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The development of the internet-of-things requires the attach-
ment of electronic circuits to nearly every object, some of
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The development of the internet-of-things requires cheap, light, small and reliable true random number
generator (TRNG) circuits to encrypt the data—generated by objects or humans—before transmitting
them. However, all current solutions consume too much power and require a relatively large battery, hin-
dering the integration of TRNG circuits on most objects. Here we fabricated a TRNG circuit by exploiting
stable random telegraph noise (RTN) current signals produced by memristors made of two-dimensional
(2D) multi-layered hexagonal boron nitride (h-BN) grown by chemical vapor deposition and coupled with
inkjet-printed Ag electrodes. When biased at small constant voltages (<70 mV), the Ag/h-BN/Ag memris-
tors exhibit RTN signals with very low power consumption (~5.25 nW) and a relatively high current on/off
ratio (~2) for long periods (>1 hour). We constructed TRNG circuits connecting an h-BN memristor to a
small, light and cheap commercial microcontroller, producing a highly-stochastic, high-throughput signal
(up to 7.8 Mbit 5% even if the RTN at the input gets interrupted for long times up to 20 s, and if the sto-
chasticity of the RTN signal is reduced. Our study presents the first full hardware implementation of 2D-
material-based TRNGs, enabled by the unique stability and figures of merit of the RTN signals in h-BN
based memristors.

which have to be very cheap and operated with a very small
battery, or even without a battery by using the energy gener-
ated on-the-fly via transducers."” The electronic data gener-
ated need to be encrypted before being transmitted to avoid
espionage, which requires the use of true random number gen-
erator (TRNG) circuits.® State-of-the-art TRNG circuits employ
an entropy source to generate strings of unpredictable binary
numbers, and the most common are the thermal noise of
resistors, the jitter of ring oscillators and the metastability of
flip-flops.*” While these solutions provide high randomness
and throughput (>1 megabit per s), many works report only up
to the simulation level,>® and in some cases their power con-
sumption is too large (>0.01 mW), hindering their application
in many small objects for outdoor applications.®

Memristors, usually implemented as metal/insulator/metal
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(MIM) nanocells with a conductance that can be adjusted to
two or more levels by applying sequences of electrical stres-
ses,'® could be an efficient entropy source for TRNG circuits
because they can produce random variations of different mag-
nitudes (e.g., state resistance and switching voltage/time)
during operation while consuming little energy, in some cases
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down to ~0.1 pJ per state transition.™' ** Ref: 1520 gybjected
metal oxide memristors to sequences of ramped voltage stres-
ses (RVS) of different polarities or pulsed write/verify
schemes®"** to induce cyclical switching between a high resis-
tive state (HRS) and a low resistive state (LRS), and used the
switching voltages, cycle-to-cycle resistance variability or sto-
chastic time-dependent relaxation as an entropy source in a
TRNG circuit—as the switching is related to ionic movement
in the MIM nanocell, these values show some degree of varia-
bility in every cycle, and they cannot be accurately predicted.
However, these studies only constructed and characterized
single devices, and the circuital part was simulated or mod-
elled. Ref. 23-29 have shown functional verifications based on
complex experimental setups that involve laboratory character-
ization equipment and commercial programming tools, ie.,
they are not stand-alone solutions. Ref. 27, 28 and 30 went
farther and implemented parts of the circuit with com-
ponents-of-the-shelf mounted on a protoboard, but the
throughput was only 6 kilobit per s,*° the power overhead of
the entropy source was too high in the low resistance state,*
and it required very high operating voltages.?® Ref- 19 and 32739
proposed that the random telegraph noise (RTN) current
signals produced by memristors (i.e., stochastic current fluctu-
ations between two or more levels when a low and constant
voltage is applied) could be used as an entropy source in
TRNG circuits. The advantage of this approach is that the resis-
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tance change is related to electron trapping and de-trapping at
the defects of the insulator, which reduces the energy con-
sumption and slows down the degradation of the MIM nano-
cell. However, some works only report circuit level simulations
driven by pre-recorded RTN acquisitions;'%3%3°
mental demonstrations require a memory array of
devices***3%% and/or complex hardware*® or laboratory
characterization equipment®® to prove their functionality; and
some TRNG alternatives require computationally-expensive
signal post-processing to achieve sufficient output random-
ness.>* More importantly, the two main reliability challenges
of TRNG circuits based on RTN harvesting are not addressed
in any of these works; such challenges are: (i) the correct func-
tioning of the TRNG despite the unstable nature of the RTN
effect, which may vanish and reappear randomly through time
or disappear altogether due to progressive oxide degradation™”
and (ii) the low resistance ratio between the two RTN levels,
which makes state identification difficult.*' More information
is provided in ESI Tables 1 and 2.7

Here, we used two-dimensional (2D) multi-layered hexag-
onal boron nitride (h-BN) as an insulating film to fabricate
memristors that exhibit excellent RTN current signals, even
when the microstructure of the h-BN stack starts to be severely
degraded. The h-BN based memristors exhibit low-power
(~650 nW) and highly-stable RTN current signals (>1 hour, i.e.,
amongst the longest ever reported). We connected the h-BN

some experi-
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Fig. 1 Device structure and custom low-noise instrumentation. (a and b) Optical microscopy images of the Ag/h-BN/Ag devices used in this study,
in which the bottom Ag electrode has been deposited by photolithography, electron beam evaporation and lift-off, and the top Ag electrode has
been patterned via inkjet-printing technology. The squared pads in (a) are 100 um X 100 pm. (c) TEM image of the CVD-grown h-BN used in our
devices. Note the layered structure with localized defective regions, characteristic of CVD-grown h-BN.** Thickness of the h-BN stack is around
6 nm or ~16 layers, consistent with the h-BN atomic layer thickness of ~0.33 nm. (d) Schematics of the bias and conditioning circuit used to acquire
low frequency noise and RTN signals in h-BN cross points using a probe station. (e) Photograph of the employed custom instrumentation (enclosed

in a metal box) for flexible conditioning of noise signals.

2172 | Nanoscale, 2023, 15, 2171-2180

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr06222d

Open Access Article. Published on 29 grudnia 2022. Downloaded on 01.02.2026 14:13:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

memristors to a commercial microcontroller and employed the
highly stable RTN signals to construct the first highly stochas-
tic and reliable standalone (i.e., no commercial instrumenta-
tion employed) TRNG circuit. To address RTN signal instabil-
ities, we show that this implementation can continue to
operate under different natures of the entropy signal and can
recover its working condition if the memristor changes its
conductance.

We fabricated Ag/h-BN/Ag memristors with a cross-point
structure on 300 nm SiO,/Si wafers using a chemical vapor
deposition (CVD)-grown multilayer h-BN stack (see CVD h-BN
synthesis in the Methods section) and a low-temperature trans-
fer for its integration (see CVD h-BN transfer in the Methods
section). The bottom electrodes were patterned by photolitho-
graphy, electron beam evaporation and lift-off, and the top Ag
electrodes were deposited locally on the h-BN stack via inkjet-
printing technology.** A top-view optical microscopy image of
the cross-point devices used in this study is shown in Fig. 1a;
this image has been intentionally taken at the edge of h-BN to
illustrate its presence. The size of the devices used for electrical
characterization is approximately 50 pm x 50 pm (see Fig. 1b),
and the thickness of the h-BN stack is ~18 layers (i.e., ~6 nm),
as confirmed via transmission electron microscopy (TEM, see
Fig. 1c). The observed localized defects are a typical feature of
CVD-grown h-BN, as addressed in the literature.** The multi-
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layer nature of h-BN allows a large-area transfer without cracks
in the centimetre scale (see ESI Fig. 1}), showing good compat-
ibility with the processes required for the wafer-scale fabrication
of circuits. We designed, fabricated and employed a full-custom
configurable measuring setup (see Fig. 1d and e) based on a
low noise transimpedance amplifier (TIA) to apply constant
voltage stresses (CVS) and collect current versus time (I—t)
curves with high temporal resolution (one data point every
0.5 ms) with the device operating under various conductance
conditions—such a test is limited by the sampling rate and
memory depth of standard semiconductor parameter analysers
(SPA, e.g., Keithley 4200 and Keysight 1500B).

Pristine devices show low leakage currents (<1 pA) and a
conductance increase of around 0.6 V during I-V sweeps,
ascribed to the typical dielectric breakdown in h-BN based
devices*? (see ESI Fig. 21). Under this condition, when the Ag/
h-BN/Ag devices are subjected to a low constant voltage stress
(CVS) of only 70 mV, a highly stable two-level RTN current can
be observed, as shown in Fig. 2a. The current stochastically
fluctuates between the two levels (i.e., L; ~ 50 nA and L, ~ 90
nA), and the devices reach optimal functioning for >1 hour at
70 mV (see Fig. 2a-c and ESI Fig. 31). These types of RTN
current signals were previously observed in metal oxides, and
they were attributed to charge trapping and de-trapping at
atomic defects, normally an oxygen vacancy’® or an oxygen
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Fig. 2 Tailoring RTN signals through electrode engineering. (a) RTN current through an Ag/h-BN/Ag-ink memristor device under a constant low
applied voltage of 70 mV. The signal is stable for more than 1 hour, the longest ever reported for a 2D material-based device. The inset shows 20
seconds in detail, highlighting a large on/off ratio (larger than 2) and low capture and emission times for an RTN signal of unprecedented stability.
(b) Weighted time lag plot of the RTN trace in panel (a). (c) Histogram showing the ratio of the currents before and after an RTN transition (calculated
by dividing the high current over the low current, lxrnni/lrTnio)- The curve is a Gaussian fit to the data with the mean x = 1.69. The maximum value
observed for a transition was 2.57. (d) Exponential plot of 7. and z. distributions for the complete acquisition from panel (a). 87% of the transitions,
i.e., In(1 — F) > -2, taking place in less than 400 ms. Gray thick lines are visual aids of the mean values of bimodal exponential distributions.
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interstitial ion.>® In our devices, this behaviour is related to
the presence of native defects within the volume of the h-BN
stack, mainly lattice distortions formed during the CVD
process at h-BN grain boundaries and on substrate imperfec-
tions, resulting in amorphous, boron vacancy-rich regions.*'
This is supported by the fact that Au/h-BN/Au devices fabri-
cated using mechanically exfoliated h-BN of the same thick-
ness (which do not contain such CVD-related native defects)
drive a much lower leakage current and do not exhibit RTN
under CVS (see ESI Fig. 4 and 57).

The plot in Fig. 2a is one of the longest RTN traces ever
reported. Ref. 41 also reported RTN for >1 hour, but the device
required 0.5 V to be operated and exhibited two current levels
at ~60 and ~80 nA; that is, our Ag/h-BN/Ag device exhibits
lower power consumption and a higher current on/off ratio (P =
5.25 nW and Ion/Iog = 2 in Fig. 2a versus P = 35 nW and Ion/Iog =
1.33 in ref. 41). Statistical analyses of the RTN signals were per-
formed by creating a weighted scatter plot of the current data
evaluated at the discrete time i + 1 vs.  (i.e., consecutive current
values define y- and x-axes, respectively). This technique, called
weighted time lag plot (w-TLP), has been often used as a charac-
teristic figure-of-merit of RTN,*** allowing to clearly discrimi-
nate current levels even in noisy signals. The result shows two
clear groups of data points, one for each current level of the
RTN signal, as shown in Fig. 2b. Although useful for the quali-
tative assessment of long RTN acquisitions as in our case, this
technique lacks information regarding the actual amplitude of
each RTN transition. We extracted the ratio between the cur-
rents acquired immediately before and after each transition (cal-
culated as Igrnni/Irtnio) from the trace in Fig. 2. We observed
that these transitions have an average amplitude ratio of 1.69
and a maximum observed ratio of 2.57 (see Fig. 2c). These
values are the highest among all the reported memristors used
as the RTN source for TRNG circuits (see ESI Table 2t), which is
an important advantage as it simplifies the design of the con-
ditioning circuit required to harvest the entropy source.

We analysed the electron capture and emission times (z.
and 7., respectively) at the native defects of the CVD-grown
h-BN throughout the hidden Markov model (see ESI Fig. 61).>°
Our study reveals that 7. and 7. follow a bimodal distribution
with mean values of z.; = 79 ms and 7., = 369 ms for capture
times and slightly longer 7., = 106 ms and 7., = 437 ms for
emission times (see Fig. 2d), much shorter than in ref. 46; this
is also an advantage because, when used as a TRNG, it
increases the speed for random bit generation. The superior
RTN performance of the Ag/h-BN/Ag devices in Fig. 2 should
be related to the use of a top inkjet-printed electrode; this
deposition method, unlike electron beam evaporation and
sputtering, does not damage the h-BN film during metal depo-
sition. Fabrication induced defects can lead to strong instabil-
ities and reduced reliability in h-BN devices.*? Thus, the origin
of the RTN signal can be solely attributed to the intrinsic
defects that are characteristic of CVD-grown multilayer h-BN,
which are very highly localized.*® The low operating voltages of
the devices, which are compatible with the complementary
metal oxide semiconductor (CMOS) technology, should be
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related to the relatively large lateral size of the devices, which
leads to the presence of larger clusters of defects (compared to
smaller devices) that can be activated at lower voltages,*® as
well as due to the high conductivity of Ag electrodes.

Some authors have suggested 2D material based devices as
an entropy source for physically unclonable functions (PUF)
due to their inherently high electrical variability after fabrica-
tion, which provides a device-unique fingerprint when chal-
lenged upon.”” Differently, due to their time-domain random-
ness, RTN signals produced by the Ag/h-BN/Ag memristors
could be employed to implement TRNG circuits for advanced
data encryption on-the-fly and one-time authentication
factors.’>*® However, most studies characterizing RTN only
demonstrate a few (<20) seconds of continuous functioning,
the I,n/Ig ratio is very small (<1.3), consume too much power,
and the RTN only appears at one current range or is not con-
sistent enough through time, which hinders the fabrication
and commercialization of reliable RTN-enabled products.
Here, we boost the performance of h-BN based memristors for
cryptography by device engineering.

We presented a high-performance and inexpensive solution
for the hardware implementation of a TRNG circuit by con-
necting an h-BN memristor to a commercial (Arduino) micro-
controller board programmed in C language using the stan-
dard integrated design environment software provided by the
manufacturer. In this implementation, the user sets a constant
voltage to be applied to the h-BN memristor, which is gener-
ated by the Arduino board through a pulse-width-modulation
(PWM) output (D5). As shown by the circuit schematics in
Fig. 3a, the RTN current signal generated by the biased mem-
ristor is converted to voltage using a transimpedance ampli-
fier, whose output is fed to one of the analogue inputs of the
microcontroller (A1). This signal is periodically sampled (at 15
Hz) to generate a random seed for a 19-bit non-linear feedback
register (NLFSR), which can be coded in the Arduino. If the
current driven by the memristor reaches the current limitation
by the TIA, this is interpreted as a conductance change in the
memristor to a condition that is not optimum for TRNG oper-
ation. In such an event, the microcontroller switches the bias
off, aided by a discharge transistor operated by a digital output
(D11) of the microcontroller, and then applies the bias again,
restoring the previous conductance of the device. During this
interval, the TRNG continues to generate random numbers
relying on the continuous operation of the NLFSR. This solu-
tion not only prevents the degradation of the memristive
device by interrupting the bias, but also allows the TRNG to
continue operating (i.e., producing a high-throughput random
output) even if the RTN signal is interrupted for relatively long
times up to 20 s (for a 19-bit NLFSR running at 30 Kbps,
which can be enhanced including more bits in the register or
temporarily reducing the bit generation rate). The seed will be
1 or 0 based on the measured current being above or below a
defined threshold (respectively), which is typically at the
middle of L; and L, although this value can be modified on
the fly to prevent undesired drift—which, as shown in Fig. 2a,
is not a problem in our devices. In the case of a large temporal

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 2D material enabled RTN-TRNG implementation. (a) Simplified schematics of the required circuitry to capture the entropy of an h-BN mem-
ristor. The low noise TIA is identical to the one used in the RTN experiments and is connected to an Arduino board together with signal conditioning
circuitry. (b) Representation of the system implementation, where the h-BN memristor is connected via the probe station to a transimpedance
amplifier that receives the bias signal from the Arduino and sends the amplified RTN signal to the microcontroller to reseed the NLFSR (see also ESI

Video 1}).

drift, the output of the amplifier can be AC-coupled at the cost
of an additional filter, and the edges of the RTN signal can be
captured instead (no voltage reference required), without alter-
ing the results.>® A sketch of the physical implementation is
shown in Fig. 3b, where the h-BN memristor is connected to
the amplifier board (enclosed in the box shown in Fig. 1e),
which is wired to the Arduino mounted on the protoboard. To
confirm the correct functioning of the TRNG circuit, we con-
nected a computer running a Python script that provides a live
plot of the RTN current signal (see ESI Video 17).

To test true random number generation, we evaluated the
randomness of the output bitstream after 10 full periods of the
NLFSR (totalizing more than 5 megabits) for all the input RTN
signals using the randomness test suite from the National
Institute of Standards and Technology (NIST).** The results
confirm that all 15 tests pass for significance levels of p >
0.001 (see the column labelled as the “RTN signal” in Fig. 4a);
this can also be qualitatively observed in the chessboard-like
representation of the signal (Fig. 4b), which looks completely
random and free of any pattern. Note that if the output of the
NLFSR circuit is mapped without putting any stochastic signal
at the input, the circuit produces a repetitive pattern, as it can
be easily observed in the corresponding chessboard-like
diagram (see Fig. 4c). To test the robustness of the proposed
implementation, we also tested the behaviour of this TRNG
circuit using input signals of different natures, i.e., not only
highly stochastic RTN signals (like the one in Fig. 2a) but also
other signals generated by the h-BN memristors, such signals
with high densities of low-frequency noise (flicker) and

This journal is © The Royal Society of Chemistry 2023

spiking current signals due to volatile switching (see ESI
Fig. 71). We confirm that the output of the TRNG when such
signals are input also passes the randomness tests from the
NIST (see columns labelled as “RTN + flicker” and “RTN +
volatile RS signal” in Fig. 4a).

We selected this setup due to its low cost (<20 $), small size
(less than 2.5 cm x 7 cm x 1.5 cm) and low weight (<30 g),
which allows integrating it in a very wide range of applications.
This circuitry could also be fabricated on a silicon wafer featur-
ing amplifiers, on-chip filters, active pseudo-resistors and a
low noise DC-feedback loop, and it would occupy a total area
of ~0.024 mm” (including passive components) if transistors
of the 180 nm node are employed (see ESI Fig. 8t). Note that
the cost of such area increase in a commercial multi-project
wafer is <0.52 $ (see Methods). Furthermore, the h-BN device
can be connected with the circuit using the same inkjet-print-
ing technology used for the top electrode, as an inexpensive
alternative to wire-bonding.’® On an embedded system, the
TRNG block is expected to be a part of a larger IoT application;
hence, it is relevant to report on the overhead power consump-
tion of the entropy source and the external conditioning
circuit, rather than that of the whole implementation. With
this in mind, the power overhead is determined by the mem-
ristor (650 nW, see Fig. 2a) and the transimpedance amplifier
(~10 uw).>" This provides an average energy consumption of
~3.3 nJ per bit when operating at 30 kilobit per s limited by
the communication with the PC, which logs the results. This
can be further improved to ~1.28 pJ per bit when operating at
a maximum throughput of ~7.8 megabit per s (for the 19-bit

Nanoscale, 2023,15, 2171-2180 | 2175
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a NIST Randomness Test Suite RTN signal RTN + flicker RTN + Volatile RS
Test Name p-value p-value p-value

Frequency Test 145 .503 .81
Frequency Test within a Block .250 .999 .46

Run Test .242 496 .08
Longest Run of Ones in a Block .351 >.003 .07

Binary Matrix Rank Test .326 129 >.001

DFT Test >.001 >.001 >.002
Non-Overlapping Template Matching Test >.020 >.006 >.005
Overlapping Template Matching Test .010 .380 >.02
Maurer's Universal Statistical test .514 460 .94

Linear Complexity Test .01 722 .43

Serial test 1 .999 1
Approximate Entropy Test .994 .999 .99
Cumulative Sums (forward/backwards) >.247 >.237 >.61
Random Excursions Test >.264 >.131 >.03
Random Excursions Variant Test >.241 >177 >.27

Fig. 4 Randomness tests, and TRNG and pseudo-RNG output bitmaps. (a) Results of the NIST randomness test suite expressed as a significance
value of the statistical test p-value for three signals (produced by h-BN memristors) of different natures: showing stable RTN (similar to Fig. 2a) and
showing complex low-frequency noise signals and spiking current signals due to volatile switching (similar to ESI Fig. 71). All tests pass with a signifi-
cance threshold p > 0.001 on a bitstream of 5242 870 bits. (b) Visual chessboard-like representation of the output bitstream of the full TRNG
implementation when using a stable RTN signal, after completing 10 full periods of the NLFSR, totalizing >5 megabits. These data are the same that
are successfully put through the NIST tests in the third column of the table in panel (a). Note the absence of any distinguishable patterns on the
bitmap. (c) The same visual chessboard-like representation but for the free-running 19-bit NLFSR (without any signal at the input) after completing
10 full periods. A clear repetitive pattern in the direction of the arrow is observed, included as a visual aid.

NLFSR being reseeded at 15 Hz, i.e., 15 Hz x 2'° bits) or even
higher for the longer NLFSR by simply disconnecting the PC
logging interface.

In conclusion, we have combined multilayer h-BN memris-
tors with a commercially available microcontroller to provide a
solution for highly reliable true random number generation
for cryptographic systems. The key feature of our work is that
the h-BN memristors exhibit highly stable RTN signals for long
periods (>1 hour) and consume low power (~650 nW), which
are only observed when using top Ag electrodes deposited by
inkjet-printing technology. We connected the h-BN memristors
to a commercial microcontroller and developed the first highly
reliable and low-power standalone hardware solution for
TRNG generation enabled by these devices. It is important to
emphasize that this TRNG architecture, while simple and in-
expensive, has been demonstrated to be robust not only to the
temporary interruption of the RTN signal but also to variations

2176 | Nanoscale, 2023, 15, 2171-2180

in the characteristics of the entropy source, such as the pres-
ence of dense background flicker noise or the random volatile
switching of the device. These results represent a big step
towards the fabrication of advanced TRNG circuits that are
ideal for the internet-of-things, and also for the integration of
2D materials with classical electronics, exploiting the benefits
of both platforms to achieve advanced performance.

Methods
CVD h-BN synthesis

The CVD-grown multilayer hexagonal boron nitride used in this
study was directly obtained from Graphene Supermarket. h-BN
was synthesized by chemical vapour deposition (CVD) on a
25 mm thick Cu foil at high temperatures of up to 900 °C using
ammonia borane or borazine as a precursor. For further details

This journal is © The Royal Society of Chemistry 2023
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on the synthesis process, the manufacturer refers to ref. 52. This
process is well established and has been employed in multiple
publications***** and is guaranteed by the manufacturer.

Devices fabrication

The Ag/h-BN/Ag devices have been fabricated on a 300 nm
Si0,/Si wafer from Rdmicro. The bottom electrodes of the
devices consisted of 40 nm Ag, although we used a 10 nm Ti
layer below it as an adhesion layer. The electrodes have been
patterned by photolithography (mask aligner from SUSS), elec-
tron beam evaporation (PVD 75 from Kurt J. Lesker) and lift-off
(in acetone for 12 hours). Ti and Ag were deposited at a low
pressure of 2 x 10~> Torr without breaking the vacuum. The
shape of the electrodes consisted of a 100 pm X 100 pm
squared pad with a 50 pm x 150 um perpendicular wire con-
nected to the centre of one of its sides. Then, the CVD-grown
~18-layer-thick h-BN sheet was transferred on the bottom elec-
trodes (see CVD h-BN transfer). Finally, Ag top electrodes have
been patterned on the h-BN using a piezo-inkjet printer
(DMP-2800, Fujifilm) with Ag ink (Jet 600C, Hisense). The area
of the device was defined by the overlapping of a region
between the patterned Ag line and the Ag bottom electrode
below the h-BN, which was approximately 50 pm x 50 um.

CVD h-BN transfer

The wet transfer process employed in this study consists of
seven steps. First, liquid poly(methyl methacrylate) (PMMA)
was spin-coated on the h-BN/Cu sample at 500 rpm for 6 s and
3500 rpm for 30 s. Second, the PMMA/h-BN/Cu sample was
heated at 100 °C for 3 min to improve its stability and
adhesion to the h-BN/Cu sample. Third, the PMMA/h-BN/Cu
sample was deposited on the surface of an iron chloride
(FeCls, 0.1 g ml™") solution (i.e., floating) for 5 h to etch the Cu
substrate. Fourth, the PMMA/h-BN sample was deposited on
the surface of a hydrochloric acid (HCl, 2 wt%) solution (i.e.,
floating) for 30 min for cleaning. Fifth, further cleaning was
conducted by depositing the PMMA/h-BN sample on the
surface of deionized water (i.e., floating) for 1 h. Sixth, the
PMMA/h-BN sample was obtained with the SiO,/Si wafer con-
taining the Au/Ti bottom electrodes and heated at 60 °C for
5 min. Seventh, the sample was introduced in a glass with
acetone (>99%) for 12 h to etch PMMA.

Exfoliated h-BN devices

The Au/h-BN/Au devices with mechanically exfoliated h-BN
were fabricated using Scotch tape from 3M and bulk crystal
h-BN powder from HQ Graphene Company. The transfer of the
exfoliated h-BN from the Scotch tape to the Au bottom electro-
des (patterned on the SiO,/Si sample) was carried out in a
transfer stage from Shanghai Onway (model OWTS-01).

Physical characterization

The images of the devices were collected using a DM400 optical
microscope from Leica Microsystems and a Supra 55 scanning
electron microscope from Zeiss. The cross-sectional characteriz-
ation of the devices was carried out using a JEM-2100 trans-
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mission electron microscope from JEOL. TEM images were
obtained by cutting the real Au/h-BN/Au devices into 40 nm-
thick lamellas using a Helios NanoLab 450S focused ion beam
from FEIL. Many studies have shown that TEM characterization
was performed right after material growth; however, this may
ignore the defects introduced in the h-BN sheet during the elec-
tron beam evaporation process.>’ In our case, the collection of
TEM images after the fabrication of the device ensures that we
are visualizing the real structure of the devices.

Device characterization

Low voltage I-V and CVS I-t characteristics were measured
using a Keysight B1500A semiconductor parameter analyser
for a low leakage current floor of 10 fA and a minimum
sampling time of roughly 10 ms. Current limitation was main-
tained below 10 pA in all SPA measurements. -t data series
were processed via MATLAB scripts for the computation of
current histograms, weighted time lag plots (w-TLP).***> To
perform low noise acquisitions of the RTN signals for the
TRNG, a self-biased low noise TIA with a low noise bias source
was implemented using off-the-shelf components, following
the guidelines from the literature.”® The simplified circuit
schematic is shown in Fig. 1d. Similar implementations have
been used in the past to study the low frequency noise in
nanoelectronic devices.’®>” The TIA bandwidth is ~100 Hz at
the highest selected gain and ~10 kHz at the lowest gain. The
low noise bias stage provides a stable voltage reference discon-
nected from external sources with sufficiently low DC drift for
typical noise acquisitions lasting from a few to tens of
minutes. The full circuit is battery powered and enclosed in a
metal case to reduce the external interference, as shown in
Fig. 1e. The amplifier includes an additional, configurable
gain (2 to 101), AC-coupled, and voltage post-amplifier (see the
board picture in Fig. 3b) stage to acquire the sharp edges of
RTN signals decoupled from slow DC drifts that can alter the
interpretation of the results. For the implementation of a
TRNG, the general architecture is plausible of integration with
a microcontroller (see the Arduino-based TRNG) and CMOS
technology (see the circuit in ESI Fig. 77).

Arduino-based TRNG

In this solution, the Arduino generates the adequate bias for
the device using a PWM output (D11) and a low pass filter R1-
C1 (15 kQ-10 pF). C1 was integrated with the custom TIA used
for the experiments in previous sections, setting a low-noise
DC bias for the DUT through the self-biased TIA. The output
of the amplifier was then fed to a voltage limiter circuit R4-
R5-D1 (R4 = R5 = 10 kQ and D1 = 1N4148) to adapt the voltage
range of —7.4 V-+7.4 V to a single, buffered 0-to-5 V max.
output to make it compatible with the Arduino analogue input
(A1), which samples the amplified current flowing through the
memristor. C4 (22 pF) is included as an antialiasing filter for
the input of the analogue-to-digital converter on the Arduino
board. A resistor R6 (>1 K) connects a digital output (D11) to
the base of a bipolar NPN transistor (BC547) that is saturated
when the microcontroller detects a conductance state change
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(TIA saturation), aiding in the quick discharge of the PWM
filter (which would alternatively discharge slowly through R1)
and reducing the bias voltage of the device to 0 V in negligible
time. A Python script runs in the PC and manages the
execution of the TRNG experiment with a simple graphical
interface to easily monitor the experiment from the PC and
save all the results. Another independent thread from the
Python code runs a live plot of the TIA output, monitoring the
status of the device throughout the experiment and logging
every event through time, such as seed changes and device
set-reset occurrences. The execution of the experiment can be
stopped at any time via keyboard interrupts or be set for a
fixed run length, in this case set to 10 full periods of the 19-bit
NLFSR. The complete Python code is available in a public Git
repository (https:/github.com/smpazos/hBN_TRNG.git). The
Arduino platform requires to be loaded with the Standard
Firmata sketch previously.

The overhead price in the 180 nm CMOS implementation
of the TRNG was calculated as follows. A commercial multi-
project wafer (MPW) offering a full-block fabrication at a low
level production cost of around 22 000 $ and involves a total of
40 silicon microchips of 25 mm? each, totalizing a silicon area
of 1000 mm?. This results in a cost of 22 $ per mm? of pro-
cessed wafer. Considering the approximate area overhead of
the circuit being ~0.024 mm? (see ESI Fig. 8ct), the price for
each instance renders <0.52 $, which can be drastically
reduced on full scale manufacturing.
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