to the detector is the same leading to similar peak 

intensities even for larger ion masses. MCPs (sensitive to velocities of incoming particles 

[13]) experience impact of electrons with same velocities in both Insulin and Cytochrome 

C.  
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Fig. 4-4 Mass spectra obtained by the diamond nanomembrane detector for 

Cytochrome C (12,362 Da) with a sinapinic acid matrix. To protect loss of data points 

in spectrum due to the much larger mass (longer time-of-flight ranges) of Cytochrome C 

and to get more data points in large mass ranges of spectrums, the signals from the matrix 

and small mass ranges are pre-removed via delayed run (60µs) of the oscilloscope. Mass 

spectrums show similar peak intensities to those of Insulin indicating the improved 

detection sensitivity with diamond nanomembrane detector.  

 

4.2.3 Analysis of mass spectra detected by Diamond nanomembrane 

The peak intensities in the mass spectra of Insulin and Cytochrome C are similar 

to each other. Hence, the detection sensitivity is improved by the diamond 

nanomembrane detector, as discussed in the previous section. Two data sets obtained for 

those proteins are chosen for more analysis regarding the mechanism of detection. Fig. 4-

5 shows the peaks for Insulin and Cytochrome C in (a) and (b), respectively. Insets in (a) 

and (b) are the magnified views of the peaks at the time-of-flight axis. The shape of the 

peak represents the sharp onset due to quasi-diffusive transport of phonons in the out-of-

plane direction (normal to the surface of the membrane), and the exponential decay by 

the lateral heat diffusion along in-plane direction, as shown by the total aspect (red  
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Fig. 4-5 Comparison of mass spectra obtained for Insulin (a) and Cytochrome C (b). 

Insets in (a) and (b) show the magnified views of the peaks at the time-of-flight axis. The 

rise time and the decay time constant at the peak of Insulin are 76.44 ns and 275.06 ns, 

respectively. The peak of Cytochrome C shows 73.36 ns and 265.09 ns. Overall aspects 

of the peaks are similar in both of Insulin and Cytochrome C. Owing to the time 

resolution being similar for all masses, the mass resolution (m/Δm) increases rather than 

decreases with increasing molecular masses. The mass resolution (m/Δm) obtained for 

Insulin and Cytochrome C appears to be ~350 and ~438, respectively. 
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dashed line) in the peak. The rise time and the decay time constants at the peak of Insulin 

are 76.44 ns and 275.06 ns, respectively. The peak of Cytochrome C shows 73.36 ns and 

265.09 ns as the rise time and the decay time constants, respectively. As shown in Fig. 4-

5, the amplitudes of the peaks, rise times, and decay time constants are very similar for 

both proteins because the concentration of proteins, initial accelerating DC voltage, and 

the dimension of membranes are fixed. Therefore, with the time resolution being similar 

for all masses, the mass resolution (m/Δm) increases rather than decreases with increasing 

molecular mass. Δm is defined as the full width at half maximum (FWHM) of the 

spectrum peak for the given mass (m). The mass resolution (m/Δm) obtained for Insulin 

and Cytochrome C is ~350 and ~438, respectively. These resolutions are even better than 

those obtained from Si3N4 0[24, 35] and Si nanomembrane detectors [26]. This 

underlines the potential for application of diamond nanomembrane detectors in MS.  

The amplitude as well as the response times with onset and decay characteristics 

of the peaks depend on the mechanisms such as enhanced electron field emission by 

phonons (or heat) and phonon transport through the membrane. The analysis of these 

mechanisms is presented throughout the next sections.   

 

4.3 Phonon-assisted field emission in diamond nanomembranes 

Applying an electric field at the surface of the diamond nanomembrane lowers 

and thins the potential barrier, resulting in enhanced electron emission from the surface. 

In the case of ion detection the thermal energy transferred to the surface of the membrane 

via the impact of incoming ions contributes strongly to field emission leading to more 
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enhanced field emission via a thermionic component.  

In more detail (schematic diagram of process is shown in Fig. 4-1 (b)), the 

nanomembrane is struck by the accelerated proteins from the MALDI-TOF apparatus. 

The proteins deposit their kinetic energy onto the membrane where the energy is 

absorbed as thermal energy, causing heating. The thermodynamics of the detection 

process control the observed tunneling current of electrons, which is measured by the 

detector anode. Inside the membrane, thermal energy is deposited on the back side by the 

impact of the proteins, followed by a rapid transport of that thermal energy through lattice 

vibrations (phonons) carrying the thermal energy across the membrane. Since the phonon 

velocity in diamond is very high (~ 17,500 m/s), the transit time of phonons across the 

100 nm thick membrane is very short, on the order of 10 ps, and several orders of 

magnitude faster than either the duration of the impact of the protein cluster on the 

membrane or the response of the measured electron tunneling current. Following the fast 

transit time of quasi-ballistic phonons across the membrane, the temperature at the 

opposite surface of the membrane rises due to the presence of additional heat-carrying 

phonons and causes an increase in the tunneling current of electrons due to the combined 

thermionic emission and tunneling (field emission) effect. 

The phonon assisted field emission current is driven by both the elevated 

temperature caused by the heating of the membrane combined with the field emission 

produced by the applied external field as shown in Fig. 4-6. The combination of 

thermionic emission and field emission is given by Eqs. (3.7), (3.10), and (3.11) where 

the presence of the  2 kTT e




 term implies a strong dependence of the electron current on  
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Fig. 4-6 Schematic energy diagram of phonon assisted field emission via heat 

generated by impacting ions onto the diamond nanomembrane surface. After 

absorbing thermal energy from the phonons generated by ion impact, electrons are 

excited to higher energy states. This leads to electrons overcoming and tunneling through 

the barrier more easily, which results in largely enhanced field emission. When electrons 

escape from the nanomembrane, they carry the energy amount resulting in cooling of the 

membrane.  

 

temperature. The membrane is therefore a highly sensitive thermometer, producing a 

large tunneling current increase in response to the heating effect of the impacting proteins. 

As electrons leave the membrane by tunneling, they remove energy from the membrane, 

representing a cooling effect [75]. The total energy removed by the field emission process 

is ( ) ( , ) /outQ T EJ T F e , where e is the electron charge, E is the electron energy, and 

( , )J T F  is the temperature and field dependent total electron field emission current 

density, given by Eqs. (3.7), (3.10), and (3.11). Consequently, the membrane is heated on 

one side by the impact of the proteins and cooled on the opposite side by the energy 

extracted through the electron current via the combined thermionic and field emission 
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current.  

In addition to the heat flux in the normal direction (out-of-plane) of the 

membrane, the accumulated heat also diffuses laterally in-plane. Normally the lateral heat 

diffusion process would dominate heat conduction, but because of the extremely large 

(more than 3 orders of magnitude) aspect ratio of the nanomembrane (thickness is 100 

nm and lateral size is 400 µm or above) the heat diffusion in the lateral direction is 

severely limited. The thickness of the nanomembrane is smaller than the mean-free-path 

of phonons in diamond, which leads to a reduction of the thermal conductivity in the 

nanomembrane caused by scattering of phonons at the rough boundaries of the membrane. 

In addition, the thin nanocrystalline diamond utilized in our detector typically grows in 

columnar grains where the grains have diameters in the 3-5 nm range in the lateral 

direction, but are pillar-shaped and have no grain boundaries in the vertical (out-of-plane) 

direction [69]. The columnar grain structure means additional scattering of phonons will 

occur at the grain boundaries, affecting thermal transport in the lateral direction. Grain 

boundary scattering leads to a highly anisotropic thermal conductivity with the out-of-

plane direction having nearly an order of magnitude higher thermal conductivity [68]. 

Out-of-plane heat flux is limited only by the phonon mean-free-path being equal to the 

thickness of the nanomembrane because of the boundary scattering at the atomic-level 

imperfections at the top and bottom surface. On the other hand, the in-plane thermal 

transport is limited by grain boundary scattering of phonons, which limits the phonon 

mean-free-path to 
1

1

p
d

p


 


 where <d> is the average grain diameter, and p is the 
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so-called specularity factor which describes the probability of scattering at each grain 

boundary [76]. The specularity factor depends on the phonon wavevector qp and the 

atomic scale roughness Δ at the grain boundary according to 

[77]  2 2 2exp 4 cospp q    .  

Consequently, the combination of thinness and columnar grain structure means 

thermal transport is predominantly ballistic in the normal (out-of-plane) direction, and 

strongly diffusive in the lateral direction. The large aspect ratio and low in-plane thermal 

conductivity also means that radiative heat losses, which are typically neglected due to 

being much smaller than convective heat diffusion, can contribute, with heat flux Q given 

by the Stefan-Boltzmann law 4 4( )h cQ A T T  where σ is the Stefan-Boltzmann 

constant (5.67×10
-8

 W m
-2

 K
-4

), A is the surface area, Th and Tc are temperatures in the 

membrane and the environment (Tc = 300 K), and the emissivity ε is assumed to be 1.  

We model the ballistic-diffusive transport of phonons in the nanomembrane by 

decomposing the problem into the normal and lateral direction, with the lateral heat 

diffusion being described by the heat equation with thermal conductivity calculated from 

the Boltzmann transport equation using full phonon dispersion and the phonon mean-

free-path Λ. The details of our model are given in our previous work on silicon 

nanomembranes [26]. The resulting thermal conductivity value is 12 W/m/K at room 

temperature, in agreement with experimental data on nanocrystalline diamond films [68]. 

The lateral thermal conductivity in nanocrystalline diamond thin films is not strongly 

temperature dependent above room temperature because it is dominated by grain 

boundary scattering and inter-grain hopping conduction [78], which is largely 
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independent of temperature [70]. In the out-of-plane direction, the ballistic transport is no 

longer described by a thermal conductivity but rather by a ballistic conductance related to 

the phonon density of states (DOS) D(ω), phonon velocity vp, and the transmission 

probability [79] and is given by 

 
max

0

0

1
( ) ( ) ( )

2
p

dN
K T D d

dT



    


                    (4.1) 

where N0 is the Bose-Einstein phonon distribution function and Ξ is the 

transmission function which depends on the phonon mean-free-path Λ and thickness tM as 

     Mt        .  In our case Ξ is assumed to be equal to 1 because the 

nanomembrane thickness of 100 nm is much smaller than the intrinsic mean-free-path in 

diamond. Finally, the impact of the proteins on the nanomembrane is treated as a heat 

source on the bottom side of the membrane having a Gaussian shape in time and space, 

while the cooling by field emission of electrons removes heat from the top, the two being 

connected to each other by ballistic phonon flux in the out-of-plane direction and to the 

boundaries of the membrane by lateral heat diffusion. 

Therefore, the heat diffusion equation (HDE) must also be solved for the 

diamond nanomembrane with the combined effects of heating from the ion attack and the 

cooling due to field emission. First, the lattice thermal conductivity of the nanomembrane 

is obtained by solving the phonon Boltzmann transport equation in the steady-state 

relaxation time approximation. Then, the full phonon dispersion and all the relevant 

phonon scattering mechanisms are considered. The thermal conductivity tensor is 

obtained as a function of lattice temperature and both the in-plane and out-of-plane  
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Fig. 4-7 Heat flux and temperature profile of the diamond nanomembrane. (a) shows 

a plot of the input heating Qin caused by the impact of the proteins and the resulting field 

emission current density J as a function of time. Field emission leads to an effective 

cooling, represented by Qout in (b) which limits the peak temperature of the membrane to 

about 800 K. The heating is initially strongest in the center, as shown by the peak in (c) 

obtained at t = 0.53 µs which is the onset of the field emission current. After the field 

emission begins to cool the nanomembrane, the temperature profile flattens in the middle, 

as depicted in (d) at t = 2 µs, at the tail of the field emission peak, when the peak 

temperature has dropped below 800 K. 

 

components of the tensor and their respective contribution to thermal transfer within the 

nanomembrane. 

Based on the thermal conductivity tensor for the diamond nanomembrane, the 

next step is to solve the HDE at all points throughout the nanomembrane given by 

( ( ) ) ( ) ( )p in out

T
C k T T Q t Q T

t
                        (4.2) 
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with the heating term Qin(t) (shown in Fig. 4-7 (a)) representing the heating effect of the 

kinetic energy deposited by the ions onto the backside of the nanomembrane and the 

cooling term Qout (T) (shown in Fig. 4-7 (b)) representing the energy loss due to the 

electrons escaping the front side of the nanomembrane via field emission. ρ and Cp is the 

density and the heat capacity of the material, respectively. The standard finite-difference 

method is used to discretize the Laplacian operator and the variable order adaptive 

method to advance the solution in time. The input term Qin (t) is also a function of 

position on the surface of the membrane as well as time. The heating effect by the 

incoming ion packet is assumed as a Gaussian function in both time and space as shown 

in Fig 4-7 (a).  

Final modeling and numerical simulation for the output response via phonon-

assisted field emission and heat flux after the high impact energy ion packet 

bombardment deposits its thermal energy on the backside of the diamond nanomembrane 

are performed with considering coupled effects of thermionic emission, heat diffusion, 

phonon scattering, cooling via phonon-assisted field emission and grain boundary effects 

through the membrane. 

Results of the numerical simulation, in particular the electron current depicted in 

Fig. 4-7 (a), match the shape, the rise time of ~75 ns, and the fall time of ~275 ns 

exhibited in the measured waveforms (shown in Fig. 4-5 (a) and (b)), and show that the 

rise time is determined mainly by the heating process of the impacting proteins. The 

deposited kinetic energy heats the nanomembrane until it reaches a point where electron 

field emission increases and begins to cool the membrane, as evidenced by the delay 
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between Qin and Qout in Fig. 4-7 (a) and (b). Consequently, the rise time of ~75 ns 

depends primarily on the duration of the impact of the proteins and not on the transit time 

of the phonons across the membrane. The fall time is limited by the slower process of 

heat diffusion in the lateral direction—as the peak temperature Tpeak (Fig. 4-7 (b)) in the 

nanomembrane falls, as shown in Figs. 4-7 (b)-(d), the heat loss (cooling) Qout via the 

thermionic emission of electrons is rapidly quenched due to its super-exponential 

dependence on temperature, as given by Eqs. (3.7), (3.10), and (3.11). This strong 

temperature dependence of both J and Qout explains the rapid initial drop in the electron 

tunneling current immediately following the impact of the proteins. What remains after J 

and Qout decay (around ~1 µs in Fig. 4-7 (a) and (b)) is heat diffusion in the lateral 

direction and the radiative heat loss to the environment. Based on the simulations, we 

conclude that the combination of large aspect ratio, the small grain structure [68, 69] of 

the nanocrystalline diamond, and large phonon velocity combine to produce the rapid 

response by favoring the ballistic transport across the membrane and limiting the heat 

loss in the lateral direction. 

     

4.4 Potential of Diamond nanomembrane as a detector 

The application of diamond nanomembrane detectors to MS was demonstrated 

for Insulin and Cytochrome C in sinapinic acid matrix by integration into a home-made 

MALDI-TOF MS system. The mass spectra detected with the diamond nanomembrane 

show improved sensitivity and enhanced mass resolutions as compared to other types of 

nanomembrane detectors (Al/Si3N4/Al and silicon).  
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Although nanoscale-small grain sizes (~5 nm) of CVD ultrananocrystalline 

diamond (UNCD) form the grain structures inside the diamond nanomembrane as like 

pillars with 100nm in length and 5 nm in diameter leading to much degrading of thermal 

conductivity in-plane direction of the membrane, this type of diamond material can offer 

better sensitivity for detecting ions. In other words, due to those grain structures, heat is 

conducted across the membrane (out-of plane) well and along the membrane (in-plane) 

poorly, which directs most of the heat obtained by ion bombardment into out-of-direction 

and spread very little of it into lateral direction, but leading to more sensitive response 

with improved mass resolutions as an advantage.  

In thermal point of view, these characteristics can make the response even from a 

smaller quantity of heat as long as it is localized. So a smaller cloud of 

molecules/proteins can be detected because all the heat goes straight across the 

membrane, not laterally. This localization effect generated due to the grain structure of 

UNCD can be the key to not only more sensitive detection, but also detection of smaller 

quantities or energies of proteins. 

Finally, the properties of diamond material itself and chemical inertness as well 

as possibilities for improving the sensitivity and mass resolutions can offer potentials 

enough for more applications of diamond nanomembrane detectors in proteomics, 

including demonstration with various types of diamond nanomembranes and integration 

into commercial MALDI-TOF MS systems.  
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Chapter 5 

Mass spectra obtained in application of a commercial 

MALDI-TOF MS system 

 

 

The applicability of freestanding diamond nanomembranes was demonstrated as 

a detector in combination to a home-made MALDI-TOF MS system in the previous 

chapters. The principles of protein detection was modeled with numerical methods, which 

consider thermomechanical characteristics, physical boundary conditions of 

nanocrystalline diamond materials, and phonon transfer mechanisms. The resulting data 

explain an enhanced sensitivity and performance owing to the fast response time of CVD 

nanocrystalline diamond membrane. However, the home-made MALDI-TOF MS system 

itself has low quality of mass resolution leading to only a limited mass range. Thus a 

system with better performance is necessary for demonstrating the performance of 

diamond nanomembrane detectors for the high mass range. The coupling to a commercial 

MALDI-TOF MS system is necessary for demonstrating compatibility of diamond 

nanomembranes to commercial system. Therefore, we employed a Voyager DE-STR 

MALDI-TOF system (Perseptive Biosystems) in the following chapters.  

The same chip with one survived nanomembrane (400 µm400 µm freestanding 

100 nm-thick p-type) is used. In addition various types of diamond nanomembranes are 
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applied with Voyager system. Insulin (5,735 Da), Cytochrome C (12,365 Da), 

Apomyoglobin (16,952 Da), Aldolase (39,212 Da), and Albumin (BSA, 66,430 Da) as 

proteins with diluted concentration (10 µM instead of 100 µM demonstrated in the 

previous chapter) and sinapinic acid (224 Da) (Sigma Aldrich, U.S.A.) as a matrix are 

used for demonstration.   

 

5.1 Voyager DE-STR MALDI-TOF MS system setups 

The Voyager DE-STR MALDI-TOF MS system is shown in Fig. 5-1. This 

commercial system has a built-in delayed extraction technology inside the system. With 

delayed extraction method, ions form in a field-free region, and then are extracted by 

applying a high voltage pulse to the accelerating voltage after a predetermined time delay 

instead of directly applying high DC voltage right after laser hitting as in home-made 

MALDI. By this technology, substantial energy loss from collision of ions in ion source 

and fragmentation of ions are reduced. Velocity focusing of ions controlled by variable-

voltage grid in the ion source and the delay time applied to high accelerating voltage 

make it possible to accurately detect proteins of higher masses and at the lower 

concentrations. The load-lock system shown in Fig. 5-1 (a) provides high efficiency in 

mounting protein samples without venting the whole system. The protein sample plate 

(shown in (d)) with hydrophobic surface walls concentrates the protein sample spot into a 

small area. The custom-designed flange (shown in (b)) has several connectors for high 

voltage connections. 
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Fig. 5-1 Voyager-DE STR MALDI-TOF MS system setup. (a) Description of each part 

and element in the system setup. (b) Cable connections from voltage sources (for the 

detector) to the detector inside the detector chamber. (c) An image of the detector 

assembly with the sample chip. The detector assembly is mounted onto the vacuum 

flange. (d) 96×2 well protein sample plate. The sample plate with dried proteins is 

inserted into the source chamber via the load-lock system shown in (a). Overall 

performance in laser focusing, ion source part, separator, and vacuum system are 

improved as compared to a home-made MALDI-TOF system, which can make it possible 

to detect proteins in the lower concentrations and higher masses.  
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5.2 Freestanding diamond nanomembrane detectors demonstrated in  

     detection 

Several types of freestanding diamond nanomembranes for detection of proteins 

are demonstrated in Voyager DE-STR MALDI-TOF MS system: (i) Boron doped 

400×400 µm
2 

membrane with 100 nm thickness, (ii) Boron doped 400 µm diameter 

membranes with 500 nm thickness, (iii) undoped 400 µm diameter membranes with 300 

nm thickness, and (iv) undoped 1 mm diameter membranes with 300 nm thickness. 

Insulin (5,735 Da), Cytochrome C (12,365 Da), Apomyoglobin (16,952 Da), Aldolase 

(39,212 Da), and Albumin (BSA, 66,430 Da) are used as proteins with diluted 

concentration to 10 µM (1/10 of 100 µM) in all cases. Sinapinic acid (224 Da) is used as 

a matrix with the same conditions as previous demonstration in a home-made MALDI-

TOF MS system. The square nanomembrane in (i) is the same sample used in previous 

demonstration in the home-made MALDI-TOF MS system. Circular nanomembranes in 

(ii), (iii), and (iv) are fabricated by a company (microFAB Service GmbH, Germany), 

based on customized designs by the author of this thesis. Fabrication processes for those 

membranes are similar to the dry-etching method described in Fig. 2-1 (b). 

      

5.2.1 Boron doped 400×400 µm
2 

membrane with 100 nm thickness 

Boron doped square type diamond nanomembrane (400×400 µm
2 

membrane 

with 100 nm thickness, as shown in the inset of Fig. 4-1 (b)) is already demonstrated and 

gives promising results with the improved sensitivity for the detection of proteins such as 
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Insulin and Cytochrome C as discussed in the previous chapter. This device is now 

coupled to a Voyager DE-STR MALDI-TOF MS system for detection of proteins with 

higher mass and at lower concentration. The sample chip with one survived 

nanomembrane used for investigation in the previous chapter (shown in Fig. 4-2 (d)) is 

assembled and mounted onto the assembly stack, which is installed on the vacuum flange 

customized for demonstration in the system as shown in Fig 5-1 (c). For measurement, 

high accelerating voltage in ion source part is given at 23.5 kV and the voltage difference, 

VGM between the diamond nanomembrane and the extraction gate is applied at 2,200 V. 

Mass spectra detected for a wide mass range of proteins are shown in Fig. 5-2: 

we used concentrations of 10 µM for Apomyoglobin (16,952 Da), Aldolase (39,212 Da) 

and Albumin (BSA, 66,430 Da) (Sigma Aldrich, U.S.A.), while the matrix applied is 

sinapinic acid (224 Da). In the case of the equimolar (each 10 µM) mixture of Insulin and 

Cytochrome C shown in Fig. 5-2 (a), the peak intensities detected are independent of the 

ion mass as described in the previous chapter. Even for a wide mass range (a-d), all 

spectra appear to be independent of ion mass, which indicates the improved detection 

sensitivity of our diamond nanomembrane detector. The mass resolution (m/Δm) obtained 

for Apomyoglobin, Aldolase and Albumin is ~892, ~1,186, and ~1,443, respectively, i.e. 

mass resolution (m/Δm) increases with increasing molecular mass, which is explained as 

characteristics and strong points of diamond nanomembranes in the previous chapter.  

The factor affecting the signal intensity is the concentration of proteins used. 

Since much diluted protein solutions provide a strongly reduced number of ions, the 

signals obtained by a 10 µM protein concentration are smaller and have worse signal-to-  
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Fig. 5-2 Mass spectra obtained: for (a) equimolar (each 10 µM) mixture of Insulin 

(5,735 Da) and Cytochrome C (12,362 Da), (b) Apomyoglobin (16,952, 10 µM), (c) 

Aldolase (39,212 Da, 10 µM), and (d) Albumin (BSA, 66,430 Da) integrating the boron 

doped 400×400 µm
2 

membrane (with 100 nm thickness) to a Voyager-DE STR MALDI-

TOF MS system. In order to prevent the loss of data points in the spectra for Albumin the 

signal of the light matrix and other small molecules is removed using a delayed 

acquisition of the oscilloscope. 

 

noise ratio as compared to a 100 µM concentration (See Figs. 4-3, 4-4, and 5-2). 
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5.2.2 Boron doped 400 µm
 
diameter

 
membranes with 500 nm thickness 

Next demonstration is performed with Boron doped 400 µm diameter 

membranes (with 500 nm thickness) shown in Fig. 5-3 (a). Bulging profile (shown in Fig. 

5-3 (b)) formed due to the compressive residual stress relaxed during releasing 

freestanding membranes from the substrate is investigated with the optical profilometer 

(Zygo NewView 6300 white light interferometer, Zygo Corp., Middlefield, CT). The 

maximum deformation of freestanding membranes is measured in around ± 4 µm (less 

than those of membranes with thinner thickness shown in Fig. 2-3) with bistable status 

(discussed in chapter 2.3) and without complicated wrinkle patterns (thinner membranes 

have larger local contribution of residual stresses [42-45]). Smoothly round bulging 

patterns can be from the lower residual stress and the thicker membrane structure against 

deformation [42-45]. Since some membranes of the sample chip were broken during 

voltage ramping up, three membranes (shown in Fig. 5-3 (d)) located in place with easy 

access for managing together are finally chosen and mounted onto detector assembly 

(shown in Fig. 5-3 (e)), followed by installing on a customized flange (shown in Fig. 5-3 

(f)) to the detector chamber for demonstration. Other area except for three chosen 

membranes is covered by Mylar film (Mylar film has the much higher breakdown voltage 

than that of the teflon sheet), as shown in Fig. 5-3 (d) and (e). For this demonstration, a 

high accelerating voltage of the ion source part is chosen with 23.5 kV and the voltage 

difference, VGM between the diamond nanomembrane and the extraction gate is applied at 

2,400 V.  
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Fig. 5-3 Images for the sample device and detector assembly. (a) Original microscope 

image of fully survived freestanding boron doped 400 µm
 
diameter

 
membranes (with 500 

nm thickness). (b) Color-scale profile of the bulging patterns and (c) deformation 

amplitudes (leveled for left and right end sides) obtained from line scans marked in the 

colored profiles measured in the optical profilometer. Freestanding nanomembranes have 

either of upward or downward deformation (here downward deformation of -4 µm is 

shown for one of the membranes). (d) A microscope image of three chosen membranes 

with covering other windows and areas with Mylar film (better insulator in several times 

than Teflon sheet) after breaking of some membranes which happened during ramping up 

voltages to the membranes. Three membranes are used finally for demonstration with 

opening to incoming ion attack as shown in (e). A detector assembly (f) is mounted onto a 

customized flange, followed by inserting to the detector chamber.   
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Fig. 5-4 Mass spectra obtained: for (a) and (b) Apomyoglobin (16,952, 10 µM), (c) 

Aldolase (39,212 Da, 10 µM), and (d) Albumin (BSA, 66,430 Da) with coupling of 

Boron doped 400 µm
 
diameter

 
membranes (with 500 nm thickness) to Voyager-DE STR 

MALDI-TOF MS system. In order to prevent the loss of data points in the spectra for all 

proteins the signal of the light matrix and other small molecules is removed using a 

delayed acquisition of the oscilloscope. 

 

Mass spectra detected for a wide mass range of proteins are shown in Fig. 5-4: 

we also used concentrations of 10 µM for Apomyoglobin (16,952 Da), Aldolase (39,212 

Da) and Albumin (BSA, 66,430 Da) (Sigma Aldrich, U.S.A.), while the matrix applied is 

sinapinic acid (224 Da). In the case of Apomyoglobin (16,952 Da) shown in Fig. 5-4 (a) 

and (b), monomers, dimers, and trimers as well as some fragments of Apomyoglobin 
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formed during desorption process are detected. Detection of several compounds of 

Apomyoglobin reveals enhancement of performance in diamond nanomembranes via 

coupling to commercial Voyager DE-STR system. Overall peaks (Fig. 5-4 (a)-(d)) of 

proteins detected have a little bit higher amplitudes as compared to those in Fig. 5-2 (b)-

(d), which can be originated from a little bit increased effective areas for electron 

emission via using three circular diamond nanomembranes than previous case (shown in 

chapter 5.2.1). However, the thickness of nanomembranes, 500 nm does not permit large 

deformation of nanomembranes to the extraction gate (shown in Fig. 4-1 (b)), which can 

be easily learned from Eq. (2.2). In other words, even though membrane areas are now 

increased at around 2.4 times of the pervious device (in previous section, chapter 5.2.1) 

actual effective area for electron emission to the extraction gate with gate-driven 

deformation may be a little bit increased than that in previous device. In terms of 

comparison to each peak among different proteins, all spectra appear to be independent of 

ion mass, which indicates the improved detection sensitivity of our diamond 

nanomembrane detector regardless of coupled MALDI-TOF systems. The mass 

resolution (m/Δm) obtained for Apomyoglobin, Aldolase and Albumin is ~788, ~1,188, 

and ~1,660, respectively, i.e. mass resolution (m/Δm) increases with increasing molecular 

mass, as expected.  

 

5.2.3 Undoped 400 µm
 
diameter

 
membranes with 300 nm thickness 

This chapter presents demonstration with undoped 400 µm diameter membranes 

(with 300 nm thickness) shown in Fig. 5-5 (a). Buckling profile (shown in Fig. 5-5 (b)) 
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formed due to the compressive residual stress relaxed during releasing freestanding 

membranes from the substrate is investigated with the optical profilometer (Zygo 

NewView 6300 white light interferometer, Zygo Corp., Middlefield, CT). The maximum 

deformation of freestanding membranes is measured around ± 5.75 µm (larger than those 

of membranes with larger thickness shown in Fig. 5-3 (b) and (c)) with bistable status 

(discussed in chapter 2.3). In terms of buckling patterns, more complicated wrinkle 

patterns appear due to larger local contribution of residual stresses via thinner membrane 

structures against initial deformation right after releasing [42-45] while previously used 

membranes show the smooth fundamental bulging mode in circular films (shown in Fig. 

5-3 (b) and (c)).  

All nanomembranes on the sample chip survived during all measurements, which 

can give the opportunity of full opening to incoming ion attack, followed by more 

effective areas for electron emissions as shown in Fig 5-5 (d). The sample chip with fully 

survived nanomembranes (total of 19 membranes, as shown in Fig. 5-5 (a) and (d)) is 

mounted onto the detector assembly (shown in Fig. 5-5 (d)), followed by anchoring onto 

a customized flange (shown in Fig. 5-5 (e)) inserted into the detector chamber for 

demonstration of protein detection. For measurement with this device, high accelerating 

voltage in ion source part is given at 23.5 kV and the voltage difference, VGM between the 

diamond nanomembrane and the extraction gate is applied at 2,300 V. 
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Fig. 5-5 Images for the sample device and detector assembly. (a) Original microscope 

image of freestanding undoped 400 µm
 
diameter

 
membranes (with 300 nm thickness). (b) 

Color-scale profile of the bulging patterns and (c) deformation amplitudes (leveled for 

left and right end sides) obtained from line scans marked in the colored profiles measured 

in the optical profilometer. Freestanding nanomembranes always have either upward or 

downward deformation (here upward deformation of 5.75 µm is shown for one of the 

membranes). For demonstration with this device, all nanomembranes are fully used 

owing to all surviving during ramping up voltages to the membranes. All surviving status 

of nanomembranes can give the opportunity of full opening to incoming ion attack, 

followed by more effective areas for electron emissions as shown in (d). A detector 

assembly (e) is mounted onto a customized flange, followed by inserting to the detector 

chamber.   
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Mass spectra detected for a wide mass range of proteins are shown in Fig. 5-6: 

we also used concentrations of 10 µM for Apomyoglobin (16,952 Da), Aldolase (39,212 

Da) and Albumin (BSA, 66,430 Da) (Sigma Aldrich, U.S.A.), while the matrix applied is 

sinapinic acid (224 Da). In all cases, in order to prevent the loss of data points in the 

spectra for all proteins the signal of the light matrix, other small molecules, and multiplex 

compounds of proteins is removed using a delayed acquisition and the scale adjustment 

of the oscilloscope, which can focus on the targeted main proteins.  

Fig. 5-6 (a) and (b) show the peaks obtained from Apomyoglobin (16,952 Da) 

and the fragments of it. The large main peak is also detected as shown in Fig. 5-6 (b), 

which reveals that effective electron emission happened at that moment in the given 

protein. For Apomyoglobin, Aldolase (39,212 Da) (shown in Fig. 5-6 (c) and (d)), and 

Albumin (BSA, 66,430 Da) (shown in Fig. 5-6 (e) and (f)) the overall protein peaks are 

clearly detected in terms of amplitudes and the signal to noise level.  

Specially, overall yields for catching the protein signals (e.g. the numbers of 

events which proteins are detected at, not amplitudes detected) are enhanced for all 

proteins (normally, yields for catching signals become reduced as the protein mass 

increases. Otherwise, we can detect unlimited masses of proteins) owing to increased 

effective areas by increasing numbers of fully survived nanomembranes as compared to 

previously demonstrated devices. However, in terms of peak amplitudes, the effect of 

increased effective area of the detector is emerged only in the case of Apomyoglobin 

which shows the large peak amplitude shown in Fig. 5-6 (b). 
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Fig. 5-6 Mass spectra obtained: for (a) and (b) Apomyoglobin (16,952, 10 µM), (c) and 

(d) Aldolase (39,212 Da, 10 µM), and Albumin (BSA, 66,430 Da) in (e) and (f) with 

coupling of fully survived freestanding undoped 400 µm
 
diameter

 
membranes (with 300 

nm thickness) to Voyager-DE STR MALDI-TOF MS system. In order to prevent the loss 

of data points in the spectra for all proteins the signal of the light matrix and other small 

molecules is removed using a delayed acquisition of the oscilloscope. Overall yields for 

catching the protein signals are enhanced owing to increased effective areas by increasing 

numbers of fully survived nanomembranes. 
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In terms of comparison to each peak among different protein masses, all spectra 

(as shown in Fig. 5-6 (a)-(f)) appear to be independent of ion mass, which indicates the 

improved detection sensitivity of our diamond nanomembrane detector. The mass 

resolution (m/Δm) obtained for Apomyoglobin, Aldolase and Albumin is ~1,541, ~1,633, 

and ~1,718, respectively, i.e. mass resolution (m/Δm) increases with increasing molecular 

mass, as expected.  

 

5.2.4 Undoped 1 mm
 
diameter

 
membranes with 300 nm thickness 

This chapter finally presents mass spectra obtained with undoped 1 mm diameter 

membranes (with 300 nm thickness) shown in Fig. 5-7 (a). Buckling profile investigated 

with the optical profilometer is shown in Fig. 5-7 (b). The maximum deformation of 

freestanding membranes (as shown in Fig. 5-7 (c)) is measured in around ± 14.75 µm 

(with bistable status), which is larger than that of previously used membranes (in chapter 

5.2.3) due to increased diameters with the same thickness. Initial deformation via 

buckling is affected largely by the dimensions of the structure as learned easily from Eq. 

(2.2) at the glance. As the diameter (or radius) increases with fixed residual stress (from 

the same thickness of the membrane) initial maximum deformation from bulging also 

increases. As shown in Fig. 5-7 (a)-(c), wrinkle patterns through the membrane become 

more complicated and sharper due to more nonlinear local contribution of residual stress 

via the larger surface dimension to thickness ratio [42-45]. From Fig. 5-3 (a), Fig. 5-5 (a), 

and Fig. 5-7 (a) in order, it is clearly shown that as the surface dimension to thickness 

ratios of the membranes increase the buckling patterns become more complicated and  
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Fig. 5-7 Images for the sample device and detector assembly. (a) Original microscope 

image of fully survived freestanding undoped 1 mm
 
diameter

 
membranes (with 300 nm 

thickness). (b) Color-scale profile of the bulging patterns and (c) deformation amplitudes 

(leveled for left and right end sides) obtained from line scans marked in the colored 

profiles measured in the optical profilometer. Freestanding nanomembranes always have 

either upward or downward deformation (here upward deformation of 14.75 µm is shown 

for one of the membranes). For demonstration with this device, all nanomembranes are 

fully used owing to all surviving during ramping up voltages to the membranes as shown 

in (d). A detector assembly (e) is mounted onto a customized flange, followed by 

inserting to the detector chamber.   
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sharper with increased maximum deformations.   

All nanomembranes in the sample chip demonstrated here survived even with 

larger surface dimensions during all measurement, which can give the opportunity of full 

opening to incoming ion attack, followed by much more effective areas for electron 

emissions as shown in Fig 5-7 (d). The sample device with all survived nanomembranes 

(total of 16 membranes, as shown in Fig. 5-7 (a) and (d)) is mounted onto the detector 

assembly (shown in Fig. 5-7 (d)), followed by attaching onto a customized flange (shown 

in Fig. 5-7 (e)) inserted into the detector chamber for demonstration in protein detection. 

All survived 16 nanomembranes in the sample chip are clearly shown in Fig. 5-7 (d), 

which can provide more electron emission via accepting more incoming protein ions onto 

the larger membrane areas. For measurement with this device, high accelerating voltage 

in ion source part is given at 23.5 kV and the voltage difference, VGM between the 

diamond nanomembrane and the extraction gate is applied at 2,100 V. 

Mass spectra detected for a wide mass range of proteins are displayed in Fig. 5-8. 

The concentrations of 10 µM is also used for Apomyoglobin (16,952 Da), Aldolase 

(39,212 Da) and Albumin (BSA, 66,430 Da) (Sigma Aldrich, U.S.A.), while the matrix 

applied is sinapinic acid (224 Da). In all cases, in order to prevent the loss of data points 

in the spectra for all proteins the signal of the light matrix, other small molecules, and 

multiplex compounds of proteins is also removed using delayed acquisition and the scale 

adjustment of the oscilloscope, which can focus on the targeted main proteins. Fig. 5-8 

(a) and (b) show the peaks obtained from Apomyoglobin (16,952 Da). The large and clear 

main peaks are detected as shown in Fig. 5-8 (a) and (b), which are largest peaks obtained 
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for Apomyoglobin through demonstration of several types of diamond nanomembranes 

integrated into the Voyager DE-STR MS system. Those peaks show clear signal to noise 

levels. For Aldolase (39,212 Da) (shown in Fig. 5-8 (c) and (d)) and Albumin (BSA, 

66,430 Da) (shown in Fig. 5-8 (e) and (f)) the overall protein peaks are clearly detected in 

terms of amplitudes and the signal to noise level. Overall yields for catching the protein 

signals, numbers of events which proteins are detected at, are much more enhanced for all 

proteins owing to increased effective areas from the number of fully survived membranes 

and larger surface dimensions as compared to previously demonstrated types of diamond 

membranes.  

With comparison of each peak among different protein masses, although the 

peaks detected for Apomyoglobin show larger amplitudes in this demonstration, the 

overall aspects of spectra (as shown in Fig. 5-8 (a)-(f)) appear to be independent of ion 

mass, which indicates the improved detection sensitivity of our diamond nanomembrane 

detector. The mass resolution (m/Δm) obtained for Apomyoglobin, Aldolase and Albumin 

is ~1,334, ~2,242, and ~2,846, respectively, i.e. mass resolution (m/Δm) increases with 

increasing molecular mass, as expected. 

Although direct comparison among each type of membranes demonstrated in this 

thesis is difficult due to the different number of membranes (the sample chips have 

different numbers of intact membranes per chip) and the different dimensions of the 

membranes (at least one parameter among total area or the thickness should be fixed for 

exact comparison), the sample described in this chapter (fully survived undoped 1 mm
 

diameter
 
membranes with 300 nm thickness) gave overall good performance (among the  
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Fig. 5-8 Mass spectra obtained: for (a) and (b) Apomyoglobin (16,952, 10 µM), (c) and 

(d) Aldolase (39,212 Da, 10 µM), and Albumin (BSA, 66,430 Da) in (e) and (f) with 

coupling of fully survived freestanding undoped 1 mm
 
diameter

 
membranes (with 300 nm 

thickness) to Voyager-DE STR MALDI-TOF MS system. In order to prevent the loss of 

data points in the spectra for all proteins the signal of the light matrix and other small 

molecules is removed using a delayed acquisition of the oscilloscope. Overall yields for 

catching the protein signals are more enhanced owing to more increased effective areas 

by increasing numbers of fully survived nanomembranes and the larger area of 

nanomembranes than the previous device shown in Fig. 5-5 (a). 
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samples investigated through whole chapter 5) based on yields for detecting proteins, 

peak amplitudes, the signal to noise levels, and reliability of the membranes. This 

enhanced performance can stem from large total effective area against the thickness, 

which can provide effective electron emission owing to large surface area and more 

flexible bending of the membranes to the extraction gate with applied voltages. Although 

doping conditions cannot be compared directly in terms of performance (for this, the 

sample devices with exactly same dimensions and same number of survived membranes 

only except for doping conditions are needed for investigation), it is estimated that large 

effects to the performance are given by above mentioned factors rather than doping 

conditions since incoming proteins can give sufficient energies by impacting the surface 

for electrons to be emitted via phonon assisted field emission as discussed in details 

through chapter 4.3.      

 

 

 

 

 

 

 

 

 

 



７７ 

 

 

Chapter 6 

Conclusions 

 

 

Freestanding diamond nanomembranes were fabricated and investigated for 

applicability as field emitters. Various types of diamond nanomembranes were 

demonstrated as protein mass detectors by integration into MALDI-TOF MS systems. In 

this chapter the work presented in this thesis is summarized.  

 

6.1 Summary and conclusions 

We successfully demonstrated the fabrication of ultra-thin CVD grown diamond 

nanomembranes with extremely large cross sections, followed by the analysis of residual 

stress. We then investigated the field emission characteristics of freestanding diamond 

nanomembranes for validation of applicability as field emitters. The analytical work of 

field emission provided promising explanations for mechanisms of field emission, which 

include the mechanical and electrical response of the membrane and the electron 

emission mechanisms. We then employed the nanomembranes as mass detectors of 

various large proteins with coupling to the home-made MALDI-TOF MS system. We 

finally demonstrated various types of diamond nanomembranes for detection of various 

high mass proteins with diluted concentrations integrating the detector in a commercial 
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Voyager DE-STR MALDI-TOF MS system. From measurements, an enhanced 

performance was revealed for diamond nanomembranes with large total effective area 

against the thickness, which can provide effective electron emission owing to large 

surface area and more flexible bending of the membranes to the extraction gate with 

applied voltages.  

Summarized presentations for mass resolutions (m/Δm) obtained in detection of 

the wide range of proteins with diamond nanomembranes are shown in Fig. 6-1. Fig. 6-1 

(a) describes the mass resolution obtained applying the home-made MALDI-TOF MS 

system. Fig. 6-1 (b) shows the mass resolution obtained from the commercial Voyager 

DE-STR MALDI-TOF system. Since mass resolution can be also affected by other 

factors including the performance of the MALDI-TOF itself and conditions of the 

prepared proteins, the precise evaluation for the resolution values will need to be 

performed with considering those factors. Nevertheless, overall aspects of mass 

resolution obtained for a wide range of protein masses clearly show that mass resolution 

increases with increasing molecular mass (as shown in blue-dashed arrows), which is 

explained as characteristics and strong points of diamond nanomembranes as discussed in 

the previous chapters.  

Analysis of data and numerical modeling showed the improved sensitivity and 

mass resolution (based on the fast response time), which originates from special 

thermomechanical characteristics of the nanocrystalline CVD diamond nanomembranes. 

These results offer the use of freestanding ultrathin- nanocrystalline CVD diamond 

nanomembrane as an outstanding detector for the detection of proteins with high mass in  
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Fig. 6-1 Mass resolution (m/Δm) obtained with diamond nanomembranes for 

various mass ranges: using the home-made MALDI-TOF MS system (a) and the 

commercial Voyager DE-STR MALDI-TOF system (b). Each square dot means the 

average values. Error bars in each square dot present the standard deviation.  

 

proteomics. In addition to protein detection, it can be a good candidate as the device for 

any application which needs a fast response time in thermally driven detection via 

particle impact. 

 

6.2 Recommendations for future work 

The present work on freestanding ultrathin-nanocrystalline CVD diamond 

nanomembranes can be extended to investigate the following: 

(i) Fabricate the sample chips with more intact diamond nanomembranes for 100 

nm and 200 nm thicknesses, which can give large surface dimensions to 

thickness ratio for effective electron emission. 

(ii) Fabricate more square diamond nanomembranes with various thicknesses via 

wet-etching method for more tests in commercial MALDI-TOF system and 
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comparison to circular diamond nanomembranes made by dry-etching method, 

which can give more insights for effects in performance by process methods, 

physical factors, and stress distribution. 

(iii) Study the effects of doping/undoping conditions in performance for protein mass 

detection via demonstration with fixed physical dimensions of compared 

nanomembranes except for doping conditions. 

(iv) Apply more diluted concentration of proteins and higher mass proteins in 

measurement for estimating the performance limit as a protein mass detector. 

(v) Evaluate precise mass resolution values via obtaining more mass spectra by more 

measurements. 

(vi) Extend coupled MS systems to other commercial MALDI-TOF systems or 

different types of MS systems, which can provide opportunities for checking 

more compatibility and taking advantage in performance of MS system itself. 

(vii) Pursue more precise numerical calculations for investigating phonon assisted 

field emission according to various doping conditions and structure dimensions 

of diamond nanomembranes. 

(viii) Execute more numerical calculations for virtually reproducing the buckling 

wrinkle patterns and studying local stress distribution contributed to the patterns.  

(ix) Study the effects and performances in protein detection according to grain sizes 

in diamond layers with fabricating diamond nanomembranes with different grain 

sizes in diamond layer and demonstrating in detection of proteins. 
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Appendix A 

Supplementary information 

 

 

This chapter includes the supplementary information related to demonstration of 

diamond nanomembrane detectors for protein mass detection. Histograms obtained from 

collected mass spectra in demonstration with various types of diamond nanomembranes 

(boron doped 400×400 µm
2
 membrane (100 nm thickness), boron doped 400 µm 

diameter membranes (500 nm thickness), undoped 400 µm diameter membranes (300 nm 

thickness), and undoped 1 mm diameter membranes (300 nm thickness)) and two 

MALDI-TOF MS systems (home-made MALDI-TOF MS system and commercial 

Voyager DE-STR MALDI-TOF MS system) described in chapters 4 and 5 are presented. 

The processes of preparing protein samples for measurement in MALDI-TOF MS 

systems are also introduced. 

 

A.1 Histograms obtained from collected mass spectra  

Histograms acquired from detection in wide mass ranges of proteins with various 

types of diamond nanomembranes in home-made MALDI-TOF MS system and 

commercial Voyager DE-STR MALDI-TOF MS system are presented in Fig. A-1, Fig. A-

2, Fig. A-3, Fig. A-4, and Fig. A-5. 
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Fig. A-1 Histograms obtained from demonstration with boron doped 400×400 µm
2
 

membrane (100 nm thickness) in a home-made MALDI-TOF MS system. The 

concentrations of 100 µM is used for Insulin (5,735 Da), Cytochrome C (12,365 Da). The 

histograms show counts collected from protein masses detected in measurement with (a) 

Insulin and (b) Cytochrome. Bin sizes used for making histograms are 30 Da for all.    

  

 

Fig. A-2 Histograms obtained from demonstration with boron doped 400×400 µm
2
 

membrane (100 nm thickness) in a commercial Voyager DE-STR MALDI-TOF MS 

system. The concentrations of 10 µM is used for (a) Insulin (5,735 Da), (b) Cytochrome 

C (12,365 Da), (d) Apomyoglobin (16,952 Da), (e) Aldolase (39,212 Da), and (f) 

Albumin (BSA, 66,430 Da). Equimolar (each 10 µM) mixture of Insulin (5,735 Da) and 

Cytochrome C (12,362 Da) is used for (c). The histograms show counts collected from 

protein masses detected in measurement for given proteins. Bin sizes used for making 

histograms are 30 Da for all.     
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Fig. A-3 Histograms obtained from demonstration with boron doped 400 µm 

diameter membranes (500 nm thickness) in a commercial Voyager DE-STR 

MALDI-TOF MS system. The concentrations of 10 µM is used for (a) Apomyoglobin 

(16,952 Da), (b) Aldolase (39,212 Da), and (c) Albumin (BSA, 66,430 Da). The 

histograms show counts collected from protein masses detected in measurement for given 

proteins. Bin sizes used for making histograms are 30 Da for all. 

 

 

 

Fig. A-4 Histograms obtained from demonstration with undoped 400 µm diameter 

membranes (300 nm thickness) in a commercial Voyager DE-STR MALDI-TOF MS 

system. The concentrations of 10 µM is used for (a) Apomyoglobin (16,952 Da), (b) 

Aldolase (39,212 Da), and (c) Albumin (BSA, 66,430 Da). The histograms show counts 

collected from protein masses detected in measurement for given proteins. Bin sizes used 

for making histograms are 30 Da for all. 
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Fig. A-5 Histograms obtained from demonstration with undoped 400 µm diameter 

membranes (300 nm thickness) in a commercial Voyager DE-STR MALDI-TOF MS 

system. The concentrations of 10 µM is used for (a) Apomyoglobin (16,952 Da), (b) 

Aldolase (39,212 Da), and (c) Albumin (BSA, 66,430 Da). The histograms show counts 

collected from protein masses detected in measurement for given proteins. Bin sizes used 

for making histograms are 30 Da for all. 

 

A.2 Preparation of protein samples  

All the protein standards, matrix, and solvent for demonstration in detection of 

proteins are purchased from Sigma Aldrich, U.S.A. ProteoMassTM Protein MALDI-MS 

Calibration Kit includes the standard proteins, matrix, and solvent for preparing test 

samples in application to MALDI-TOF MS with diamond nanomembranes.  

A 100 pmol/µl (100 µM) of each protein sample was prepared by dissolving 10 nmoles of 

it in 100 µl of 0.1 % trifluoroacetic acid (TFA) solution as a solvent. (Insulin was 

dissolved in the 1% TFA solution) 

A 10 pmol/µl (10 µM) of each protein sample was obtained by dilution (1:9) of a 100 

pmol/µl (100 µM) concentration with the appropriate solvent. 

Equimolar (each 10 µM) mixture of two different proteins was prepared by mixing 20 

µM solution of each protein together with the same volume of those solutions.  
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A 10 mg/ml concentration of 3,5-Dimethoxy-4-hydroxycinnamic acid (sinapinic acid) 

used as a matrix for the measurement was dissolved in 50% acetonitrile (ACN) in 0.05 % 

TFA solution. 

For depositing protein samples and matrix onto the spot areas of the protein 

sample plate, 0.5 µl of matrix solution is first applied onto the target spot area, followed 

by removing applied matrix solution with leaving thin layer of matrix after 1 or 2 seconds. 

This process allows thin layer of matrix deposited onto the target spot area. After matrix 

deposited spots are dried, 0.5 µl of protein sample solution is applied onto the target spot 

area, followed by adding a further 0.5 µl of matrix solution before protein sample 

solution is dried. Once all applied solutions onto the target spot area finally become dry, 

the protein sample plate with target spots of sample proteins is ready for demonstration.      
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