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Toward All-Carbon Electronics Buried in Diamond

Calum S. Henderson,* Patrick S. Salter, Emil T. Jonasson, and Richard B. Jackman

This work investigates the use of femtosecond laser processing to fabricate
various nanocarbon structures with distinct electrical behaviors within
diamond substrates. Conventional approaches for achieving diamond doping
have significant disadvantages, including challenging growth profiles, limited
environmental stability, and sub-optimal psuedo-vertical structures. Here, it is
demonstrated that laser-written nanocarbon networks (NCNs) directly
alleviate these issues, demonstrating the highly repeatable fabrication of
robust and precise electrical architectures buried in diamond with proven
stability over repeated temperature and voltage cycling. By varying the laser
pulse repetition rate (PRR), a transition from Ohmic conductive to
semiconductive/ambipolar behavior is achieved in the modified diamond.
Furthermore, a proof-of-concept, all-carbon transistor architecture buried
within the bulk diamond is presented, showcasing the potential for integrated

compared to conventional materials.[?]

Among UWBG materials, such as gal-
lium oxide and aluminum nitride, the re-
markable properties of diamond make it
stand out as the ideal material for ex-
treme environment or high-power ap-
plications. Its resilience to environmen-
tal factors such as radiation or corro-
sives, coupled with its impressive elec-
tronic properties, are key to producing
efficient, dependable, and long-lasting
electronics.3-]

However, diamond’s remarkable prop-
erties have historically been difficult
to harness due to challenges in sub-
strate synthesis and processing. Growth

device fabrication using the laser-writing process.

1. Introduction

Ultra wide-bandgap (UWBG) semiconductors are increasingly
recognized as critically important materials for future electronic
device engineering. They promise vastly improved device perfor-
mance due to their high breakdown voltages and potentially low
ON-resistances, as evidenced by their superior figures of merit

C. S. Henderson

London Centre for Nanotechnology
University College London (UCL)

17-19 Gordon Street, London WC1H 0AH, UK
E-mail: calum.henderson.19@ucl.ac.uk

P.S. Salter
Department of Engineering Science
University of Oxford

Oxford OX13P), UK

E.T.Jonasson

Remote Applications in Challenging Environments (RACE)
UK Atomic Energy Authority (UKAEA)

Culham Campus, Abingdon OX14 3DB, UK

R.B.)ackman

London Centre for Nanotechnology and the Department of Electronic and
Electrical Engineering

University College London (UCL)

17-19 Gordon Street, London WC1H 0AH, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202500267
© 2025 The Author(s). Advanced Electronic Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/aelm.202500267

Adv. Electron. Mater. 2025, e00267 €00267 (1 Of10)

of commercially viable wafers, achiev-

ing reliable metal adhesion, and precise

substrate patterning have been signifi-

cant obstacles.l’! Recent advancements
in plasma-enhanced chemical vapor deposition (CVD) tech-
niques, doping control, substrate etching and interface manage-
ment are gradually overcoming these challenges, bringing the
widespread uptake of diamond electronics closer to reality.”! In-
deed, as each generation of diamond-based device improves upon
the last, real-world applications have been identified. Diamond
radiation detectors, for instance, are now operational in nuclear
facilities worldwide.®! Schottky diode structures with a current
density, breakdown field, and rectification ratio of greater than
10®> Acm™2, 7.7 MVem™!, and 10!, respectively, are now achiev-
able, opening new avenues in power electronics.’! Additionally,
ever more complex and capable diamond transistors are being
developed, utilizing both so-called surface transfer doping and
conventional substitutional doping techniques.!*‘]

Substitutional doping, as is used in conventional silicon elec-
tronics can realize both n-type (nitrogen- or phosphorous-doped)
and p-type (boron-doped) layers, and a range of devices have
been successfully fabricated using this approach. However, these
dopant atoms only offer very deep donor and acceptor states, giv-
ing activation energies of 1.7, 0.57, and 0.37 eV for nitrogen,
phosphorous, and boron, respectively.''"1*] As a result, these de-
vices are generally more suited to high-temperature operation,
as current densities remain poor for room-temperature applica-
tions. Furthermore, due to ion migration during the high temper-
ature diamond CVD process, the growth of discrete doped layers
with sharp interfaces is challenging, further reducing the useful-
ness of this technology.

Hydrogen surface termination of the diamond crystal results
in the formation of a p-type surface and is comparatively sim-
ple to achieve via hydrogen plasma treatment. Many research
groups have reported hydrogen terminated devices with high
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Figure 1. a) IV characteristics for the PRR-1k devices, showing a perfectly Ohmic voltage response with a resistance of 76(+ 8) kQ, and b) gives the
Arrhenius plot for the PRR-1k device, providing an activation energy of 4.9(+0.2) meV. A single RC parallel circuit was used to fit the impedance spectra
in order to find the system’s resistance. The 95% confidence interval is shown as the shaded area. c) Alternative internal structure models for the
conductive graphitic pathways within the NCN columns. The two primary models considered were (left) a solid graphitic cylinder akin to a traditional
metallic conducting wire, and (right) a series of 75 nm thick sheets 35.4° off-axis, as has been observed in electron microscopy studies of laser-written

material processed using the same parameters.

current densities, including FETs and Schottky diodes.!'*1*] Pre-
viously, a significant drawback was that doping using a bare hy-
drogen terminated surface is somewhat transient, suffering from
poor stability and a dependence on the local gaseous environ-
ment. This issue is addressed by the addition of a metal-oxide
passivation layer over the hydrogen terminated surface, resulting
in improved longevity and chemical & thermal stability.['®17] In
terms of the ultimate stability required for extreme environments
and/or high-power applications, here an entirely new approach
is proposed. This paper proposes the use of laser-fabricated, 3-D
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nanocarbon-network (NCN) structures embedded within the dia-
mond substrate for use as the active regions of electronic devices.

By employing femtosecond laser-processing of diamond, elec-
trically conductive architectures can be formed by the localized
breakdown of the sp® material, without disrupting the surround-
ing crystal.(1#1%] While the breakdown of the diamond lattice
into other carbon allotropes can be driven by thermal effects us-
ing laser pulses longer than diamond’s electron—phonon relax-
ation time (approx. 1 ps), this often leads to larger, less-confined
cracks throughout the substrate, severely compromising the
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Figure 2. a) IV characteristics for the PRR-TM device type, displaying the high resistance (1.90 & 0.01 TQ) compared to the other NCN devices tested.
b) The Arrhenius plot for the PRR-TM device type, with a calculated E, of 540 + 20 meV.

diamond’s physical properties.?®2!l In contrast, femtosecond

laser processing avoids heat dispersion, instead causing electrons
to briefly ionize and cleave the C—C bonds. This allows a vari-
ety of allotropes, including graphite and amorphous carbon, to
form upon relaxation.['¥1%22] This mechanism results in highly
confined features within the diamond, enabling the fabrication
of electrically active 3-D architectures within the bulk material
without disrupting the surrounding crystal.

The specific carbon allotropes produced within the diamond,
and thus the resulting NCN’s electrical properties, are entirely
dependent on the applied laser parameters. While power den-
sity is a primary factor, the precise relationship between laser
input and material outcome is not always straightforward. For
instance, Kuriakose et al. reported that longer pulse lengths gen-
erally produced more conductive tracks, suggesting that more
graphite is formed at lower peak power densities, while also iden-
tifying a ‘sweet spot’ for pulse energy that resulted in minimal
resistivity.[}] In femtosecond laser processing, the pulse repeti-
tion rate (PRR) also has a pronounced impact on the effective
power density delivered to the focal volume. This study specifi-
cally investigates the profound impact of PRR on NCN electrical
properties, probing the role of the previously identified diaphite’
phase, with its reported ambipolar characteristics, in tuning the
electrical response.[242°]

Further detail on the formation of these NCN structures is
given in the extensive review by Ashikkalieva et al., and these
structures have already found use in diamond-based radiation
detectors.[?68] However, in many studies to date, diamond’s high
refractive index (n = 2.42) causes the laser spot to ‘de-focus’, re-
stricting the use of laser-processing to surface restructuring or
vertical, 1-D wires’ running through the diamond.**-3! Fully 3-
D buried architectures can be achieved by using adaptive optics
to compensate for spherical aberration induced at the diamond
interface, allowing for more complex structures and expanding
the applications of this technique.*?]

In this work, it is demonstrated that the properties of individ-
ual NCNs can be tuned by altering the laser parameters, notably
the PRR. This allows for the formation of both conductive and ap-
parently semiconductive material using a single fabrication pro-
cess. Furthermore, laser processing conditions which create an
NCN variant that displays ambipolar characteristics are reported.
This behavior was briefly discussed in the authors’ previous work
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exploring the NCNs’ atomic structure, with the electrical charac-
teristics and applications of this material more fully investigated
here.33] This opens the door for more complex, transistor-like ar-
chitectures. Such a device is also presented, where the entire ac-
tive portion of the transistor encapsulated within the diamond
substrate. The success of this pilot device shows promise for
the future development of a complete suite of robust, all-carbon
electronics.

2. Results and Discussion

2.1. Results

The first NCN devices tested were isolated vertical columns
through the substrate fabricated with a laser PRR of 1 kHz,
termed PRR-1k, to allow comparison to the results reported in
Sun et al.??] These devices displayed good Ohmic conductivity,
as shown in Figure 1a, with an average resistance of 76(+ 8) kQ.
The diameter of the columns inside the diamond was measured
optically to be 2 um, giving a calculated resistivity of the mate-
rial as 1.4 X 10~* Qm, two orders of magnitude higher than the
resistivity of pure crystalline graphite, 3 — 60 X 10~ Qm.[*]

However, an SEM study of similar laser-written material by
Ashikkalieva et al. has shown that the true structure of the laser-
written tracks is not a continuous graphitic cylinder, but in fact
an overlapping series of graphitic sheets roughly 75 nm thick,
formed along the fractured (111) diamond planes at 35.4° to the
laser axis.[?!l This internal structure is further supported by the
findings of a TEM study of the PRR-1k material.?3] Using this
model for the conductive channel, as shown in Figure 1c, the re-
sistivity is calculated as 1.3 x 107> Qm, in much better agreement
to the value for crystalline graphite and providing confidence that
this device (PRR-1k) is simply a continuous graphitic channel, al-
beit with a complex internal structure. Figure 1b shows the Ar-
rhenius plot for the PRR-1k device type, obtained via impedance
spectroscopy (IS) showing a very shallow gradient resulting in a
thermal activation energy of 4.9(+0.2) meV, consistent with the
graphitic, semi-metallic conduction observed.

Devices based on initial laser-written tracks using a 1 MHz
laser pulse repetition rate at the same pulse energy, in this case
the PRR-1M (a single pass track ata PRR of 1 MHz), gave incredi-
bly high resistances (>1 TQ); very different to those based on the
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Figure 3. a) |-V characteristics for the PRR-1kTM devices, showing an asymmetric voltage response. The shaded portion represents the standard error
across the seven devices tested. b) The rectification ratio of the PRR-1k1M diode against voltage, showing peak rectification around 90 V.

PRR-1k NCNs mentioned above. This result was initially unex-
pected, as the expectation was the 1000 x higher incident power,
in terms of a photon-pulse arrival rate, would result in more sp?
formation and hence an even more conductive track. As an exam-
ple, Figure 2a shows the IV characteristics for the PRR-1M device
type, giving the high resistance of 1.90 + 0.01 TQ. Nevertheless,
Figure 2b shows that the PRR-1M material exhibits an entirely
different IS behavior to the PRR-1k columns, with a measurable
E, of 0.54 + 0.02 eV, hinting at a semiconductive nature. This
value is not too dissimilar to that of conventionally doped semi-
conducting diamond.["-13]

It has been shown previously that repeated exposures of the
same diamond volume can continue to modify the material, gen-
erally resulting in an increased conductivity.??! However, over-
writing an existing NCN with a different set of laser conditions
opens up a whole new parameter space, and could have poten-
tially drastic effects on NCN behavior. Most intriguingly, the PRR-
1k1M devices, which are fabricated by fully overwriting an exist-
ing PRR-1k NCN channel with a PRR of 1 MHz, exhibited an
entirely different IV response. In this case the current—voltage
response was clearly asymmetric, i.e., diode-like. This pseudo-
rectification is reminiscent of ambipolar systems, and was not
present in either of the single write conditions, showing that
this overwrite has successfully produced an altogether different
NCN composition. The average current—voltage characteristics
of the seven devices, fabricated on two different substrates, are
shown in Figure 3. The ratio of forward/reverse currents reached
2500(+500), and the best performing device showed a ratio of
over 5500. The peak current measured through the devices was
0.4 mA, giving an ON resistance of 500 kQ with no breakdown
observed up to +200 V. This resistance gives a resistivity of 9.2 x
1073 Qm or 8.6 x 10~ Qm using the same models for the con-
ductive NCN pathway as the PRR-1k device, shown in Figure 1c.
Reversing the overwrite order to give PRR-1M1k columns, with
an initial 1 MHz channel followed by a 1 kHz exposure, produced
no change from the PRR-1M channels, and also resulted in resis-
tances of >1 TQ.

In order to stress test this pseudo-diode, the bias applied to
the laser-side contact was continuously swept from —200 to 200
V and back again over 120 times. Figure 4 shows the evolution
of the voltage response during the testing. The peak forward cur-
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rent shows an initial drop from 260 pA to 170 pA over the course
of the first 40 sweeps, after which it remains stable. The peak
reverse current drops similarly, falling from 5.4 A to 1.0 uA be-
fore stabilizing. Interestingly, the reverse current between —100
and 0 V opposes this trend, increasing over the course of the
sweeps before plateauing around 3.2 nA, while still remaining
low enough to maintain a high rectification ratio exceeding three
orders of magnitude.

The PRR-1k1M devices were then also studied using IS. The
impedance magnitude response at 0 V DC bias, and the cor-
responding Arrhenius plot, are given in Figure 5a,b, respec-
tively. Despite the completely different IV behavior, the cal-
culated E, for the diodes is surprisingly similar to the insu-
lating PRR-1IM columns at 0.58 + 0.02 eV. Applying a DC
bias on top of the AC probe signal during the IS mea-
surements allowed for the investigation of the NCN’s E, in

1E-4
1E-6 -
<
5
£ 1E-8
>
O
1E-10 A
1E-12 T ;
-200 -100 0 100 200
Voltage (V)

Figure 4. Stress test measurements on a PRR-1k1M diode over the course
of 120 voltage sweeps. The legend provides the measurement number. The
currents at 200 V show minimal variation after the first 40 runs, while
the reverse current between —100 V and 0 V increases over the course of
the measurements, although still revealing greater than three orders of
magnitude rectification ratio at a voltage of some 100 V.
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Figure 5. a) Bode plot of a PRR-1kT1M device, showing decreasing impedance magnitude with increasing temperature. b) The PRR-1k1M Arrhenius plot
for a single RC parallel circuit fit to the impedance spectroscopy data, with an applied linear fit in red. The 95% confidence interval is shown as the
grey highlight. c) The calculated activation energy values for PRR-1k1M devices plotted against the DC bias applied during impedance spectroscopy

measurements.

various different conductive regimes, with the corresponding
data shown in Figure 5c. Interestingly, the peak activation en-
ergy value, and with it peak device resistance, was observed at
—10 V, decreasing with both higher and lower applied biases.
There is also a notable drop-off in activation energy when the
bias changes from +15 to +20 V, with semi-metallic behavior
displayed above +30 V (E, = 17 + 3 meV).

To further explore the applications of this apparently ambipo-
lar material, a field effect transistor (FET) architecture was de-
vised and tested. A schematic of the device design is shown in
Figure 6, made up of a cage-like gate structure written using
the PRR-1k characteristics, separated by 5 ym of intrinsic dia-
mond from a central column, which acts as the FET channel. This
column was written similarly to the PRR-1k1M pseudo-diodes,
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but only the middle third of the PRR-1k structure was overwrit-
ten, with the hope that this would reduce the ON-resistance of
the device. This proved successful, with a forward resistance of
7.9 MQ. However, these structures underwent an irreversible
breakdown at applied biases greater than roughly 25 V, with
most devices subsequently becoming fully Ohmic and losing
all semiconductor-like properties (Figure S1, Supporting Infor-
mation). Nevertheless, the increase in conductivity of the cen-
tral channel allowed for the testing of the functionality of the
FET. Figure 7a shows the output characteristics of the FET for
gate voltages between 20 and -20 V; whilst far from ideal tran-
sistor characteristics, clear modulation of the channel current
is apparent. The maximum current density (J,,) ranges from
Tutax(vg=20v) = 23.8 HAUM™? 10 [y (v —a0v) = 52.5 pApm 2.
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Figure 6. a) A schematic of the FET architecture. The central column comprises of a conductive track (black) laser written using air-based optics and a
PRR of 1 kHz, followed by a partial overwrite (red) with the PRR set to 1 MHz to create a semiconducting channel roughly 100 um long. The cage-like
gate structure (blue) was then laser written using oil immersion optics and a PRR of 1 kHz, with a diamond layer no thinner than 5 um between the two
NCNSs. The source, gate and drain contacts are labelled. Also shown are optical microscope images focused on the surface of the substrate (b) and the

top of the internal gate structure (c). Both scale bars represent 50 um.

The maximum measured transconductance (g,,) was 39.0(1)
nS, found from the gradient of the plot shown in Figure 7b. While
this value is low when compared to traditional silicon-based FETSs,
which typically exhibit values ranging from 10 to 500 mS, the au-
thors emphasize the proof-of-concept nature of this device. There
is also non-negligible leakage for both the V; = -20V and V. =
+20 V scans, but the gate current never exceeds 50% of the drain
current even in the worst case (Figure 7c). Despite the relatively
poor overall performance, the devices show the potential of this
potentially paradigm-shifting approach to diamond electronics.

2.2. Discussion

These NCN-based devices represent fundamental steps toward
an all-carbon suite of robust devices fabricated from diamond.
This lower PRR material appears to have a higher sp? character
than the other device types, resulting in its drastically increased
conductivity when compared to the PRR-1M or PRR-1k1M de-
vices. This is also supported by Raman spectroscopy, which was
performed on the surface features of the three main NCN vari-
ants (PRR-1k, PRR-1M, and PRR-1k1M) in an attempt to explain
the differences in their electronic behavior. The resulting spectra,
as shown in Figure S2 (Supporting Information), indicate that the
laser-written material remains largely sp® in character across all
three devices, with slightly more sp? carbon formed in the PRR-1k
writes than the others. This somewhat explains the considerably
higher conductivity of the PRR-1k columns, but it must be noted
that these measurements only provide information on the region
where the NCN breaches the surface of the diamond substrate,
and cannot inform information on the structure of the buried
regions.
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It should be noted, however, that the Raman data only pro-
vides information about the region where the NCNs breach the
surface, and cannot give any indication as to the structure of the
NCNs within the diamond bulk. The simple Ohmic conductivity
of the PRR-1k NCNs will constitute one of the most basic and
essential building blocks in future integrated carbon electron-
ics. These structures are already providing measurable improve-
ments in the performance of radiation detectors, combining the
sensitivity of thin active regions with the stability and support
of thick diamond substrates.[*>3¢] Metallic surface connections,
which are so often points-of-failure in high-power devices, can
be replaced by sub-surface graphitic channels, protected from the
external environment and electrically insulated by the encapsu-
lating diamond. Improvements to device breakdown voltage, a
characteristic in which diamond electronics already excels, are
also possible by allowing for increased distance between surface
contacts while maintaining short active channels. Additionally,
doped epilayers on diamond could be back-contacted, enabling
true vertical device design and avoiding complex patterned etch
technology or growth processes.[37381

The material produced by the PRR-IM conditions is alto-
gether different, with its high resistivity and comparably large
E,. These measurements suggest that there is little-to-no contin-
uous graphitic nature to these NCNs. Under these higher power
conditions, it is likely that a partial conversion of any graphitic-
like material back to the diamond phase may occur, along with
substantial crystal damage through the introduction of threading
dislocations. In such a case the lack of any continuous coherent
sp* phase would explain the highly resistive nature of the “wires”
despite the optical appearance of a continuous structure. The ref-
ormation of sp* carbon is further supported by the Raman spectra
acquired for the three main NCN types studied, where the lower
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Figure 7. a) The forward operation of the FET for a range of applied gate
voltages, showing clear modulation of the current density as the gate volt-
age is varied. The maximum current density, 1.17 uAum~2, relates to a
maximum current of 3.68 pA. b) shows the modulation of the drain cur-
rent as the gate voltage is varied from 20 to -20 V, giving the maximum
transconductance of the FET as 39.0(1) nS when the drain voltage is held
at-20V, and (c) shows the gate current density of the FET during operation,
showing that, for most of the trialled gate voltages, the leakage current is
never significant.
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Table 1. The laser systems and processing parameters used for the NCN
devices.

Laser System Light Conversion Pharos SpectraPhysics

SP-06-1000-pp Solstice
Medium Yb:KGW Ti:Sapphire
Wavelength (nm) 515 790
Pulse Energy (n]) 120 110
Pulse Width (fs) 170 250
Pulse Repetition Rate (Hz) 1x10%-1x 108 1x 103
NA 0.5 1.4
Scan Speed (um/s) 10 10
Use PRR-1k, PRR-TM, PRR-1k1M 3-dimensional gate
columns structure

FWHM for the PRR-1M and PRR-1k1M NCNs indicate a reduc-
tion in sp? material from that observed in the PRR-1k writes.

Despite this extreme resistivity, the existence of an available ac-
tivation energy, as identified by IS, is potential evidence of a third
phase wholly distinct from entirely sp? or sp* structures. Such a
carbon allotrope has recently been identified, displaying the same
electrical properties as identified here, and is something of an ex-
tended diamond-graphite interface with properties distinct from
either bulk material.I?>] This ‘diaphite’ phase, sometimes termed
‘gradia’, has been reported previously with a tuneable bandgap
able to achieve the E, measured in this work, provided the
diaphite crystal structure is under considerable strain.[?*! Consid-
ering this, alongside the findings of the authors’ STEM/TEM in-
vestigation, the encapsulation of this diaphite phase within crys-
talline diamond would appear to provide sufficient strain to push
the structure into its semiconductive regime.[*]

One of the exciting applications of this technology is pre-
sented in the PRR-1k1M devices, which exhibit diode-like asym-
metric -V characteristics. The overwrite with the higher PRR
(1 MHz) introduces a non-continuous property to the sp? chan-
nel observed in the PRR-1k channels, in addition to the previ-
ously identified diaphite phase. With no applied DC bias, these
NCNs show very similar properties to the PRR-1M channels be-
ing highly resistive. However, application of a bias overcomes
the apparent barrier to conduction, with an activation energy
as identified by IS. Thus, these all-carbon devices show that
this apparent bandgap can be tuned by the application of an
external DC bias, with a dependence on the polarity of such a
bias. The behavior exhibited by this device type is again akin
to an ambipolar semiconductor, where the material has more
than one available charge carrier with different mobilities.[*?!
This is not entirely unexpected, with ambipolar behavior iden-
tified in other carbon systems such as graphene and carbon nan-
otubes (CNTs).l**1] Femtosecond laser-processing may well pro-
duce CNT-like structures buried within the diamond, alongside
the previously identified diaphite and graphenic domains. Un-
fortunately, all reported attempts to image NCNs have been lim-
ited to 2-D techniques such as SEM or TEM. Additionally, these
imaging techniques have necessitated the use of milling tech-
niques, which may alter or damage the NCN structure, such
as FIB or mechanical grinding. For now, this leaves the ex-
act 3-D structure of the NCNs up for debate, and imaging this
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accurately will likely require the use of high-energy X-ray or neu-
tron experiments.

A further characteristic of the PRR-1k1M pseudo-diodes,
which must be emphasized is their consistency and reliability. In
general, there was low variability across all laser-written devices
of the same type, and the stress test performed on the PRR-1k1M
channel shows that stability is not an issue with this technology,
as it can be with other approaches to diamond electronics.[®1°]
Testing was limited to +200 V in this study due to available equip-
ment, but future work will endeavor to identify the limits of irre-
versible breakdown for these devices.

The ability to successfully gate a central NCN channel using
a separate buried structure is a major development of this tech-
nology. Ambipolar FETs have been produced previously, in the
aforementioned graphene and CNT systems as well as more ex-
otic interfaces such as that described by Wang et al.[*?] Indeed,
the behavior of these devices is closely mirrored by the laser-
written, NCN-based device described here. While it is undeni-
able that the performance of this FET architecture leaves much
to be desired, such as a true OFF-state and higher transconduc-
tance, this work stands as an exciting step into a new paradigm
of all-carbon electronics. It is expected that the FET performance
could be enhanced through design alterations such as reducing
the gate-channel distance to increase transconductance, or min-
imizing the overwrite length to reduce ON-resistance. Through
continued exploration of the laser parameter space, in addition
to these design optimizations, a functional all-carbon FET device
buried in diamond should be achievable.

It is interesting to note that the enhanced channel conduc-
tion with the application of negative gate voltages implies p-type
characteristics dominate. Density functional theory modelling of
the diaphite allotrope involves an electron transfer from the sp?
carbon to the adjacent sp? phase, playing a role in the forma-
tion of the accessible bandgap exploited in the presented device’s
channell?®]. The p-type behavior observed implies that the trans-
ferred electrons do not play a major role in the conduction mech-
anism. As such, it is supposed that the basis for the semiconduct-
ing nature of the NCN channel is predominantly located on the
diamond-side of the diaphite domains. This hypothesis requires
further investigation with a wider range of structures and tech-
niques before it can be fully understood, but this FET allows for
an initial insight into the behavior of laser-written diaphite in a
real-world setting.

3. Conclusion

This research demonstrates the feasibility of using femto-second
laser-processing to control the electrical properties of buried
material inside diamond substrates, achieving both Ohmic and
semiconductive/ambipolar behaviors. This technique provides a
novel approach to creating electrically active diamond, circum-
venting the limitations of traditional doping. The successful fab-
rication of a buried, all-carbon transistor architecture within bulk
diamond highlights the potential for developing electronic de-
vices suitable for many harsh environment applications. This
work represents a significant step towards realizing robust, all-
carbon electronics. Future studies will focus on optimizing de-
vice performance and exploring applications in specific harsh
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Figure 8. A fabrication process flow for the NCN column devices, show-
ing the PRR-1k, PRR-1M, PRR-1k1M, and PRR-1k1Mp (the partial overwrite
used for the FET channel). The first step was writing an array of PRR = 1
kHz columns into the single crystal diamond substrate, starting from the
seed side (the lower surface) and drawing the laser spot up to the laser side
(top surface). Next, the process was repeated with the PRR = 1 MHz set-
ting, creating or overwriting the relevant columns to produce the studied
devices. This was all performed using the Light Conversion Pharos SP-06-
1000-pp laser, using the parameters outlined in Table 1. Finally, Ti/Pt/Au
contacts were produced by electron-beam evaporation, using photolitho-
graphic methods to form discrete contacts on the laser side.

environments such as high-temperature and high-radiation
conditions.

4. Experimental Section

Substrate Acquisition: The substrates used in this work were 4 X 4 X
0.4 mm electronic grade CVD diamond plates (B < 1 ppb, N < 10 ppb, R,
< 3 nm, Chenguang Machinery Ltd).

Laser-Writing of Internal Structures: The laser-processing of these dia-
mond substrates was performed using two adaptive optical setups, with
the parameters laid out in Table 1. For any vertical channels which spanned
the entire height of the substrates, an Yb:KGW laser (Light Conversion
Pharos SP-06-1000-pp) was used with a central wavelength of 515 nm, a
pulse duration of 170 fs, and a pulse energy of 120 n). The light was focused
through a microscope objective (Zeiss 20x%, 0.5 NA), resulting in a laser
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spot approximately 0.6 um across (x-, y-axis) and 9.8 um deep (z-axis) in-
side the diamond. The laser’s PRR was varied between 1kHz and 1 MHz to
fabricate the NCNs with different electrical behaviors. The diamond sam-
ple was mounted on 3D precision translation stages (Aerotech ABL10100
(xy); ANT95-3-V (2)) and moved downwards at 10 ums™', ‘drawing’ the
NCN from the back surface to the top. Over-writing of previously written
NCNs was also performed, by re-tracing the original stage motion using a
different PRR setting. This process is outlined in Figure 8.

The remaining structures, namely the 3D internal gate for the FET ar-
chitecture, were written using a Ti:sapphire laser (SpectraPhysics Solstice)
with a wavelength of 790 nm, pulse duration of 250 fs and 1kHz repetition
rate focused by a 1.4NA oil-immersion objective lens. This setup was used
with a pulse energy of 110 nJ, and a laser spot size of approximately 0.3
um across and 2 um in the z-axis. This tighter axial confinement allows for
accurate fabrication inside the diamond without requiring seeding of the
diaphite structures from a surface. Hence this setup was favored during
fabrication of the 3-D portions of the FET architecture. The stage speed
remained at 10 ums~".

Substrate Cleaning and Contact Preparation: ~ After the laser-processing,
the substrates were cleaned in a boiling acid solution (H,SO4:(NH,4),SO4
at 200 °C for 20 min) to remove any debris produced by the fabrication and
to allow a clean contact to the surface NCN features.[>] Subsequently, the
substrate underwent an ozone treatment (200 °C, 50 mbar, 1 h) to oxygen
terminate the surface, preventing STD-based conduction and effectively
isolating each device.

Discrete Ohmic contacts (Ti/Pt/Au, 20:5:200 nm thickness, Edwards
A500 Electron Beam Evaporator) were prepared on the top surface of
the substrate using a photolithographic lift-off process (Heidelberg DWL
66+). A common contact on the opposite surface was used to permit ac-
cess to the backside of the NCN channels. To ensure low contact resis-
tance and reliable Ohmic contact, the Ti/Pt/Au contacts were annealed
at 600 °C in vacuum for 1 h.[*4] Microscope images of the laser-written
columns before and after metal contact fabrication are shown in Figure S3
(Supporting Information).

Data Acquisition and Analysis:  Current-Voltage (I-V) measurements
were recorded using a Tektronix Keithley 4200-A SCS and an Evergreen EB-
6 probe station, supplied by Lambda Photometrics Ltd. Impedance spec-
troscopy (IS) measurements were taken using a Solartron 1260 Frequency
Response Analyzer connected to a 1296A Dielectric Interface. Measure-
ments were taken in a custom-built vacuum chamber operated at 1077
mbar. Frequency sweeps from 10 MHz to 100 mHz were performed at a
range of temperatures, as well as a range of applied DC biases. Charge car-
rier activation energies (E,) for each device type studied were found using
the Arrhenius equation, where E, is calculated from the gradient of In(2)
versus 1/T, where Z is the impedance magnitude found by an equivalent
circuit fitting of the impedance spectroscopy data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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