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Hydrogen-terminated diamond is a promising platform for diamond-based high-power-frequency electronics and
radiation-hardened semiconductor devices exhibiting controllable electrical conduction through an accumulated
sub-surface 2D hole-gas layer. The diamond conductivity is highly sensitive to local surface conditions, offering
KPEM new opportunities for device engineering, quantum sensors, and switches, as well as presenting a challenge for
uv device stability. Here we study the impact of focused electron-beam exposure on hydrogen-terminated transfer-
EBIC doped diamond, revealing a reversible loss of local conductivity. Using Kelvin probe force microscopy (KPFM),
we show that irradiation leads to a local change in surface potential and find that both ultra-violet (UV) light and
ambient exposure can act to restore the conductivity. We propose that the electron beam injects negative sub-
surface charge into deep trap states that electrostatically gate the local hole transport. In some cases, local

electron-stimulated desorption of electron-accepting surface species may also contribute.

1. Introduction

Diamond exhibits attractive properties for high-performance power
and high-frequency electronic devices: high intrinsic carrier mobilities
for both electrons and holes, high thermal conductivity, and superior
mechanical and radiation hardness [1]. The ultra-wide bandgap of
around 5.5 eV makes intrinsic diamond an excellent electrical insulator
with a high breakdown field. However, whilst the material properties of
diamond lead to attractive figures-of-merit for high-power and high-
frequency semiconductor devices, the actual performance achieved is
frustrated by efforts to dope the material. The introduction of boron or
phosphorus as p- and n-type dopants, respectively, suffers from high
activation energies, and impurity-related scattering reduces the charge
carrier mobilities achieved. However, surface transfer doping, e.g. via
diamond surface hydrogenation, has emerged as an attractive alterna-
tive to bulk doping. Hydrogenating the diamond surface: a) induces
negative electron affinity at the surface and b) removes oxygen atoms,
which pin its Fermi level. Consequently, the unpinned Fermi level can be
bent upwards by a variety of adsorbed electron-accepting species

(surface transfer doping) [1-3], or electrostatic gating (accumulation
channel devices) [4-7], resulting in formation of a high mobility 2D
hole-gas (2DHG) below the surface of the diamond. Since initial dem-
onstrations of H-terminated diamond field effect transistors (FETSs),
progress has focused on understanding the mechanisms and engineering
of controllable surface transfer doping using solid-state electron-accep-
tors or dielectrics to enable gate-doping [8,9].

A key challenge for H-terminated diamond (HD) devices is the sta-
bility of the surface transfer doping. This is especially relevant to pro-
posed applications in harsh environments where elevated temperatures
and exposure to ionizing radiation are known to impact the surface
stability and conductivity [10-12]. Additionally, these effects can also
be exploited in device nanofabrication, using thermal processing and
electron-beam (e-beam) lithography to define device structures with
nanoscale resolution or control surface functionalisation [13,14].
Nanoscale imaging, characterization and modification of HD surfaces is
possible with microscopic techniques, such as scanning probe (SPM) and
scanning electron (SEM) microscopies. Several reports published over
the last two decades focused on using both techniques to oxidize and
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image HD surfaces [15-17]. Kelvin probe force microscopy (KPFM), an
SPM technique, was used to measure contact potential difference (CPD)
between the oxygenated and hydrogenated diamond [15,16,18,19].
However, these studies were conducted in ambient conditions and,
therefore, suffered from uncontrolled surface adsorbates, which affected
both measured CPD and surface conductivity. The aim of this study was
to explore the effect of electron-beam exposure on the HD surface using
an in situ, in vacuo combination of scanning electron microscopy (SEM),
KPFM, and electrical measurements in a controllable way. We find that
the e-beam exposure causes a loss of surface conductivity associated
with a temporary local reduction in surface potential (negative charge
injection). Furthermore, we show that ultra-violet (UV) irradiation or
atmospheric exposure results in a recovery of conductivity, indicating
that the disruption of the 2DHG is associated with both local trapping of
charge and desorption of electron-accepting species. Using electron
beam-induced current (EBIC) measurements [20,21] to study this effect,
it is demonstrated that in some conditions, the e-beam induced gating
can be reversed using UV irradiation without atmospheric exposure.
These results and the multimodal method demonstrated are important
for efforts to improve the stability of HD for harsh operating conditions,
and for optimisation of e-beam lithography for HD device fabrication.

2. Methods
2.1. Sample preparation

The sample was a single-crystal chemical vapor deposition (CVD)
grown diamond (3.0 mm x 3.0 mm, thickness 0.25 mm). The specified
boron concentration was <0.05 pmol/mol and nitrogen concentration
< 1 pmol/mol, the top surface was {100} polished with a quoted
roughness, R; < 30 nm. Prior to defining an electrical channel, the
surface of the diamond sample was hydrogenated in a commercial 2.5
kW microwave (2.45 GHz) plasma reactor. The sample was first chem-
ically cleaned via boiling in a mixture of sulfuric and nitric acids (1:1 L/L
ratio) for 30 min. The sample was thoroughly rinsed in DI water, fol-
lowed by ethanol, and N dried before placing it onto a polycrystalline
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diamond wafer in the plasma reactor. In the reactor, the sample was
heated in pure hydrogen plasma (12,000 Pa) to ca. 700 °C to 800 °C by
ramping the plasma forward power, held for ca. 5 min, and then slowly
cooled still under the plasma conditions. After hydrogenation, the
sample was exposed to air, which activates the surface conductivity
through the transfer-doping via the adsorption of ambient species. The
typical sheet resistance of such HD is on the order of 10 kQ per square.
The electrode structure (Fig. 1(a)) with thin electrical channels was
lithographically defined by thermally depositing gold (ohmic) elec-
trodes (80 nm thick) with a pair of gold pads connected by a single gold
strip. Note that when electron lithography was used, care was taken to
avoid e-beam penetration to the bare diamond during the writing pro-
cess. In the centre of the Au strip the width was reduced to around 3 pm.
The rest of the gold was dissolved in 2.5 g:10 g:100 g I»:KI:water solu-
tion. After final photoresist removal and cleaning in isopropanol, the
sample was mounted on the SPM sample holder using silver paste and
attaching thin wires between the gold pads and the contact terminals on
the sample holder. The sample was then subjected to an oxygen plasma
treatment (ca. 30 Pa, 20 W for 10 min) in order to oxidize the bare areas
(Oxygen-terminated diamond, OD) whilst protecting the H-termination
under the gold track. The processes for hydrogen-termination and
oxygen-termination closely match those reported elsewhere in literature
and verified using photoemission spectroscopy [22,23]. The strong
contrast in secondary electron emission and surface potential exhibited
below demonstrate the overall efficacy of these surface treatments.
The oxygen plasma treatment was also used to remove organic res-
idues from the sample and the sample holder in order to prevent them
from re-depositing onto the sample and changing the measured CPD. An
exposed channel of H-terminated diamond was opened using a 0.5 pm
radius tungsten needle on a micromanipulator to peel off a small section
of the gold. The resulting break was roughly 5 pm long and can be seen
in the optical and SEM images in Fig. 1. This step was performed in air
immediately prior to transferring the sample to the SEM load-lock. The
tungsten needle was cleaned by ultrasonication in isopropyl alcohol and
acetone prior to use to minimise contamination of the sample and the
weak adhesion of gold on the diamond surface causes the metal to peel

Fig. 1. (a) Schematic diagram of the sample showing the layout of the Au contacts. (b) An optical micrograph shows the detail of microscopic Au tracks on the
diamond surface. (c) SEM image showing parallel device tracks and the SPM probe chip above the sample; the inset shows an optical image of a break in the Au track
defining the HD device channel. (d) SEM image showing detail of the sample, including the break in the Au track exposing HD surrounded by OD.
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away easily. This method was found to preserve a much cleaner H-
terminated diamond surface than a wet iodide etch of the gold.

The sample for EBIC measurements was prepared using the same
CVD diamond material and techniques, but with a larger (100 pm x 600
pm) HD strip. This allowed for the direct landing of microprobes and
eliminated the need for separate electrical contact pads.

2.2. SEM-KPFM

An instrument combining SEM and SPM in one vacuum chamber was
used for characterization. Pt/Ir-coated SPM tips were used throughout,
with an indicative resonance frequency of 310 kHz. The SPM tip (on its
holder) and tweezers were also cleaned with oxygen plasma prior to
mounting in the SEM, and the SEM chamber itself was plasma cleaned to
minimise carbon contamination on the sample during measurements.

The SEM vacuum level was 7.3 x 107> Pa, and SEM images were
recorded using an In-Lens secondary electron detector, a beam voltage
of 5 kV, a working distance of 10.1 mm, and a 50 pA beam current. E-
beam damage tests were performed using a line-scanning mode. The 50
PA beam current was used throughout, but various beam voltages (2 kV,
5 kV, and 15 kV), exposure times, and scanning line lengths were used.

SEM imaging was used for positioning the SPM probe on the sample.
E-beam exposure was minimised during measurement set-up to avoid
adventitious carbon deposition and to help isolate the e-beam-induced
effects under study. The SPM probe can be seen in the SEM images
presented in Fig. 1. Note that the sample and SPM hardware are tilted at
60° with respect to the SEM beam, and therefore, the perspective of the
SEM images differs from the AFM images.

KPFM was performed using the single-pass mode to record both
topography and contact potential difference (CPD) signals simulta-
neously. The tip oscillation frequency was offset to —70% from the
resonance peak amplitude (around 309 kHz). For the Kelvin probe
signal, a sinusoidal electrical bias with a frequency of 93 kHz and an
amplitude of 3 V was applied to the tip.

SEM images are presented with no additional processing. KPFM data
was post-processed using a custom-written code to correct for distor-
tions arising from scanner imperfections. Polynomial flattening and
scar-removal was applied to topography images, for CPD scar correction
was applied but no flattening [24].

2.3. Electrical measurements

In situ electrical measurements were performed using a computer-
controlled source-meter unit with feedthroughs on the SEM chamber
to connect to the sample.

2.4. UV exposure

A low-pressure mercury lamp was used to expose the sample to UV
light (254 nm main emission line) positioned approximately 1 cm from
the sample to provide a nominal intensity of 5 mW-cm 2 for a duration
of 5 min. This required transferring the sample to an argon-filled glo-
vebox using a vacuum-tight sample transfer shuttle. The glovebox had
<1 ppm of oxygen and water, but the leak rate in the transfer shuttle was
not measured.

2.5. EBIC

EBIC measurements were performed using an SEM with a pair of
micromanipulated electrical probes and a current amplifier to record the
signal. No electrical bias was applied to the current-collecting probe,
and the other probe was grounded. For these experiments, the electron
beam energy was set to 2 kV, and the primary beam current was in the
50 pA to 250 pA range. The above UV source was mounted at the load-
lock of the SEM chamber so the sample could be exposed to UV light
without breaking the vacuum. Note that the mercury lamp also has an
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appreciable intensity at 185 nm that is capable of initiating band-to-
band transitions and corresponding photocurrent in the diamond sam-
ple. For the charge de-trapping EBIC experiments, the irradiated sample
was moved in vacuo to the load-lock and irradiated by UV light for 2 min.
The sample to source distance was 2 mm.

3. Results & discussion

Since the gold etching solution can contaminate the surface, the H-
terminated channel was exposed by locally peeling-off part of the Au-
capped track with a clean needle just prior to loading the sample into
the SEM chamber. The SEM image of Fig. 1(d) clearly shows the broken
Au track with an approximate width of 3 pm. The Au etch process results
in line-edge roughness at this scale, but the pattern of the removed Au is
clearly visible in the secondary electron image since the HD exhibits
strongly enhanced emission compared with the surrounding OD. Bright
secondary electron emission arises from the negative electron affinity
that permits low-energy secondary electrons to escape easily from the
HD surface [25]. Exposure to the e-beam was minimised at this stage,
but some exposure was inevitable to position the AFM probe over the
region of interest.

KPFM measurements on the exposed HD track prior to the e-beam
exposure experiments are presented in Fig. 2(a) and (b). The topography
map shows minimal contrast between the OD and HD regions with a step
height of <1 nm. However, the CPD map shows a strong contrast, with a
mean CPD value of 338 mV + 52 mV for the OD and 580 mV + 32 mV
for the HD (taking the mean and standard deviation of CPD for the
respective areas). This indicates that the work function of the OD is
around 240 mV larger than the work function of the HD, which is
consistent with other reports using KPFM [18,19]. The absolute work
function values cannot be reliably extracted because the work function
of the tip is subject to variation during measurements. We note that
other reports on this work function difference using photoelectron
spectroscopy exhibit larger differences up to 2 eV [26]. Such methods
benefit from ultra-high vacuum conditions to preserve surface cleanli-
ness, whereas the KPFM measurements are highly sensitive to adsorbed
species on both the sample surface and the probe tip. The edges of the
HD region in the CPD map appear less sharply defined than in the
topography map. This may simply arise from the expected lower spatial
resolution of the KPFM measurement, but raises the possibility of
whether it is possible to measure the lateral charge distribution associ-
ated with the junction between the HD and OD regions [27]. To study
the impact of e-beam exposure, the SEM beam was used to irradiate a
line with a nominal length of 5 pm cutting across the full width of the HD
channel using a beam voltage of 5 kV for a duration of 360 s. Based on
the 50 pA beam current, this indicates a dose of 3.6 nC-um~'. The
electrical current through the device was measured during the exposure
by applying a constant bias of 50 mV across the channel. The current-
time measurement is plotted in 2(c) and shows an immediate increase
in current for the duration of the exposure, which can be understood as
electron-beam induced generation of charge pairs [28]. Additionally
there is a gradual reduction in the current during exposure indicating an
increase in channel resistance, which persists beyond the exposure
period and is followed by an ongoing reduction in current over a period
of several minutes. The drop in current from 52 nA to 39 nA after 1000 s
represents a 25% decrease. Reduction in conductivity during exposure
could be rationalised in terms of prior reports as electron-beam-induced
oxidation of the HD surface or of adsorbed electron-accepting species
[25,29]. However, this cannot explain the continued reduction in cur-
rent beyond the end of exposure, which is more consistent with charge-
induced effects [30,31].

Repeating the KPFM measurement immediately after exposure re-
veals no significant change in the topography (Fig. 2(d)), but a clear
linear feature in the CPD (Fig. 2(e)) corresponding with the e-beam
exposure is observed. The full extent of this effect is more clearly
appreciated with a larger area CPD map of the sample shown in Fig. 3(a).
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Fig. 2. (a) Topography and (b) CPD maps for the region of interest e-beam exposure. (c) Current-time measurement with applied bias of 50 mV across the device
channel with the shaded region indicating the 360 s duration of 5 kV e-beam exposure of a 5 pm line across the HD channel. Inset indicates the approximate positions
of the region of interest for the KPFM measurements (white dashed outline) and the linear e-beam exposure (yellow line). Note that this normal-incidence mea-
surement was performed at the end of the experiments and shows reduced secondary electron emission from the HD region (d) Topography, and (e) CPD maps for the
region of interest after e-beam exposure. Missing data from KPFM are masked in black.
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Fig. 3. CPD measurements of the HD region of interest (a) after exposure to the e-beam, and (b) approximately 3 h later. Missing data from KPFM are masked in
black. (c¢) CPD profiles extracted from (a) indicating the local dip in CPD associated with the beam exposure comparing the HD and OD regions. (d) CPD profile
extracted from (b) showing almost complete loss of contrast after 3 h recovery. Note the difference in scale on axes between (c) and (d).

Here, the dark line is seen to extend across the full width of the HD
channel as well as the OD regions on either side. In both cases, the CPD is
locally reduced, but the magnitude of the effects varies, as shown by the
linear profiles plotted in Fig. 3(c). For the OD, the electron-beam
induced reduction in CPD has over double the magnitude compared to
the HD (ca. 680 mV compared with ca. 290 mV). In both cases, the width
of the linear feature is around 300 nm (full-width at half-maximum),
which is clearly much larger than the spatial resolution of the CPD
measurement, indicating the spatial extent of the effect.

The observed reduction in CPD could be explained by three different
effects:

1. e-beam induced carbon deposition,
2. e-beam induced surface oxidation or desorption of surface species,
3. implantation of negative charge under the surface.

Effect 1, carbon deposition, was mitigated by plasma-cleaning of the
chamber, sample, sample holder, and SPM probe holder immediately
prior to the experiment. In addition, deposited amorphous carbon
should have a work function similar to that of OD, and we would
therefore expect a smaller CPD contrast for carbon deposition on OD
than on the HD. However, the opposite is observed in Fig. 3(c).
Furthermore, carbon deposition would be non-reversible, so it is ruled
out by the discussion below.

To discriminate between effects 2 and 3, the sample was kept in the
SEM chamber without beam exposure and the KPFM scan was repeated
roughly 3 h later. The result, presented in Fig. 3(b) shows that the linear
feature is no longer present, though we note that there was no corre-
sponding recovery in the electrical conductivity. The CPD profile
extracted from the region, plotted in Fig. 3(d) shows that any residual
contrast is less than 30 mV on the HD region. If the observed CPD
contrast were associated with a chemical change in the sample surface
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(oxidation of the diamond or desorption of acceptor species) we would
expect it to persist under these conditions [32]. Rather, the transience of
the feature is more consistent with local charging of the surface that
dissipates gradually. In this case, the lower CPD signal associated with
the e-beam exposure is indicative of negative charging of the sample.
This contrasts with the expectation that the high secondary electron
yield of HD leads to positive charging of the surface, but can be
rationalised by the relatively high beam voltage (5 kV), as well as the
fact that the KPFM measurement is performed several minutes after the
e-beam exposure, which could allow surface positive charges to dissi-
pate whereas more deeply trapped negative charges persist
[25,31,33-35]. The smaller magnitude of the local charging effect on
the HD compared with the OD could be attributed to a combination of a
higher secondary electron emission yield (lower electron affinity) and
the higher surface conductivity. The spatial broadening of the linear
feature can be understood as the lateral migration of charge carriers
under the local electric field or defocusing of the e-beam caused by
surface charging [36]. We also note that space charge effects can have a
significant effect in considering the complex interaction of the electron
beam with the material sub-surface [37].

To explore the electron-beam-induced effect further, different
exposure times (10 s, 60 s, 360 s, corresponding to higher charge dose)
and beam voltages (2 kV, 5 kV, 15 kV, corresponding to deeper charge
implantation) were tested on the same device. The results are plotted in
Fig. 4. The measurements were conducted sequentially with periods of
several hours between exposures to allow the current to stabilise. In each
case, the current-time measurement has a similar form with a step-wise
increase and decrease in the measured current when the e-beam expo-
sure starts and ends, along with a more gradual decrease in current over
several minutes after the exposure. However, for the shortest duration
exposure (10 s) the current after the exposure remains higher than the
initial current for around 100 s and stabilises close to the original level.
In contrast, for longer exposures (60 s and 360 s), there is a clear
downward trend in the current both during and after the exposure, with
overall decreases in current of approximately 9% and 16% respectively,
after 1000 s. This clearly shows that the magnitude of the effect depends
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on the dose of exposure, where increased duration of exposure results in
a greater reduction in current. In each case, the continued decrease in
current over a period of minutes after the exposure period is consistent
with a local charging effect, as identified by the KPFM measurement
above. Negative charge is locally injected and continues to redistribute
during and after exposure. We propose that this injected charge becomes
implanted in the insulating bulk of the diamond substrate and gates the
near-surface conductive channel. Subsequently, this charge dissipates
slowly, partially neutralizes the charge, but also distributes it more
evenly over a larger area. This results in the gating of a wider region of
the conductive channel and therefore a decreasing current. We have
observed a similar gating effect by the injected charge in the accumu-
lation channel HD transistor devices, where charge dissipation in a
vacuum took days. Interestingly, for the 10 s exposure, the current is
slightly enhanced after exposure. This could be due to either a small
baseline drift (trapped injected charge contributing directly to the
measured current as it gradually de-traps), or to the generation of
additional acceptor species by the e-beam (e.g. water molecule radiolysis
with the formation of OH™ groups on the surface). In addition to the
gating effect, the reduction in current caused by the longer duration
could indicate desorption of electron-accepting species. The observation
that the charge-related CPD signal recovers but the electrical conduction
does not require that the conductive channel is sensitive to a low con-
centration (below the CPD detection limit) of trapped charges persisting
for long durations, or that there is an additional effect such as desorption
of electron-accepting species.

Comparing the effect of beam voltages with a fixed exposure time
(360 s) also gives qualitatively similar current-voltage plots with
increased current during exposure and a subsequent slow decay of
current towards a lower level. The percentage drop in current at the end
of the measurement in each case is approximately 24% (2 kV), 25% (5
kV), and 9% (15 kV), suggesting that penetration of the higher energy e-
beam deeper into the surface has a reduced impact on the conductive
channel. This is consistent with the understanding that the HD con-
duction is located close to the surface.

The results so far demonstrate an e-beam induced modulation of
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Fig. 4. Current-time measurements of the HD channel conductivity (50 mV applied bias) comparing exposure times: (a) 10 s, (b) 60 s, (c) 360 s each at 5 kV with a
15 pm exposure line; and comparing beam voltages: (d) 2 kV, (e) 5 kV, (f) 15 kV, each for 360 s with a 5 pm exposure line. Note that the initial current is different in
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current through the HD device channel associated with both an accu-
mulation of negative charges that dissipates over a matter of hours, and
a longer-lived increase in the channel resistance. However, the rela-
tionship between these observations is unclear. Specifically, whether the
injected negative charge is responsible for gating the 2DHG channel, or
whether it arises from an associated effect such as desorption of
electron-accepting surface species, or partial oxidation of the HD surface
[2,29,38]. To test this, the e-beam exposed sample was illuminated with
UV light under inert (dry nitrogen) conditions, which would be expected
to facilitate de-trapping of charge. This required transferring the sample
to a glovebox without ambient exposure, so a controlled experiment was
performed by measuring the resistance of the device before and after
transfer to the glovebox, as well as after exposure to UV light. At the end
of the experiment the sample was exposed to air as a final test. The re-
sults are plotted in Fig. 5(a).

Immediately prior to the electron-beam measurements the resistance
was measured as 278 kQ (instrument-based uncertainties are below 1
Q), though we note that the sample had already been exposed to the
beam for initial SEM imaging. The resistance increased to 715 kQ at the
end of the e-beam measurement campaign. After transferring the sample
to the argon-filled glovebox in a vacuum-tight shuttle, the resistance
dropped to 470 kQ, which indicates some level of exposure to relevant
conditions inherent in the transfer process and glovebox environment.
After exposure to the mercury vapor lamp for 5 min the resistance
dropped further to 170 kQ, and then exposing to ambient air at the end
of the study the resistance decreased slightly more to 156 kQ. This
sequence indicates that both exposure to the mercury lamp emission and
exposure to atmospheric conditions result in a substantial recovery of
the conduction. The mercury lamp was used because the UV emission
lines could optically de-trap charges in the device, though the visible
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Fig. 5. (a) Electrical resistance of the device before and after the e-beam
exposure study, comparing the effects of exposure to glovebox transfer cham-
ber, UV exposure, and ambient exposure. (b) SEM image of the sample
measured after exposure to the UV light, showing no recovery of bright sec-
ondary electron emission for the HD region.
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light contributions were not excluded in this experiment [18]. Addi-
tionally, UV light could desorb surface acceptor species, increasing re-
sistivity. Thus, the overall effect would be a combination of the two
mechanisms with opposite effects. Air exposure, on the other hand,
could increase acceptor adsorbate coverage, which is required to
generate the 2DHG in HD [1,39].

A repeated SEM measurement of the sample after atmospheric
exposure showed that the bright secondary electron emission from the
HD region was no longer observed — see Fig. 5(b). This indicates a per-
manent change in the sample surface resulting from a combination of e-
beam, UV, and air exposure, but the full recovery of electrical conduc-
tion demonstrates that the surface's hydrogen-termination remains.
Rather, the reduced secondary electron emission yield is interpreted as
surface contamination during argon and air exposure since adventitious
carbon deposition has been ruled out [40]. The fact that atmospheric
exposure is required to restore the surface conductivity suggests that
electron-accepting surface adsorbates have been lost during e-beam
exposure.

Further verification of the proposed mechanism of e-beam-induced
gating of the 2DHG arising from local charge injection was obtained
using EBIC measurements to map the collection of e-beam-induced
charges from an HD. In this case, the HD region was a 600 pm long strip
surrounded by OD and contacted with electrical probes at the ends, as
shown in Fig. 6(a) SEM image. Again, the bright contrast of the HD re-
gion in SEM is due to its negative electron affinity that sponsors the
secondary electron emission. The EBIC map of the sample in Fig. 6(b)
shows a strong hole-collecting signal and a gradual resistor-like poten-
tial drop across the strip, indicating high conductivity and absence of the
electroactive defects or interfaces. After that, the central square part of
the strip was locally e-beam exposed (2 kV, 20 s) with an approximate
dose of 5 fC-pm 2. The subsequent EBIC map shows the appearance of
the electroactive defect that impedes the hole transport from the right
part of the HD strip towards the collecting electrode (Fig. 6(c)). Inter-
estingly, the very border of the irradiated region has even darker
contrast compared to the rest of the HD channel. This is presumably due
to the appearance of the local embedded electric field that inhibits the
recombination of the electron-hole pairs. The latter corroborates with
the accumulation of the locally trapped negative charge that causes local
band bending and sponsors e-h pairs dissociation. We observed that this
EBIC map remains stable, provided the probing e-beam current remains
in the picoampere range. The sample was then exposed to UV irradiation
with the Hg lamp connected to the SEM load-lock for a duration of 2
min. Re-measuring the sample with EBIC after this exposure shows a
recovery of the original state with minimal gradient in the EBIC signal
along the HD strip, as shown in Fig. 6(d). In this experiment, the vacuum
was not broken for UV exposure and therefore confirms that (at least
under these exposure conditions) the e-beam induced gating can be
assigned to localised injection and trapping of the charge that can be de-
trapped or neutralized using UV excitation.

4. Conclusions

Drawing together the experimental results, we propose the following
description for the effect of e-beam exposure on HD diamond. During
exposure to the beam, electron-hole pairs, injected electrons, and un-
compensated holes contribute directly to the current measured through
the HD channel under bias. The e-beam causes the injection and trap-
ping of negative charge into the insulating diamond substrate bulk,
which persists under vacuum conditions. Gradual de-trapping and
redistribution of this charge continues to affect the measured current for
a period of minutes to hours, and gates the 2DHG. The e-beam exposure
also contributes negatively to the conductivity of the HD by desorption
or decomposition of electron-accepting adsorbates from the sample. The
hydrogen-termination itself remains intact. Exposure to light and at-
mospheric conditions causes a recovery of the hole-gas conduction
channel through re-absorption of electron-accepting species and light-
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Fig. 6. (a) SEM image showing HD strip surrounded by OD and contacted with electrical probes. (b) EBIC image (primary beam parameters: 2 keV, 70 pA) mapping
collection of e-beam-induced current from HD region. The right-hand probe was grounded, and current was collected from the left probe. The white rectangle
indicates the region of the following extended e-beam exposure (2 keV, 250 pA, 20 s). (c) EBIC map following exposure of the central region. (d) EBIC map of the

same region after exposure to UV irradiation for 2 min.

induced de-trapping of injected charge. Further study is required to
quantitatively discriminate the relative magnitudes of the trapped
charge and desorption of surface species on the gating of the 2DHG
conduction channel, but the EBIC measurements show that UV irradia-
tion can reverse the gating without atmospheric exposure.

These findings are relevant to the proposed use of e-beam lithog-
raphy for the fabrication of HD devices, where the detailed interaction of
the beam with the material is critical to achieve the highest writing
resolution. The demonstrated effect of the injection of charge is expected
to reduce the spatial resolution, so careful resist engineering must be
taken to avoid e-beam penetration into the diamond. It is also reported
elsewhere that the e-beam oxidizes the diamond surface, but the results
presented here show that this is not necessarily the case.

The effects of ionizing radiation on HD are also relevant to its po-
tential applications in harsh environments, such as use in space, nuclear
reactors, and radioactive sites, where the radiation hardness of elec-
tronic devices is required. The methods demonstrated here, using
combined SEM, KPFM, and in situ electrical measurements, are ideally
suited to detailed investigations of the irradiation of surfaces by high-
energy electrons.
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