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Mechanical resonators realized on the nanoscale by now offer applications in mass sensing of
biomolecules with extraordinary sensitivity. The general idea is that perfect mechanical mass sensors
should be of extremely small size to achieve zepto- or yoctogram 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 electrospray ionization and matrix-assisted laser desorption
and ionization (MALDI) time of flight (TOF) 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 TOF. The
principle we describe here for ion detection is based on the conversion of kinetic energy of the biomolecules
into thermal excitation of chemical vapor deposition diamond nanomembranes via phonons followed by
phonon-mediated detection via field emission of thermally emitted electrons. We fabricate ultrathin
diamond membranes with large lateral dimensions for MALDI TOF MS of high-mass proteins. These
diamond membranes are realized by straightforward etching methods based on semiconductor processing.
With a minimal thickness of 100 nm and cross sections of up to 400 x 400 gm?, the membranes offer
extreme aspect ratios. Ion detection is demonstrated in MALDI TOF analysis over a broad range from
insulin to albumin. The resulting data in detection show much enhanced resolution as compared to existing

detectors, which can offer better sensitivity and overall performance in resolving protein masses.
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I. INTRODUCTION

The realization of nanomembranes with extreme lateral
size generated a large demand in applications such as
flexible displays, medical diagnostics, and chemical sen-
sors [1,2]. Most of these applications focus on silicon,
silicon germanium, and III-V nanomembranes [3-6]. In
early work, we applied such silicon-based nanomembranes
and realized their integration in matrix-assisted laser-
desorption and -ionization (MALDI) time-of-flight (TOF)
mass-spectrometry (MS) units for protein detection in an
extremely broad mass range with unprecedented resolution
[4,7,8]. The principle of detection in this case is based on
thermomechanics coupled with thermally driven field emis-
sion of electrons. The aim of this work is to employ CVD
diamond as a detector material due to its ultimate mechanical
and specific thermal properties. Here we make use of doped
diamond, which by now is commercially available at high
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doping levels. In the following, we demonstrate the fab-
rication and application of ultrathin freestanding diamond
nanomembranes for the detection of large proteins.

The schematic configuration of our MALDI TOF setup
coupled with a diamond nanomembrane detector is illus-
trated in Fig. 1: the detector assembly is located at the exit of
the time-of-flight line as in conventional MALDI TOF
systems. For the measurements, we use two MALDI TOF
units: a homemade system for calibration of the field
emission properties and a commercial Voyager-DE 530
STR (AB SCIEX). In operation, the proteins are desorbed
and ionized by a focused laser beam [9,10]. The ions are then
accelerated to a final velocity depending on the mass m and
charge state z by a large dc voltage (approximately 25 kV).
We note that all ions possess the same energy, since this is
the quantity we are detecting. The differentiation according
to the m/ z ratio is obtained in the TOF unit. Finally, the ions
impact the backside of the freestanding diamond namomem-
brane with a kinetic energy acquired in the initial accel-
eration stage [12]. The nanomembrane converts the kinetic
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energy into thermal energy and uses thermally driven field
emission of electrons to detect the impact.

II. FABRICATION OF DIAMOND
NANOMEMBRANES

The 100-nm-thin freestanding diamond nanomembranes
are fabricated from diamond-on-insulator (DOI) materials
(Advanced Diamond Technologies, Inc., Romeoville, IL,
USA) starting from optical lithography for defining the
shape of the membranes. This step is followed by an etch
step, which removes the support layers [11]. An optical
micrograph of the 400 x 400 ym?® freestanding, 100-nm-
thin boron-doped (p-type) diamond nanomembrane used
in this study is displayed in the inset of Fig. 1(b). The
buckling pattern [13,14] in the membrane is generated
when the compressive residual stress is released [15,16]
during etching out of the substrate layers within the defined
square window [11].

III. ELECTROMECHANICAL
CHARACTERIZATION OF NANOMEMBRANES

Before employing the nanomembrane for detection,
we validate the applicability of the doped freestanding
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diamond nanomembranes as field emitters. We perform a
set of measurements in vacuum using the experimental
configuration shown in Fig. 2(a): the electric field is
ramped between the diamond nanomembrane and the
extraction gate by applying voltages to the membrane
(Vpwm) and the extraction gate (V). Increasing the electric
field reduces the energy barrier for electrons inside the
diamond membrane, making it easier for electrons to tunnel
out [8,17,18]. The extraction grid funnels the electrons
finally to the anode. In Fig. 2(b), the /-V characteristic of
the 100-nm-thin nanomembrane is given by red filled
circles as a function of the voltage applied between the
diamond membrane and extraction gate, voltage applied
between the diamond membrane and extraction gate (V gyp)-

In order to model the electron field emission analytically
in this particular system, the mechanical and electrical
behavior of the freestanding diamond nanomembrane
need to be considered [4]. Effectively, the nanomembrane
deforms due to the electromechanical pressure exerted
by applying Vgy [11]. Hence, the electric field strength
between the membrane and the extraction gate is altered.
The discrepancy in the intermediate voltage range can be
explained with thermionic emission [19] and Schottky
emission [17,20] as shown in the inset of Fig. 2(b). The

FIG. 1. The principle of operation
of the diamond nanomembrane de-
tector: (a) schematic of a MALDI
TOF mass spectrometer. Proteins are

desorbed and ionized by MALDI,
followed by a time-of-flight separa-
tion of proteins of different mass.

(b) Sketch of the detector configura-
tion and operation principle. The
detector consists of a freestanding

Time-of-flight tube

(b)

Anode

MCPs

Diamond nanomembrane

diamond nanomembrane (receiving
the kinetic energy of the impacting

sl proteins), an extraction gate, MCP,

and an anode. The electric field

between the diamond nanomembrane

Oscilloscope and the extraction gate allows en-

hanced electron field emission by
Intensity reducing the energy barrier that elec-
D) trons from inside the membrane have
Time to overcome. The MCP amplifies the
e number of electrons that pass through
the extraction gate and arrive at the
MCP. This flux of electrons is col-
lected in the anode, and the signal is
traced on the oscilloscope in the time
domain. The inset shows an optical
microscope image of the 400 x
400 ym? freestanding 100-nm-thick
p-type diamond nanomembrane used
for this study. The buckling patterns
in the membrane are generated when
the compressive residual stress is
released during processing.
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FIG. 2. Measurements with the diamond nanomembrane detector: (a) the schematic setup of the experimental configuration for field
emission at room temperature. (b) Obtained data and analytical fits for field emission: the I-V curve of the measurement is given by the
red filled circles, while the theoretical fit is shown as a black line. Inset: Log-scale current analysis of the three distinct mechanisms of
thermionic emission (THc), Schottky emission (Sc), and Fowler-Nordheim tunneling (FNc) and comparing this to the measurement
(Mc) in the intermediate voltage range. (c) and (d) show MALDI TOF mass spectra of insulin (5735 Da) and cytochrome ¢ (12 365 Da),
respectively. Insets in (c) and (d): The magnified view of the recorded peaks of insulin and cytochrome c, respectively. The shape of the
peaks reveal a sharp onset due to quasidiffusive transport of phonons in the out-of-plane direction (normal to the surface of the
membrane) and an exponential decay by the lateral heat diffusion along in-plane direction (across the membrane) as shown in a red
dashed line. The rise and decay time constants for insulin are 76.44 and 275.06 ns, respectively, while the peak of cytochrome ¢ shows
73.36 and 265.09 ns. The peaks are very similar for both proteins since the protein concentrations, initial accelerating voltages, and, of
course, the detecting nanomembranes are the same. The mass resolution (m/Am) increases rather with increasing molecular mass. The
mass resolution (m/Am) obtained for insulin and cytochrome c is approximately 350 and approximately 480, respectively.

total emission consists of three distinct regions: the first one
is at zero or at very small fields where thermionic emission
acts over a barrier; the second one is the intermediate
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region of Schottky emission where the field is too low to
cause Fowler-Nordheim (FN) tunneling [17,21-23], but
it modifies the thermionic emission which works for
fields up to around 107 V/m [17,20,24,25] (exactly the
transition region in the curve); the final one is the region
where FN tunneling takes over completely with fields
above 107 V/m.

The FN equation [17] has been widely used to analyze field
emission from diamond surfaces [26]. Chen et al.[24] devel-
oped a specific theoretical model for field emission from
p-type diamond surfaces based on the theory of Stratton [27].
Following this model, the total field emission current density
from a freestanding boron-doped diamond nanomembrane
can be modeled by [24,25]

g

(1)

where J. and J,, are the emission current densities from the
conduction band and the valence band, respectively, y is the
electron affinity, £, is the energy gap, and 6 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, #(y) is another tabulated function closely
related to »(y) [28], and s(Vgy) is obtained from the
Supplemental Material [11] Eq. (S8).

Then, the total emission current from the freestanding
diamond nanomembrane is proportional to the effective
area of the surface and is given by [ = A < J. The
analytical plot of the total emission current from the
400 x 400 ym? freestanding 100-nm-thin diamond nano-
membrane is depicted as a black line in Fig. 2(b).

Electron emission in the intermediate voltage range can
be modeled as a combination of three emission mecha-
nisms including thermionic emission, Schottky emission,
and FN tunneling. Thermionic emission [19] acts 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. The thermionic current is given by a
well-known expression

Jrac = leze(fg)/(k”T), (3)

where k; is the Richardson constant defined previously
in Eq. (10).

Then, as the applied electric field increases, in the
intermediate regime between thermionic emission and
Fowler-Nordheim tunneling, a combination of the two
effects occurs due to barrier lowering by the applied field.
This intermediate region is where Schottky emission [20]
plays a role in 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:

Jso = kT2e 110~ (Fé? [aneo))/[ksT]} (4)

In this expression, we can see how the applied electric
field F defined previously in Eq. (10) reduces the height
of the barrier € at the surface. Finally, FN tunneling [17]
takes over completely and dominates electron emission at
fields above 107 V/m, which, in our setup, occurs when the
applied voltage exceeds 1500 V. FN tunneling is then
modeled by the modified expression given previously in
Eq. (1). 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. 5(b). When combined together,
Egs. (1), (3), and (4) give a complete and accurate account
of field emission from the nanomembrane. The resulting fit
[a black dashed line in the inset of Fig. 2(b)] combining
these three components matches the measurement data
well. This exactly explains the mechanisms of field
emission through the freestanding diamond membrane
under applied electric fields.

IV. PROTEIN MEASUREMENTS WITH
DIAMOND NANOMEMBRANES

In the next step, we use the following proteins for testing
the diamond nanomembrane as a detector for MALDI TOF:
insulin with mass of 5735 Da, cytochrome c at 12 365 Da,
apomyoglobin at 16952 Da, aldolase at 39212 Da, and
finally, albumin at 66430 Da. As a matrix solution, we
make use of standard sinapinic acid with mass of 224 Da
(Sigma Aldrich, USA) [11]. For the measurement, we set
the accelerating voltage of the ion source to a standard of
25 kV and Vgy, the voltage difference between the
diamond nanomembrane and the extraction gate to
2.3 kV. This value is based on the previously measured
field emission characteristics, as shown in Fig. 2(b).

In order to demonstrate the performance of the diamond
nanomembranes as mass spectrometers, we present the
detection of insulin and cytochrome ¢ with the data sets
shown in Figs. 2(c) and 2(d). The mass resolution obtained
for insulin and cytochrome c is m/Am ~ 350 and ~438,
respectively. The peak width Am is defined by the standard
full width at half maximum for a given mass (m). These
resolutions are even better than those obtained from
(1) Al/Si3Ny/Al [4,7], where mass resolution for insulin
is approximately 100 m/dm and cytochrome c is approx-
imately 125 m/dm, (ii) a Si-nanomembrane detector [8],
where mass resolution for insulin is approximately
50 m/dm and cytochrome c is approximately 75 m/dm,
and (iii) standard micro channel plate (MCP) detectors
(as obtained in our MALDI TOF unit for comparison) at a
given mass range. This resolution indicates the improved
performance of diamond nanomembranes. Figures 2(c) and
2(d) are the magnified views of the peak at the time-of-
flight axis for insulin and cytochrome c, respectively. The
peaks represent the sharp onset and the exponential decay
as shown in a red dashed line. The rise and decay time
constant at the peak are 76.44 and 275.06 ns, respectively,
for insulin. The peak for cytochrome ¢ shows 73.36 and
265.09 ns as the rise time and the decay time constant,
respectively. The amplitudes of the peaks, rise times, and
decay time constants in comparison are very similar for
both proteins, since we dial in the same conditions such as
concentration of proteins, initial accelerating high-dc volt-
ages, and the dimension of the nanomembrane. In particu-
lar, the mass resolution (m/Am) increases rather than
decreases [29] for increased molecular masses, owing to
the time resolution being similar for all masses. The
response time defined with the rise and decay time
constants of the peak at the time-of-flight axis results from
thermal dissipation mechanisms within the membrane.

During the detection process, the nanomembrane is
struck by the accelerated proteins from the MALDI TOF
unit, as depicted in Fig. 1: the proteins deposit their kinetic
energy onto the membrane where this energy is absorbed
(thermalized), causing a heating effect. The thermodynam-
ics of the detection process control the observed field
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emission current of electrons, which is measured by the
detector anode, after being accelerated by the extraction
gate and amplified by the MCP. Inside the membrane, the
thermal energy deposited on the backside by the proteins is
described as Q;, in Fig. 3(a), followed by a rapid transport
of that thermal energy by lattice vibrations or phonons
carrying the thermal energy across the membrane [8]. Since
the phonon velocity in diamond is extremely high (approx-
imately 17500 m/s) and the membrane thickness is
smaller than the mean free path of phonons, 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 observed in response to the
MALDI TOF measurement. Following the fast transit time
of quasiballistic phonons [30,31] 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 [19] thermally driven (thermionic)
emission and gate-driven tunneling (field emission) effect,
as shown by the peak in the field emission current density J
in Fig. 3(a) and a corresponding peak in the membrane
temperature Ty in Fig. 3(b).

The electron current is driven by both the elevated
temperature caused by heating the membrane combined
with the field emission produced by the applied external
field. The combination of thermionic emission and field
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the tail of the field emission
peak, when the peak temper-
ature drops below 800 K.
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emission is given by Egs. (9), (12), and (13), where the
presence of the ~T2¢~(?/KT) term implies a strong depend-
ence of the electron current on temperature. The membrane
is, therefore, a highly sensitive thermometer, producing a
large tunneling current increase in response to the heating
effect by the impacting proteins. As electrons leave the
membrane via tunneling, they remove energy from the
membrane, causing a cooling effect [32], which is captured
as O,y in Fig. 3(b). The total energy removed by the field
emission process is Qu((T) = EJ(T, F)/e, where e is the
electron charge, E is the electron energy, and J(7', F) is the
temperature- and field-dependent total electron field emis-
sion current density given by Egs. (9), (12), and (13).

In addition to heat crossing the membrane laterally and
being removed by electrons tunneling out of the membrane
(Qou), heat also diffuses laterally through the suspended
membrane until it reaches the edges where the membrane is
supported. We model the ballistic diffusive transport of
phonons in the nanomembrane by decomposing the prob-
lem into the normal (ballistic) and lateral (diffusive)
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 A. The details of
our model are given in the Supplemental Material [11] and
are based on our previous work on silicon nanomembranes
[8]. The resulting lateral thermal conductivity value is
12 W/(mK) at room temperature, in agreement with
experimental data on nanocrystalline diamond films [33].
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The low value relative to single-crystalline diamond is
caused by the reduction of the phonon mean free path due
to scattering at the grain boundaries [34].

The results of the numerical simulation, in particular, the
electron current depicted in Fig. 3(a), match the shape, rise
time of approximately 75 ns, and fall time of approximately
275 ns exhibited in the measured waveforms [shown in
Figs. 2(c) and 2(d)] and show that the rise time is
determined mainly by the heating process of the impacting
proteins. The deposited kinetic energy heats the nano-
membrane until it reaches a point where electron field
emission increases and begins to cool the membrane, as
evidenced by the delay between Q;, and Q,, in Figs. 3(a)
and 3(b). Consequently, the rise time of approximately
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 decay time is limited by the slow lateral
heat diffusion, as can be seen in the change of the peak
temperature T, [see Figs. 3(b)-3(d)]. The heat loss
(cooling) Q. via the thermionic emission of electrons
is rapidly quenched due to its superexponential dependence
on temperature (approximately T2e¢~(*1)) given by
Egs. (9), (12), and (13). This strong temperature depend-
ence of both J and Q,, explains the rapid initial drop in
the electron tunneling current immediately following the
impact of the proteins. What remains after J and Q,
[around 1 us in Figs. 3(a) and 3(b)] is a slower process of
heat diffusion in the lateral direction and a radiative heat
loss to the environment.

V. DISCUSSION

Based on the simulations, we conclude that the combi-
nation of the large aspect ratio, small grain structure [33,34]
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. The main advantage of
the diamond nanomembrane as compared to silicon is its
enhanced thermal conductivity. As we find in analyzing the
DOI material, the diamond itself consists of nanocrystalline
particles in a polycrystalline matrix. These particles of
about 50 nm diameter have a shape similar to rice grains
and are aligned with their long axis perpendicular to the
nanomembranes. Hence, heat transport in diamond nano-
membranes is quite enhanced. However, the drawback is
their mechanical fragility as compared to silicon and,
especially, silicon nitride membranes.

In summary, we successfully demonstrate fabrication
of ultrathin CVD diamond nanomembranes with extremely
large cross sections, followed by analysis of residual stress.
We then investigate the field emission characteristics of
doped freestanding diamond nanomembranes. The analyti-
cal description of field emission provides a detailed
explanation of the dominating field emission mechanisms.
We finally employ the nanomembranes in a commercial

MALDI TOF mass spectrometer detecting various large
proteins. The obtained data and theoretical analysis show a
strongly improved sensitivity in terms of fast response time.
This advanced response stems from the special thermo-
mechanical characteristics of nanocrystalline CVD-grown
diamond nanomembranes. This result offers the use of
ultrathin doped-nanocrystalline diamond as an outstanding
material for protein detection at high mass.
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