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Field-emission (FE) from semiconducting nanowires (NWs) is studied for expanding electron gun performances and
functionality in terms of stability, brightness and pulsed emission. Here we report on a pronounced and robust dou-
ble negative differential resistance (NDR) in the FE IV characteristics measured during photo-assisted field emission
experiments on highly crystalline p-type silicon nanowires (NWs). The main feature is a double NDR in the current
saturation regime, which can be modulated by both temperature and light intensity. These results contrast with previous
FE studies in which only barely noticeable single NDR was reported. Several mechanisms for the physical explanation
of the NDR are currently under consideration : photo-generated carrier instabilities in the depletion region, which give
rise to a pulsed space-charge current in the nanowire or tunneling through a double quantum well formed by confine-
ment at the NW apex. Because NDRs are signatures of pulsed currents, these results suggest new functionalities for

which pulsed electron sources can potentially be achieved at high repetition rates.

INTRODUCTION

There is a growing interest in developing time modulated
and ultrashort pulsed electron sources for fundamental stud-
ies on dynamical processes in e.g. electron microscopes!-?
and on field-emission processes induced by ultrafast lasers>*.
Scientific and technical advances on pulsed sources can also
find use in applications such as diffractometers>’, radio fre-
quency amplifiers and X-ray imaging systems®”. In most ex-
periments, the electron emitter is a photo-cathode activated
by ultra-short laser pulses operating at kHz to MHz repeti-
tion rates, which photo-emits electron packets of a very short
time duration (sub-ps). This scheme requires an important in-
frastructure, e.g. a short wavelength and pulsed laser source,
and it is therefore not well adapted to many instruments re-
quiring compact sources. Electron emitters based on field-
emission provide an alternative for making well-defined point
sources having high brightness, low energy distribution, and
stable emission. However, there is currently no known field-
emitting source providing ultra-fast oscillating electron emis-
sion that can be powered cheaply by a dc energy source, that
is to say a self-oscillating field emitter'?.

In this work, we test new ideas targeting the promotion
of oscillatory (pulsed) emission during field-emission (FE)
of low-doped semiconducting nanowires (NWs) under con-
tinuous laser excitation. This research builds upon the well-
developed field of high-speed oscillating devices'! with no-
torious examples such as the transferred-electron devices in
the momentum space, also called the Gunn diode!?, or in
the real-space using heterostructures'?, with examples such
as the resonant tunneling double barrier diodes (DBDs)'# and
the quantum-well (QW) p-i-n photo-diodes'>. A low-doped
semiconducting channel is usually inserted in the core of these

device structure to enable charge fluctuations induced by the
electric field, and this gives rise during operation to domains
of excess (negative) and depleted (positive) electrons within
the channel'®. The presence of a negative differential resis-
tance (NDR) in the current-voltage curves (IVs) is a hallmark
of such charge instabilities, which form transient states known
to induce self-oscillations. In the context of field-emission,
NDRs have been previously explored experimentally!’2! and
theoretically>?>~2* using various structures based on QW het-
erostructures and surface states, but the signatures of the NDR
are generally weak, of unproven reproducibility, are from
nanostructured surfaces with the real emitters not identified,
are characterised only with basic IV measurements, and lack
the control needed to promote a self-oscillation.

Here, we report on a double N-shape NDR in the photo-
assisted field-emission /V characteristics of individual highly
crystalline Si nanowires (NWs). The NDR features are mea-
sured under continuous laser intensity at A=514nm and shown
to depend on both light intensity () and temperature. Experi-
ments on different NWs and measurements of I(V,T,®) curves
and total energy distributions (TED) during FE in ultrahigh
vacuum (UHV), support a mechanism based on a charge fluc-
tuations forming transient states within the depletion zone of
the NW.

I. EXPERIMENTAL DETAILS
A. Si Nanowires and their pre-preparation

Si NWs were grown at 540°C by chemical vapor deposition
(CVD) in a homemade chamber according to a vapor-liquid-
solid (VLS) process. The CVD growth was carried out from
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a catalyst layer made of a layer of Au (10nm) deposited onto
a TiN(30 nm)/Si wafer and using silane (SiH4) as a precursor
gas diluted in 10% hydrogen at a total pressure of 15 mbar
under a total flow of 100 sccm. CVD growth was assisted by
a hot-filament maintained at 1900°C and was carried out in a
flow of H, gas, as detailed elsewhere®.

Photo-assisted FE measurements were carried out on two
individual silicon nanowires (NW1: diameter d = 92nm,
length L =11.5um and NW2: d = 100 nm, L = 20um). Their
mechanical resonance frequencies were measured in situ by
FE?0 to be f = 119kHz and 107 kHz respectively. The NWs
were attached by conductive carbon glue to tungsten tips (Fig-
ure 1-c). The VLS process lead to an unintentional p-doping
(N, =~ 2 x 101 /cm_3)27. Transmission Electron Micro-
scope (TEM) images of the NWs (See Figures S1 and S2, Sup-
plementary Material) show that they had a highly crystalline
core covered with a 10 nm oxide passivation layer all along
the sidewall. The apex of NW1 (Figure 1b) was rounded using
in-situ field-induced atomic evaporation in a TEM at +1200V
bias applied to a gold ball placed in proximity, which induces
a local field for atomic Si evaporation of about 40 V.nm~! 28
Such a process produces a close to atomically clean Si sur-
face on the apex. However its consequent exposure to am-
bient atmosphere for the transfer to the FE system (see next)
undoubtedly creates a 1 nm scale native oxide. The apex of
NW2 was used "as is" and consists of a rounded silicon tip
containing the gold nanoparticle catalyst (See Figures S1 and
S2, Supplementary Material). The dependence of FE from
NW?2 on voltage and temperature was previously presented in

reference?’.

B. Field emission setup and in-situ NW treatments

All FE measurements were carried out at a base pressure
of 2 x 1071 Torr in a dedicated ultrahigh vacuum system
for which a schema is given in the supplementary informa-
tion (Fig. S6). The NWs were mounted on W tips welded
to a resistive W wire loop, which allows the NW temperature
to be varied by Joule heating from 100 to 2000K, quantified
with a micro-pyrometer and thermocouples. The distance of
the tip to the quadropole extraction anode is about 2 mm. The
setup is equipped with a micro-channel plate (MCP) detector,
an electron counter sensitive down to 1072°A and an electron
energy analyzer (VG Scientific CLAM-2), which provides the
total energy distribution (TED) from which the Fermi level at
the NW apex can be determined with respect to that of the sup-
port tip, and thus the voltage drop AV along the NW (Figure
1-a). Combined with the measured total current, these mea-
surements are the equivalent of a two point transport measure-
ment, which has allowed us to identify the carrier transport
mechanisms in these individual semiconducting NWs. Con-
tinuous wave (CW) optical excitation was performed using il-
lumination from one side of the NWs by an Ar™ laser (A=514
nm) focused with a standard optical setup mounted outside the
vacuum chamber in front of a viewport. Appropriate attenu-
ators, focal spot size measurements and intensity calibrations
were used.
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FIG. 1. a, Scheme of the voltage drop and Fermi level (dotted line)
in the silicon nanowire induced by the electric field & in the satura-
tion region: the doping is n-type (or degenerate) at the tip followed
with a depletion region (i : intrinsic) and the p-type body. b, Trans-
mission Electron Microscopy (TEM) image of NW1 zoomed on the
rounded tip obtained after field-induced atom desorption for 5 min.
The scale is 500 nm. Inset: A typical FE image of a Si NW with
rounded apex acquired by the microchannel plate detector ¢. Scan-
ning electron microscopy of Si NW2 (diameter d=100nm and length
L=20um) attached to a tungsten tip.

We have previously reported on the FE properties of Si
NWs from the same batches and extensively discussed the
nonlinear FN Plots of the IVs obtained after passivation,
which show a characteristic large saturation zone in current,
similar to reverse bias diodes, due to a space charge region
(SCR) that opens out from the NW apexes in the sub nA
range”’. Furthermore the saturation level rises exponentially
with temperature (see below) and there was no significant dif-
ference between the Au or Si terminated nanowires. Although
no dopants were included in the synthesis, the IVs obtained
with the NWs are consistent with what is expected for modest
concentration p-doped NWs as measured? and predicted for
the FE theory of p-doped semiconductors®. The saturation
plateaus of NW2 were substantially degraded by a too strong
laser intensity (2kW/cm?) before the photo-assisted measure-
ments but this actually allows us to demonstrate the existence
of our phenomena for very different NW conditions.

Prior to FE measurements, the NWs were first annealed a
few times in UHV at 500 °C during 5 min to remove mo-
bile contaminants and then exposed at 400 °C for 5 min to an
atomic hydrogen beam produced by a nearby hot (white emis-
sion) W filament and 102 torr of H»2”. These steps clean and
passivate the oxide layer of the NWs, ensuring stable emission
and better saturation characteristics in the IV curves. Hydro-
gen passivation can recover to a certain degree the saturation
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lost by excess heating?’. The rounded apex provided for both
NWs a reasonable directionality to the electron beam. The
integrity of each NW was fully probed before, during and af-
ter the experiments, using Fowler-Nordheim plots to ensure
consistency of field amplification and mechanical resonance
frequencies. These showed that the NW lengths were always
conserved.

Il. RESULTS
A. Measurement of Negative Differential Resistance

The room temperature IV plots for NW1 and NW2 under
a continuous laser intensity at A=514nm are shown in Fig-
ure 2-a and 2-b, respectively, and in Figure S3 (Supplemen-
tary Material) on a log scale. Of central interest for this study
are the IV plots in the saturation region with increasing laser
power density, ®. First note that for both NWs, the IV curves
in the saturation region show a high sensitivity to laser light:
increasing the light intensity shifts up the saturated current
without changing the slope, and increases also the onset of sat-
uration toward higher voltages. The main result of this article
is that the photo-assisted Vs of both NWs exhibit two sharp
peaks at high light intensity, the so-called N-shaped NDRs.
They are very stable and present almost no hysteresis between
forward and backward bias scans (Figure S4, Supplementary
Material). The rest of this article aims to better characterize
this phenomena and discuss two frameworks for its eventual
explanation.

There is a significant different sensitivity to laser intensity
for NW1 and NW2 (after the laser modification mentioned
above). While the emission currents at an applied voltage
of 350 V are comparable in the dark, the current change at
200 mW/cm? is 14x for NW1 and only 1.2x for NW2. In
other words, it takes about 14x more light intensity for NW2
to reach the same current as NW1 in the /V curves and the
situation worsens at higher bias. This difference comes from
the surface passivations of the two NWs (see next). What is
remarkable is that the NDRs are present in both quite different
NWs. The phenomena appears to be robust.

Another important aspect is that with increasing laser in-
tensity these NDR peaks shift linearly in voltage and increase
strongly in amplitude. For example, increasing the intensity
on NW1 from 49 to 195 mW/cm? induces a 18V shift to the
first NDR and an increase in amplitude of 3 pA to 18 pA. The
second NDR follows generally a similar trend as both NDRs
are located in the saturation region where the emission is lim-
ited by generation-recombination current (Igr). Because of
the steeper IV slope for NW2 in the dark and the poor re-
sponse to laser light, the NDRs are more difficult to visualize,
but the behavior is roughly the same (Figure S5, Supplemen-
tary Material). We have previously shown that steeper slopes
in the saturation region of the /V is due to current leakages
associated to the presence of traps at the Si/SiO; interface?’.
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FIG. 2. Current-Voltage plots with increasing laser intensity for
NWI1 (a) and NW2 (b). In the saturation regions, the current is
highly sensitive to laser intensity as predicted by theory for field
emission from semiconductors and features two negative differential
resistance peaks.

B. Temperature effects and internal voltage drop

Next we explore more thoroughly the properties of the N-
shaped NDRs, hereafter labeled NDR1 and NDR2, of NW1
using I(V,T,®) experiments and TED measurements. Figure
3-a presents the IV curves of NW1 in the dark at different
temperatures to more fully reveal the saturation region with-
out laser excitation. The saturation current is clearly thermally
activated with a fitted activation energy of E,=0.54 eV, i.e.
roughly half of the bandgap of silicon. This value is typical
for such Si NW and ascribed to Au impurities (atoms) de-
posited during VLS growth, which induce mid-gap states. As
discussed in our previous work, these states are driving the
dynamics of the generation-recombination (GR) processes in
the SCR of these Si NWs?’.

An early signature of the first NDR appears in the saturated
1V of Figure 3-a as a small amplitude kink shifting to higher
voltage with temperature (see arrows). The shift of the NDRs
with T is more clearly seen in Figure 3b under 65 mW/cm?
excitation. Increasing T reduces also the amplitude of both
NDRs from a maximum of ~5 pA at room temperature to
near zero at T> 500K. Increasing temperature linearly shifts
the NDRs to higher applied voltages (V,,,) with a slope of
~0.2V/K.

When varying the conditions it became apparent that the
shift in voltage and the reduction in amplitude with 7' can



Negative Differential Resistance in Photo-Assisted Field Emission from Si Nanowires 4

be compensated with light intensity. As shown in Figure 3-
¢, the conditions that match similar amplitudes and positions
for both NDRs at room temperature is found at 100K when
increasing the laser intensity from 49 to 653 mW/cm?. Sur-
prisingly, these curves present almost the same NDR peaks
(amplitude and position) but under very different laser pow-
ers. As discussed below, these experiments demonstrate that
a gradient of temperatures in the NW is not required to gen-
erate the NDRs. Furthermore, the shifting in voltage of the
NDRs with increasing laser fluence and temperature suggests
a mechanism that involves photo-generated carriers. That is,
sharper transitions develop for the NDRs at the lower temper-
ature and higher light intensity, and hence it is fair to deduce
at this point that the mechanism is most likely related to the
minority carriers promoted by light excitation.

Further insight into the NDR mechanism was gained by
measuring TEDs of the emitted electrons from NW1 under
different conditions with a hemispherical electron energy an-
alyzer located in the same UHV system (see §Field emission
setup and in-situ NW treatments). As can be seen in Figure 4,
the TEDs shift with the applied voltage (and increasing emis-
sion current) to lower energy, which is consistent with an in-
creasing penetration of the electric field into the NW. It was
previously shown that this voltage drop is due to an increase
of the width, W, of the depletion region (or SCR) in the NW
channel, generating an internal field of about 2.5 V/um?"-3!,
An important observation here is the presence of a second
peak at applied voltages near that of the NDR regions, as high-
lighted in red. The occurrence of the twin peaks indicate that
two distinct emitting states are being formed at voltages in the
NDR regions. (Note that the peaks continue to shift linearly
through the NDR. The red curves are separated by smaller
voltage steps). Thus associated with the NDR loss of current
is a simultaneous sudden increase in the voltage drop inside
the NW. In fact two solutions for the nanowire AV can exist
at one total applied voltage. Furthermore the NW actually flip
flops back and forth randomly in time on the msec timescale
between the two peak positions during the transition part of
the voltage scan where the two peaks exist. A consequence of
this oscillating behaviour is the extra features (noise) within
each peak, which are due to short episodes of missing signals
during the spectra scan when the NW switches to the other
state. This is reminiscent of the first comments of Gunn when
he discovered the Gunn effect. The instabilities are also high-
lighted by a strong noise in the spectra near the NDR regions
as well as a significant broadening of the peak (see insets of
Fig. 4 and a measure of the noise of the signal in Fig. S6,
Supplementary Material). We do not yet have access to the
switching event (or time) itself but one may be tempted to re-
late it to the broadening.

The instabilities in the emitted current under 97mW/cm?
light intensity are further detailed by plotting the current as a
function of both the applied voltage and the voltage drop AV
measured by the electron analyzer (Fig. 5-a). The band situ-
ation giving this AV is illustrated in Figure 1a. Near the first
NDR, the current reaches a maximum and starts to oscillate
between two emission peaks, one of higher (before NDR) and
another of lower emission currents (after the NDR). The cur-
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FIG. 3. Temperature dependence of the IV curves for NW1. (a)
Current-Voltage plots with increasing temperature. (b) Effect of tem-
perature under a 65 mW/cm? laser intensity. Arrows in (a) and (b)
point to apparent NDR features and highlight a shift of the NDRs
to higher voltage with T up until T = 500K. (c) Two NDR curves
taken at 100K and 293K under laser fluence of 49mW/cm? (red) and
653mW/cm? laser (blue), respectively, to match the same level of
current for both.

rent stabilizes to a minimum noise value past a threshold volt-
age, which is an important signature of these NDRs. Past the
NDRI, the current increases again with applied voltage and
keeps an apparent stability until the next region of instability
(NDR2). The voltage drop associated with these transitions is
illustrated in Figure 5-b as a function of the applied voltage.
The AV grows linearly with applied voltage and increases sud-
denly in the NDR regions by about 3 V for NDR1 and 2 V for
NDR?2. As detailed in Figure 5c, the transitions are associated
with a broadening of the TED peaks. The full width at half
maximum (FWHM) grows with voltage from about 0.5 eV up
to about 1 eV at the instability. There is a suddenly drop of the



Negative Differential Resistance in Photo-Assisted Field Emission from Si Nanowires 5

170 171 172 173 174 175
Energy (eV)

i I
=—n_f'r\=aA=|

183 184 185 186 187 188

Voltage

Normalized Intensity (a.u.)

Energy (eV)
AV=12.85V .
TAV=525V Fermi
level
— \%
| 1 1 A
160 170 180 190 200 210

Energy (eV)

FIG. 4. Series of TEDs for the NW1 at a power density of
65mW/cm? showing a peak shift to lower energy with increasing
applied voltage. One notices the appearance of a second peak (red
zone) when we reach the NDR regions. Insets: zoom on NDR1 and
NDR?2 regions (red) showing clearly two peaks and an oscillation
between the peaks in the vicinity of the NDR.

FWHM past the instability back to a value of about 0.6 eV.

Finally it is instructive to present a full series of /V's mea-
sured at 100K for which we can use stronger laser powers. As
shown in Fig. 5(d) the two NDRs are present at lower intensity
and get closer and eventually merge into one even more pro-
nounced NDR with the higher intensity. Note that the NDR
now reaches the nA range and this is not a limit.

1. DISCUSSION

Considering the high sensitivity of the FE current to tem-
perature, we have thoroughly tested if these NDRs are due to
thermal effects. Indeed, the total current is mostly related to
the carrier concentration, n;, which in turn depends on tem-

perature T, as n;(T) o< exp ;fg‘;”, where Eg,, is the bandgap
and kg is the Boltzmann constant. A temperature gradient is
therefore a possible driving source of the non-linearity in the
response reported above. However, the shape and amplitude
of the NDRs in Figure 3-b are negatively affected by tem-
perature, which suggests that it is not thermal. Note that the
laser intensity was kept rather low and the temperature pro-
file is rather uniform and mostly set by thermal conduction
from the W tip in contact with the NW. We tested other con-
ditions that could induce a significant temperature gradient
across the NW, but we reached the same conclusion. It was,
for instance, possible to generate a non-uniform temperature
gradient across the NW using laser heating on one side of the
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FIG. 5. Further details of the current instabilities and the negative
differential resistance of NW1 under 97mW/cm? light intensity at
room temperature. (a) Current as a function of voltage drop and ap-
plied voltage. (b) Voltage drop (internal voltage) as a function of the
applied voltage highlighting the sudden voltage drop at NDRs. (c)
Half width at half maximum (FWHM) of the emission peak vs. ap-
plied voltage. (d) Evolution of the NDR at 100K and higher laser
fluence.

NW and thermal contact on the other side with the W tip act-
ing as a heat sink®2. Figure 3-c presents a direct comparison
of two NDR shapes obtained when the W tip is placed at 100K
and room temperature. By boosting significantly the laser in-
tensity on the NW at 100K, we could compensate the thermal
loss of current, but this generated no obvious change in the IV
compared to room temperature. These results show no or lit-
tle effect of temperature gradients on the NDR shapes. This is
consistent with a rough estimate of the temperature gradients
in those conditions, which are found to be negligible (Section
3, Supplementary Material). From those experiments, we can
safely conclude that the mechanism behind the NDRs is not
thermal.

Several nonthermal mechanisms may explain the double
NDR features observed here. The two main models we are
presently considering are depicted in Figure 6 : i) Photo-
generated carriers in the depletion region induce space-charge
current build-ups in the nanowire (Fig. 6-a) and ii) A dou-
ble quantum well??3334 is formed by confinement near the Si
nanowire apex (Fig. 6-b). The latter would essentially de-
pend on the distribution of the surface states of the Si NW,
or within the residue of the native oxide, under strong electric
fields, while the former implies that instabilities lead to a tran-
sient state causing an accumulation of excess positive charges
in the depletion region. This space-charge would cause a tran-
sient (unstable) electric field within the depletion region of the
NW and result in oscillating currents.

The resonant tunnelling in a double QW is a mechanism
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based on a mixed, then sequential, resonant tunnelling across
multiple barriers; the voltage at the apex could shift the res-
onant states in and out resonance, giving the NDR (see Fig.
6 b). This mechanism is consistent with the double feature,
NDRI1 and NDR2, seen in the IV and it is inspired by the re-
alization that surface states at the tip are generally important
to explain the FE properties of most emitters. Simulations for
the I'Vs of double barrier model (without photo excitation) are
carried out in?? that serve as a guide for what this model could
give. They show sudden rises and drops in current that even
bear similarity to our experimental results that also have sharp
current drops (but NOT sharp rises). These sharp drops-rises
in the simulations apparently come from assuming discrete
energy states which is too idealized. This mechanism is hard
to reconcile with all of the experimental observations obtained
so far. The NDRs are, for instance, photo-activated, which is
inconsistent with a simple resonant tunnelling effect across
double barriers at a surface. Furthermore, resonant tunnelling
requires well-defined energy states in between tunnelling bar-
riers, a condition for sharp transitions, but this is inconsistent
with the broad TEDs obtained in Figure 5d at the transition
voltage. Furthermore, the NW structures obtained by TEM
appear uniform and show no evidence of double tunnelling
barriers. While it is not possible to completely rule out photo-
induced resonant tunnelling, a tunnelling mechanism appears
unlikely in large and uniform Si NWs, such as studied here.

It is clear from the results in Figure 2 that light intensity
is a key parameter for promoting the NDRs and as can be
seen by the significant increase of the NDR amplitude with
light intensity. Our previous work has shown that these Si
NW samples have a low density of surface states and there-
fore they produce low dark currents, 1., especially in the
saturation region’’. As depicted in Figure la, the band situa-
tion is analogous to that of a diode operating in reverse bias,
i.e. 14 1s mainly controlled, in the saturation regime, by car-
rier generation-recombination (GR) in the SCR and is given
by:

qniAW
2t

Liark = (D
where ¢ is the elementary charge, A is the NW cross-section
area, W is the depletion width of the p-i-n junction due to
field penetration, T is the minority carrier lifetime and »; is
the intrinsic carrier concentration. Iy, grows linearly in the
saturation region because W depends linearly on the voltage
drop (W = kAV, k is a constant), which contrasts with the
known square-root dependency for bulk Si?’. This peculiar
behaviour of low dimensional materials, such as NWs, helps
create large SCRs that extend deeply into the NWs. The ex-
panding SCR counteracts in effect the increasing electric field,
which prevents the field to reach at any moment the electri-
cal breakdown, which is at 2.5 x 10°V/cm for silicon!!. Us-
ing the field drop measured by TEDs and the length of the
NW, we estimate the electric field in the SCR to be roughly:
E=AVy/L=4.5x10*V /cm.

Under a continuous illumination and for short SCR, the
electric field can readily separate the electron-hole pairs along
the NW axis; the photo-induced electrons (holes) will pref-

erentially diffuse towards (away from) the NW apex. This
photo-generated current adds itself to the dark current, as fol-
lows:

—Egap
2kpT

Lagr = Lyari + Iphoton o<W Bé’xp +oeT|, 2

where o and  are constants, @ is the photon density and 7 is
the carrier lifetime. This contribution explains the large sen-
sitivity of the FE current to light intensity (Figure 2). Be-
cause of the large mobility ratio between electrons and holes
(We/y ~ 3), we speculate that the difference in mobility fur-
ther contributes to the creation of unbalanced space-charge
within the SCR, which in turn affects the field distribution
due to non-homogeneous carrier distributions at these inter-
faces. This hypothesis is schematically illustrated in Figure
6-a bottom panel.

A rough analysis of the expected field distribution suggests
that the most relevant section of the SCR of the NW for build-
ing charge instabilities is near the apex. The applied field at
the apex is strong as it leads to an inversion layer, the so-called
n — i interface (n=electron and i=intrinsic), with a small elec-
tron pocket right at the apex>’. This electron pocket should
deform locally the field lines in the high field region, as il-
lustrated in Figure 6-a. We roughly estimate a field of about
10’V/em right next (outside) to the apex and 2 x 10*V/em in
the NW. In effect, the internal field should be below, but close
to, the dielectric breakdown of silicon (2.5 x 105V/0m)“,
which is an important factor behind device instabilities. Con-
sidering that the p — i —n situation during FE can be perturbed
by accumulated, yet transient, holes next to n-region at the
apex, this could modulate the SCR width, giving raise to sud-
den current drops. That is, a change of the width of deple-
tion region W would be associated to a transient state and the
current would oscillate because of two states with different
voltage drops, as illustrated in Figure 6a, lower panel.

This is a complex system which needs detailed modeling
for even a basic understanding. However based on the esti-
mates of the electric field in the SCR region, we can provide a
few metrics about the dynamics of the photo-generated carri-
ers migrating in the SCR under a field of about 4.5 V/um. For
holes and electron in a low doped Si, the associated velocities
are roughly 5.5 x 10% cm/s and 9.0 x 10° cm/s, respectively'!.
The holes and electrons travel at different speeds across the
depletion region, which allows for each an average distance
d traveled before recombination. Using the carrier lifetime
T of 50ps estimated from the slope of the line I-AV at room
temperature®’, we obtained distances of d = 3um and d=Sum
for holes and electrons, respectively. Therefore, these met-
rics support NDRs being generated when W reaches about
3 —5um. This length scale is reasonable considering that
the NWs explored here are tens of um in length and that W
can easily reach scales of several micrometers in which un-
balanced charge distributions are possible. The dynamics of
carriers in the SCR can therefore play an important role in
driving the mechanism of these photo-assisted NDRs because
firstly, the photo-generated carriers existing within the SCR
dominate the current, and secondly, a long SCR can support
an unbalance of charges between electrons and holes and a
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FIG. 6. Different mechanisms to explain the negative differential
resistance (NDR). a, Scheme of the band (doping) profile of a silicon
nanowire during field-emission in the saturation regime induced by
the electric field & penetration: the doping state is n-type at the tip,
intrinsic (i) in the long depletion zone, and the NW body is p-type.
Bottom panel: A schematic of the field distribution along the NW and
near the region at the tip according to two different states of charge
distribution within the space-charge region. b, Scheme illustrating
the influence of surface states at the surface of the emitting region on
the transmitted electron distribution (TED).

space-charge transient created by the different velocities. Last
but not least, the NW tip is essentially floating during FE and
this sets a boundary condition that should help withstanding
transient voltages induced by charged states within the NW.

IV. CONCLUSIONS

Photo-assisted field emission experiments on highly crys-
talline p-type silicon nanowires (NWs) have been performed
to study the properties of the field-emission /V characteristics.
The experiments reveal an original and strong double NDR in
the current saturation regime, which can be modulated by tem-
perature and laser light intensity. Mechanisms responsible of
the NDR have been discussed as electronic based, while ther-
mal mechanisms have been ruled out. These original results
suggest that new functionalities and experiments in vacuum
nano-electronics can be designed to explore pulsed electron
sources generated by simple and stable dc sources. This work
can potentially be expanded to design pulsed electron sources
working at high repetition rates. Let us close by noting that
the effect is seen on Si NWs of the most simple basic struc-
ture and there are thus a myriad of tools for its better under-
standing, optimisation and expansion to other geometries and
materials and furthermore that Si is currently heavily explored
for vacuum tip emitters>>—37.
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