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Abstract

Graphene/h-BN/Si heterostructures show considerable potential for future use in infrared
detection and photovoltaic technologies due to their adjustable electrical behavior and
well-matched interfacial structure. The near-lattice match between graphene and hexago-
nal boron nitride (h-BN) enables the deposition of low-defect-density graphene on h-BN
surfaces. This study presents a thorough exploration of the low-frequency electrical noise
behavior of graphene/h-BN/Si heterojunctions under both forward and reverse bias con-
ditions at room temperature. Graphene nanolayers were directly grown on h-BN films
using microwave plasma-enhanced CVD. The h-BN layers were formed by reactive high-
power impulse magnetron sputtering (HIPIMS). Four h-BN thicknesses were examined:
1nm, 3 nm, 5 nm, and 15 nm. A reference graphene/Si junction (without h-BN) prepared
under identical synthesis conditions was also studied for comparison. Low-frequency
noise analysis enabled the identification of dominant charge transport mechanisms in the
different device structures. Our results demonstrate that grain boundaries act as domi-
nant defects contributing to increased noise intensity under high forward bias. Statistical
analysis of voltage noise spectral density across multiple samples, supported by Raman
spectroscopy, reveals that hydrogen-related defects significantly contribute to 1/f noise
in the linear region of the junction’s current—voltage characteristics. This study provides
the first in-depth insight into the impact of h-BN interlayers on low-frequency noise in
graphene/Si heterojunctions.

Keywords: defects; fluctuations; directly synthesized graphene/h-BN/Si junction; hexag-
onal boron nitride; microwave PECVD; high power impulse magnetron sputtering; low-
frequency noise; Raman spectroscopy

1. Introduction

Nearly two decades after its initial isolation from graphite, graphene remains among
the most intensively investigated materials across contemporary physical sciences, nan-
otechnology, and materials research. It has attracted significant attention as a key material
for future electronic and photonic technologies owing to a unique combination of high
optical transparency and electrical conductivity, superior charge carrier mobility, and
outstanding thermal conductivity [1-4].
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Importantly, heterostructures combining graphene with conventional semiconductors
of IV and III-V groups have been realized [3,5-10]. Benefiting from the mature and scalable
silicon semiconductor technology, graphene/Si heterojunctions exhibit promising potential
for solar cells, broadband photodetectors, and gas sensing applications [1,11-17].

A notable advantage of these junctions is their ability to enhance silicon solar cells’
sub-bandgap infrared conversion efficiency [18] and extend the operating band of Si-based
photonics into the mid-infrared spectral range [16,19,20]. Despite the potential, graphene/Si
junctions still face unresolved issues such as variability in ideality factors, Schottky barrier
height inhomogeneity, and limited performance due to various interface defects, such as
dangling bonds at the silicon surface [11,12,14,17,21].

Due to its sensitivity to structural imperfections and defects introduced during sample
fabrication or device operation, low-frequency noise spectroscopy serves as a non-invasive
and powerful diagnostic approach for characterizing electronic and optoelectronic de-
vices [22-24]. Different types of noise can be categorized, including thermal (also known as
Johnson or Nyquist) noise, which is caused by the random motion of charge carriers and
has a “white” spectrum, i.e., is frequency independent. Shot noise is also characterized
by a “white” spectrum and results from uncorrelated and stochastic transitions of charge
carriers through a potential energy barrier.

Generation-recombination noise, which is distinguished by a Lorentzian-type spec-
trum, and flicker or 1/f noise arise from fluctuations in the conductance [23,25,26]. Among
these, 1/f noise is particularly important for assessing device reliability and gaining insight
into carrier transport mechanisms [22,23,26].

In practical applications, low-frequency fluctuations can fundamentally limit sensor
sensitivity. The 1/f noise in graphene is generally attributed to correlated variations in
the number of charge carriers and their mobility [26-30]. Flicker noise in graphene-based
semiconductor devices is under intensive investigation because of its impact on real-world
device performance [3,6,27,28,30-34]. However, only limited studies have specifically
investigated low-frequency noise characteristics in graphene/silicon junctions [3,6,35].
These works validate the significance of 1/f noise, which is sometimes omitted and only
shot noise is considered, in estimating photodetector parameters such as noise equivalent
power. Together with Raman spectroscopy, low-frequency noise investigation is a powerful
tool not only for defect density evaluation [35] but also for defect identification as this study
aims to demonstrate.

The defect density in graphene is highly sensitive to the synthesis method [36].
Graphene can be directly deposited on Si substrates without the use of catalysts, em-
ploying plasma-enhanced chemical vapor deposition (PECVD). The key benefit of this
approach is avoiding lengthy transfer procedures as well as associated contamination and
mechanical damage [37]. However, such directly grown graphene is usually nanocrys-
talline and contains a high density of grain-boundary defects [38,39]. These defects can
significantly limit the performance and reliability of devices and sensors based on directly
synthesized graphene [40]. While grain boundaries as noise sources have been investigated
earlier in graphene transistors [30], this study also reveals their impact on the rapid noise
increase in graphene/Si structures with an inserted hexagonal boron nitride interlayer.
Careful substrate selection can substantially reduce the density of grain boundaries and
other defects, thereby improving material quality.

The near-lattice match between graphene and hexagonal boron nitride (h-BN) en-
ables epitaxial growth of low-defect-density graphene [41-44]. It is noteworthy that
graphene/silicon solar cell conversion efficiency may be raised more than three times
by inserting an h-BN interlayer [1,13]. However, to date, graphene epitaxy on h-BN has
primarily been employed using exfoliated hexagonal boron nitride flakes or h-BN films
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synthesized by CVD on Cu foils. Several recent studies described graphene synthesis on
h-BN films directly deposited on substrates commonly used for semiconductor device
fabrication, such as silicon or SiO;; however, lower defect density in graphene was not
achieved [4,45]. Despite this, significant improvements in the graphene /h-BN/silicon de-
vices” photoelectric and photovoltaic properties were found compared to the graphene/Si
junction [4].

Notably, a graphene-channel field-effect transistor (FET) fabricated on a boron nitride
substrate and encapsulated by another boron nitride layer exhibited ultralow low-frequency
noise [32]. Noise in such a device was much lower compared to the graphene-based FET
fabricated on the commonly used SiO; substrate [33]. Nevertheless, the effects of the h-BN
interlayer on the low-frequency noise properties of the graphene/monocrystalline silicon
heterojunction have not been studied to date. Only Ui Yeon Won et al. [46] applied noise
measurements to evaluate the detectivity of the graphene /h-BN/silicon photosensor, fabri-
cated using transferred graphene and boron nitride flakes. However, no detailed analysis
of the noise behavior was reported. In such structures, determining conductivity only from
temperature-dependent current-voltage characteristics can be challenging, as the dominant
conduction mechanism may vary with temperature or involve multiple competing mech-
anisms. Here, low-frequency noise measurements can provide valuable complementary
information. Based on low-frequency noise analysis, only Schottky emission was identified
at the graphene/Si junctions [3].

To address the knowledge gap, this study systematically investigates low-frequency
fluctuations in graphene /h-BN/Si junctions and compares them with those in conventional
graphene/Si diodes. The effects of the h-BN interlayer thickness and the structural features
of graphene grown on h-BN films are analyzed. Our results demonstrate that both grain
boundary and on-site defects significantly affect low-frequency noise behavior. Low-
frequency noise spectroscopy was used to determine dominant conduction mechanisms at
room temperature, avoiding the complexity of analyzing temperature-dependent current—
voltage characteristics (this is illustrated in Supplement S3 “Identification of Schottky and
Poole-Frenkel emissions via current-voltage characteristics”). This study provides the first
in-depth insight into how h-BN interlayers influence low-frequency noise in graphene and
Si heterostructures.

2. Materials and Methods

The samples were prepared on single-crystalline, double-side-polished, n-type silicon
(100) wafers (Sil'tronix Silicon Technologies, Archamps, France). Their resistivity values
were from 1 to 10 Q-cm. High-power impulse magnetron sputtering (HIPIMS) was applied
to deposit h-BN films onto the wafers. The boron nitride films deposition conditions can be
seen in Table 1. Details of the interlayer deposition parameters are summarized in Table 1.
Boron nitride films growth conditions were selected considering our previous study [47].
Detailed information on the structure and composition of the h-BN films utilized in this
research is available in [47]. Notably, our previous study found that the B:N ratio for thicker
h-BN films was 1:1 for 30 min to grow a film of ~50 nm thickness and 1.17 for 60 min to
grow a film of ~100 nm thickness [47]. The continuous h-BN film was ultra-smooth with a
roughness (Rq) of ~0.5 nm [4].

Graphene was synthesized via microwave PECVD using a Cyrannus system (Inno-
vative Plasma Systems (Iplas) GmbH, Troisdorf, Germany). To protect the samples from
excessive exposure to direct plasma, a specialized enclosure was utilized [35,48,49]. Before
the graphene deposition, the substrate was cleaned by hydrogen plasma activation. The
substrate pre-treatment and graphene synthesis conditions are in Table 2. It is worth men-
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tioning that our previous research indicated that the roughness of graphene grown on a
continuous h-BN interlayer was below 1 nm [4].

Table 1. h-BN film deposition settings.

Deposition Impulse Impulse Average Substrate- Interlayer
. . Average Cathode .
Target Tempera- On-time Off-time Impulse Voltage (V) Distance Thick-
ture (°C) (ton) (us) (toge) (1s) Current (A) 8 (cm) nesses (nm)
Boron 800 17 150 1.2 930 15 1,3,5,15
Table 2. Graphene synthesis process technological parameters.
Technological Plasma Power Temperature H, Gas Flow CH4 Gas Pressure Time
Process (kW) Q) (sccm) Flow (sccm) (mBar) (min)
Graphene 1 700 200 0 10 10
pre-treatment
Graphene growth 0.7 700 75 25 10 60

Diodes based on graphene, hexagonal boron nitride, and silicon were fabricated to
assess their electrical and low-frequency noise properties. The cross-sectional view of
the device is shown in Figure 1. For more details on diode fabrication, refer to previous

work [4].
Cu Cim
Cie Cz
h-BN
n-Si (100)
Al

Figure 1. Schematic of the graphene/h-BN/Si(100) junction device.

The thickness of boron nitride films was estimated based on the deposition rate of the
thicker films revealed in our previous research [47] and the corresponding growth duration.

Low-frequency noise measurements were conducted across the 10 Hz to 60 kHz
frequency band under constant current conditions, for both forward and reverse bias,
at ambient temperature. The noise measurement setup consists of a specially designed
low-noise amplifier, filtering modules, and analog-to-digital converter PCI-6115 (National
Instruments, Austin, TX, USA). The spectral density of voltage fluctuations’ (S;) is derived
by applying the Cooley-Tukey Fast Fourier Transform algorithm. All noise measurements
were carried out inside a Faraday cage to minimize electromagnetic interference. A detailed
noise measurement description and a schematic of the experimental setup (Figure S1) are
provided in Supplement S1. Four reference graphene/Si junctions and six graphene/h-
BN/Si samples were tested within each h-BN thickness category. A B1500A semiconductor
parameter analyzer (Keysight, Santa Rosa, CA, USA) with minimum current measurement
resolution of 100 fA was employed to acquire current-voltage (I-V) characteristics. I-V
characteristics under CW operation were measured with a voltage step of 10 mV with 0 ms
delay time at forward and reverse sweeps starting at 0 V. The compliance DC current was
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limited to 20 mA and the maximum voltage to 5 V to avoid the device under investigation
damage. The room temperature maintained in the laboratory was 295 K.

The structural properties of the samples were analyzed with the aid of an inVia
(Renishaw, United Kingdom) Raman spectrometer. The exciting laser wavelength of
532 nm was applied. We used a laser power of 1.5 mW for measurements. Raman spectra
were recorded from five locations on each sample. Deconvolution of the 2D, G, D, and
D’ bands was conducted using XPSPeak 4.1 software, fitting them with Lorentzian line
shapes. The 2D peak and G peak intensity ratio (I(2D)/I(G)) was employed to appraise
the number of layers [50]. A reduction in this ratio implies an increase in the number of
graphene layers. The ratio of the D peak intensity to the G peak intensity (I(D)/I(G)) was
utilized to estimate the defect density within the graphene structure [51,52]. An increased
ratio reflects a higher density of defects.

3. Results
3.1. I-V Characteristics

Typical current—voltage characteristics of investigated junctions with different h-BN
layer thicknesses at room temperature are shown in Figure 2 (these current—voltage char-
acteristics in semi-log scale are presented in Figure S2 in Supplement S2). No apparent
differences are observed between the samples with a h-BN layer and without. At for-
ward bias in the low-voltage regime and at reverse bias over a broader range, the current
scales linearly with voltage, indicating dominant ohmic behavior. At higher forward volt-
ages, a nonlinearity appears in all samples, indicating possible Schottky emission or other
field-enhanced conduction mechanisms, such as Poole-Frenkel (PF) emission, direct tun-
neling, or Fowler-Nordheim tunneling. Such conduction mechanisms are often observed
in graphene-based devices [11,17,53]. In graphene/semiconductor junctions, Schottky
emission is widely accepted as a dominant conduction mechanism [3,11,16,17]. However,
when an insulator, such as h-BN, is inserted between graphene and a semiconductor, the
determination of current conduction requires special attention. For example, when direct
tunneling is dominant, the Richardson coefficient in the Schottky equation should be mod-
ified with a transmission factor. This factor depends on the insulator thickness and the
barrier height at the semiconductor/insulator interface [1,11].

(a) T T T (b)

/s
< <
= S
< [
o £ 10
5 S0 P
3 ©
7 —=—d=15nm
i —e—d=5nmm
—4—d=3nm
i 5 7 —~v—d=1nm | |
10 3 / ~—+—d=0nm
10°? 107" 10° 107 107" 10°
Forward Voltage (V) Reverse Voltage (V)

Figure 2. Typical current-voltage characteristics of the studied junctions at forward (a) and reverse
(b) bias; A—h-BN interlayer thickness.
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Additionally, in such graphene/insulator/semiconductor structures, multiple conduc-
tion mechanisms can be active simultaneously or the dominant conduction mechanism
can change with temperature. It should be noted that inhomogeneities at the interface,
defects, conduction at grain boundaries, and barrier height fluctuations complicate the
accurate identification of dominant conduction mechanisms [12,17,54]. The complexity in
determining the Schottky vs. Poole—Frenkel emission from I-V characteristics measurement
in our investigated samples is described in Supplement S3. That is where noise analysis
helps. Ln(I) vs. y/U and In(I/U) vs. /U plots, which are usually employed for Schottky
and Poole-Frenkel emission identification, are also presented in Figures S3 and S4. In the
following section, the dominant conduction mechanism will be estimated based on the
noise characteristics.

3.2. Low-Frequency Noise Spectra

All investigated samples exhibit 1/f or 1/f*-type electrical fluctuations at forward and
reverse bias. These fluctuations can be described as a superposition of many Lorentzian-
type noise spectral components resulting from individual fluctuators with widely dis-
tributed relaxation times. The representative noise spectra of the samples at forward and
reverse bias are shown in Figure 3. Some junctions containing h-BN interlayers, investigated
in this study, are distinguished by the Lorentzian-type noise spectra superimposed with
1/f components at low frequencies at forward bias at a specific range of flowing current.
Several examples of electrical noise spectra with Lorentzian fluctuations are presented in
Figure 4. In samples with a 5 nm thickness h-BN interlayer, Lorentzian-type noise spectra
have been observed most frequently: in the current span from 0.05 mA to 0.1 mA and at
higher currents from 0.75 mA to 3 mA. Additionally, a weak Lorentzian-type noise compo-
nent has been observed in a junction with a 1 nm h-BN layer at 0.2 mA forward current (I)
(Figure 4). To facilitate clearer recognition of Lorentzian-type fluctuations, these spectra
are commonly scaled by multiplying with frequency (Syy) (Supplement 54, Figure S5). The
Lorentzian-type noise spectrum is indicative of an isolated defect-related recombination
site with a distinct relaxation time 1/t = 1/7e + 1/7., where T, is the average time of
electron emission, and 1. is the average electron capture time at the trap level [24]. In
general, the current flow through the junction results in voltage noise due to variations in
local resistance [25,55,56]. If the number of defects (both bulk and interface types) in the
device is sufficiently high and the relaxation times are widely distributed, the 1/f noise
spectrum is observed. The equation for 1/f noise intensity evaluation (Equation S4) and its
description are provided in Supplement 54.

A “white” spectral region attributed to thermal noise is observed at low forward
and reverse bias when f > 2 kHz, as can be seen in Figure 3 at 0.005 mA and 0.01 mA
currents. At such low currents, thermal noise is dominant and sets a limit for the minimum
observable noise level. The intensity of thermal noise (Sy; = 4kTR4, k—Boltzmann’s constant,
T—temperature) is determined by the differential resistance R4 of the investigated junction
at the linear I-V characteristic part (for a representative sample of a 3 nm thickness h-BN
layer in Figure 3, R4 = 1410 )). In some cases, thermal noise is masked by higher 1/f noise
intensity. An example is illustrated in Figure 3b for a junction with a 5 nm h-BN layer at
0.01 mA.
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Figure 3. Representative spectra of low-frequency noise at different values of the forward (a) and
reverse (b) current. The curve named “system” denotes the noise level of the measurement system;
d—h-BN interlayer thickness. The legend is the same for (a,b) figures.
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Figure 4. Electrical noise spectra with Lorentzian-type components at different forward current
values; —h-BN interlayer thickness.

3.3. Noise Spectral Density vs. Current Characteristics

The interdependence of the current noise spectral density Sy and the current I provides
insight into the physical processes occurring at the junction and possible conduction
mechanisms [3,23,35,57]. For this reason, the current noise spectral density has been
calculated as S; = Sy;/R2%, where R4 denotes the differential resistance of the sample
R4 = (dU/dI). The current dependences of the differential resistance for representative
samples shown in Figure 2 are depicted in Figure S6 (Supplement S5).

3.3.1. Influence of Grain Boundaries on Low-Frequency Noise

Figure 5 presents the different trends observed in the current spectral density for
forward and reverse current in the samples investigated. In the current range, in which the
I-V characteristic is linear, electrical noise S; is proportional to IV, where v is very close to
2 for all the investigated junctions. This is expected for ohmic samples, as Equation (54)
defines. At elevated forward bias, a discrepancy from the quadratic relationship in noise
vs. current characteristic is observed, where S; ~ IV, and y > 2. The current intervals
with a rapid increase in noise intensity coincide with the non-linear regions of the I-V
characteristics. Such strong noise dependence on current with y > 2 is often attributed
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to the influence of grain boundaries (GB) and was earlier observed in polycrystalline
films [23]. As a result of the nanocrystalline structure of graphene [39,48,58,59] and h-BN
layers [45], grain boundaries are dominant defect sources in these devices. Accordingly,
in the investigated graphene/h-BN/Si junctions, the observed S; ~ I* behavior confirms
the dominant role of GBs as strong noise generators [30]. In graphene grown by CVD,
GB prevailing results in a substantial increase in noise intensity compared to exfoliated
graphene [36].
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Figure 5. Typical graphs of current noise spectral density vs. forward (a) and reverse (b) current at
1044 Hz frequency; d—h-BN interlayer thickness. The inset in (a) represents the S;(I) dependence of
the reference sample.

However, reference samples without an h-BN layer are distinguished by different
electrical noise vs. forward current characteristics (Figure 5a). An interval, in which S;
scales approximately linearly with current (i.e., vy ~ 1) is detected within the current range
of 0.05 to 0.4 mA. At high currents, the influence of GBs plays a significant role in the
rapid increase in noise intensity. The proportionality S; ~ I am usually attributed to pure
thermionic emission in Schottky diodes [3,57]. Such a dependence was not observed in
samples with an h-BN layer, meaning that a different prevailing conduction mechanism or
several conduction mechanisms are contributing simultaneously.

3.3.2. Identification of Poole-Frenkel Emission

Following the approach outlined in [60-62] for dominant Poole-Frenkel emission,
the product of normalized current noise spectral density S;/I? and electrical field (which
is proportional to the applied voltage U) should be constant regardless of the current
and is proportional to the trap density and field enhancement factor of PF emission. A
plateau in corresponding noise plots is observed at high reverse bias for samples with
15 nm and 5 nm thicknesses of the h-BN layer, suggesting the dominance of Poole-Frenkel
emission. A trend has been observed—samples with thicker h-BN layers exhibit higher
Poole-Frenkel conductivity at room temperature, as shown in Figure 6. The PF noise
analysis at high forward bias was complicated by the influence of grain boundaries on
noise characteristics. Only one sample with a 15 nm thickness h-BN layer demonstrated
a narrow plateau in U x S;/I? vs. current plot at high forward bias (Figure 6a), while no
such region was observed in the 5 nm thickness h-BN samples. The PF charge transport
mechanism has been reported for a small forward voltage range of the I-V characteristics of
graphene/Al,O3/Si solar cells [11], a high reverse voltage range of the I-V characteristics
of graphene/n-Si junctions [21], and reverse current flow via graphene/SiC junctions [9].
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The Poole-Frenkel emission from defects in h-BN was found in graphene/h-BN field effect
transistors [10]. Similarly, in the present study, it is plausible that PF conduction arises
from defects in the HIPIMS-deposited h-BN interlayer. Exfoliated h-BN layers or h-BN
films grown by chemical vapor deposition on catalytic copper foil usually contain few
defects, and their use can ensure the fabrication of graphene-based FETs with ultra-low
noise. However, these technologies are not suited for industrial-scale semiconductor device
fabrication. In our case, the boron nitride was grown directly on a silicon substrate using
the HIPIMS technique, which is already used for large-scale manufacturing. In this case,
higher defect density in the h-BN films can be supposed like [63].
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Figure 6. U x S;/ I? vs. current plots for 15 nm (a) and 5 nm (b) h-BN layer thickness samples at
108 Hz and 1044 Hz frequencies.

From the low-frequency noise perspective, the pronounced dominance of trap-assisted
tunneling is usually linked to the appearance of shot noise in electrical noise spectra,
modulated by the Fano factor [61]. However, no shot noise was observed in this experiment.

Here, in Figures 3-5, only representative noise curves or dependences of samples are
represented. Direct comparison of noise intensity between different samples should rely on
Figure 7a in the following Section 3.4, which summarizes the averaged data.

[ y g T / (b) 3000 T ]
107" ® [=0.02mA ® /. =0.02mA
l,=1mA | & /,=002mA
® /,=002mA §
ol e e ] 2500 e 3- 1
g «” 2000 *
I I I . i L |
: . $ $
[ ¢ 1500 ’
10709 ¢ e
0 1 3 5 15 0o 1 3 5 7 15

h-BN thickness (nm)

h-BN thickness (nm)

Figure 7. Average voltage noise spectral density values at a 1044 Hz frequency, reverse current of
0.02 mA, and forward current of 0.02 and 1 mA (a); differential resistance in the ohmic part of the
current—voltage curve under positive and negative biasing conditions (b) of multiple graphene/h-
BN/Si junction samples as a function of h-BN layer thickness.
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3.4. Statistical Investigation and Defect Identification in Samples with Different H-BN
Layer Thickness

3.4.1. Noise Intensity Between Samples with Different H-BN Layer Thickness

To compare the noise intensity between different samples and evaluate the impact of
h-BN interlayer thickness on the graphene/h-BN/Si junctions through the low-frequency
noise characterization, voltage noise spectral density values at 1044 Hz were extracted for
multiple investigated samples within each h-BN thickness category. The average values
of voltage noise spectral densities of the tested junctions are presented in Figure 7a. The
comparison was made at different forward current levels (0.02 mA and 1 mA), correspond-
ing to the linear and non-linear regions of the I-V characteristics (Figure 2), as well as
at 0.02 mA of reverse bias. The noise intensity is not directly proportional to the h-BN
thickness (Figure 7a). As a general trend, junctions with a 5 nm-thick h-BN interlayer
demonstrated the highest noise intensity under all experimental conditions. The average
voltage noise spectral density is very similar between specimens with h-BN interlayers
under both forward and reverse biases in the linear I-V characteristic range, except for
graphene/5 nm h-BN/Si samples (Figure 7a). However, under forward bias conditions,
where the I-V behavior deviates from linearity, the fluctuation intensity of the thickest h-BN
layer samples (5 nm and 15 nm) increases more compared to the increase in noise level of
the 1 nm and 3 nm h-BN thickness samples (Ir = 1 mA in Figure 7a).

This observation is consistent with the findings in Section 3.3, where a deviation from
the S; ~ I? dependence and an enhanced y > 2 exponent were linked to grain boundaries
(GBs) acting as dominant noise sources in nanocrystalline graphene and h-BN layers. These
GB-related effects can also contribute to local current crowding and a further increase in
1/f noise [23,31]. Thus, it is important to consider in which mode (linear or non-linear I-V
characteristic part) the device operates. As Figure 7b illustrates, a good correlation between
the noise intensity and the differential resistance values of the investigated junctions in the
linear I-V characteristic range is confirmed.

The reference junctions without h-BN interlayers are characterized by close (or even
slightly lower) noise intensities as the remaining samples (except the graphene/5 nm
h-BN/Si junctions) (Figure 7a). The values of differential resistances are also similar to the
remaining samples (Figure 7b).

3.4.2. Assessment of Raman Spectra and Low-Frequency Noise Characteristics

Raman scattering spectra were studied to reveal structural parameters of the graphene
and relate them to the low-frequency noise results. G and 2D peaks characteristic of
graphene are apparent in those spectra (Supplement 6, Figure S7). The defect-related D
band was found because directly deposited graphene is nanocrystalline, and another defect-
related peak, D’ peak, is observed as a shoulder of the G band. Afterward, the Raman
spectra parameters were analyzed to reveal possible relations between the low-frequency
noise and graphene’s structural parameters.

It was revealed in our previous study that substrate-induced graphene self-doping
is crucial for graphene/Si junction properties and that the insertion of an h-BN interlayer
can partially suppress this effect, thereby enhancing the photoelectric and photovoltaic
properties of the junction [4]. Analysis of the Pos(2D) vs. Pos(G) plot can provide valuable
information on stress and doping of the graphene [64]. The Pos(2D) downshift with Pos(G)
upshift, typical of n-type doping, was revealed for graphene grown directly on silicon
and on the h-BN interlayer [4]. However, in the present research, no dependence of low-
frequency noise on Pos(G) or Pos(2D) has been observed (Supplement S6, Figure S8). This
indicates that substrate-induced graphene self-doping should not be considered the primary
factor determining the noise characteristics at graphene /h-BN/Si junctions. Notably, no
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apparent relationship between the spectral density of electrical noise and graphene’s layer
number (Supplement S6, Figure 59) has also been observed.

Non-monotonic noise increase in defect density is observed in graphene (Figure 8a).
Initially, the noise clearly increases with the I(D)/I(G) ratio. However, for samples featuring
an inserted 1 nm-thick h-BN interlayer, a significant reduction in the noise level is observed.
To identify possible reasons for this inconsistency, the effects of different graphene defect
types were investigated. For this reason, intensity ratios of the D and D’ peaks were
calculated. Three groups of the samples can be distinguished. In the case of the graphene/h-
BN/Si junctions containing 3 nm, 5 nm, and 15 nm thickness boron nitride interlayers, the
I(D)/I(D’) value was about 2.5. That is between the value typical for grain boundary defects
(3.5) and the value typical for on-site defects (1.3), which are commonly linked to hydrogen
species bonded to the graphene [65]. In the case of the reference graphene sample, GB
defects also prevail. However, considering these I(D)/I(D’) values, the presence of some
on-site defects is observed. Finally, for graphene/h-BN/Si(100) samples with an inserted
1 nm thickness h-BN interlayer, the I(D)/I(D’) value appears to nearly match the typical
value for grain boundaries (~3.6). It should be noted that the presence of some hydrogen
bonds was revealed in HIPIMS-deposited h-BN films grown using a 152 sccm nitrogen
gas flow using Raman spectroscopy [4]. In HIPIMS, hydrogen can originate from residual
water vapor or hydrocarbons in the chamber; these species are dissociated in plasma and
become bonded to boron or nitrogen at the growing film'’s surface, as was demonstrated
in our previous research [4]. In the present study, such hydrogen incorporated in the
h-BN layer could subsequently be released during the graphene’s direct synthesis step and
become incorporated into the growing graphene. For the 1 nm h-BN film, the absence of
detectable hydrogen-related features in the graphene suggests that either hydrogen was
initially negligible, or it was fully desorbed during synthesis at 700 °C. For thicker h-BN
interlayers, hydrogen atoms could diffuse from the boron nitride into the graphene layer
during growth, becoming incorporated into its structure.
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Figure 8. Average voltage noise spectral density vs. I(D)/I(G) (a) and I(D)/I(D’) ratios (b). The Sy;
was measured using an Iy of 0.02 mA and 1 mA and a frequency of 1044 Hz.

It should be noted that in the case of graphene/Si junction X-ray detectors and
graphene-based field-effect transistors, hydrogen-related defects can lead to a significant
increase in low-frequency noise [66,67]. Thus, the existence of hydrogen-related structural
irregularities in the graphene may be an important factor affecting the noise increase in
the device. This explains the outstanding samples with 5 nm thickness h-BN layer in
Figure 7. On the other hand, in our case, average voltage noise spectral density in the
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graphene/1 nm h-BN/silicon junctions is not exceptionally large despite much higher
grain boundary density indicated by high I(D)/I(G) proportion (Figure 8a). This effect was
previously reported during earlier 1/f noise studies on graphene/silicon contacts [35]. It
was attributed to an increase in charge carriers at the graphene grain boundaries, which act
as dopants with very low excitation energies [35].

In general, several tendencies have been observed when comparing the results ob-
tained in Section 3.3 with the analysis of Raman spectra. For reference, 3 nm, 5 nm, and
15 nm thickness h-BN samples, it can be stated that hydrogen-related defects are mainly
responsible for the fluctuations observed in the linear I-V characteristic part and have an
influence on the differential resistance of the investigated junctions, as demonstrated by a
5 nm thickness h-BN sample. At higher forward currents, the uneven noise increases be-
tween junctions with different h-BN thicknesses, as well as the change in S; dependence on
current, indicates that the influence of other defects, primarily grain boundaries, increases
in addition to hydrogen-related defects. Furthermore, the inserted h-BN layer affects the
low-frequency fluctuations in the non-linear I-V region, especially in the case of a thick
h-BN layer (Figure 7a), when the GBs start to dominate the conduction.

4. Conclusions

A comprehensive assessment of the low-frequency electrical noise characteristics
of graphene/h-BN/Si heterojunctions has been performed under both forward and re-
verse bias and compared with the graphene/silicon reference structure without the
h-BN interlayer.

All investigated junctions exhibit 1/f-type electrical fluctuations at both forward and
reverse bias, with the appearance of some Lorentzian-type noise components at specific
forward current intervals. Low-frequency noise analysis indicates Schottky emission in
reference graphene/Si junctions at room temperature. In contrast, samples with thicker
h-BN interlayers (15 nm and 5 nm) exhibit signatures of Poole-Frenkel emission, with its
contribution diminishing as the h-BN layer thickness decreases.

The statistical investigation of multiple samples across each h-BN layer thickness
category, combined with analysis of graphene Raman spectra, reveals the presence of
hydrogen-related defects in graphene and at the graphene/h-BN interface. These defects
are responsible for the observed low-frequency fluctuations at low bias in the linear re-
gion of the device’s current—voltage characteristic. Among the investigated junctions, the
graphene/1 nm h-BN/Si structure showed a significantly reduced density of these defects.

A rapid increase in noise intensity in the non-linear junction I-V characteristic range,
where current spectral density S; scales as IV and y > 2, is associated with the grain bound-
aries being dominant defects and acting as major noise sources due to the nanocrystalline
structure of the graphene and h-BN layers.

Overall, the results demonstrate that h-BN interlayer thickness and defect composi-
tion play a critical role in governing low-frequency noise behavior, which is essential for
optimizing graphene-based devices for sensing and optoelectronic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst15090747 /s1, Figure S1. The noise measurement setup: A—
an ammeter, ADC—an analog-to-digital converter, B—batteries, F—a filter system, LNA—a low-noise
amplifier, PC—a personal computer, Rj,,q—a load resistance, R,.;—a reference resistor, Sample—a
graphene/h-BN/Si or graphene/Si junction under test, V—a voltmeter; Figure S2. Typical current—
voltage characteristics of the investigated junctions at forward and reverse bias in semi-log scale;
d—h-BN interlayer thickness; Figure S3. Plots of In(I) vs. /U (usually used for Schottky emission
identification) for junctions with h-BN layer thickness of 15 nm (a) and 5 nm (b), and for the reference
sample without the h-BN layer (c) at forward bias at different temperatures. Red lines are the linear
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Sr Spectral density of resistance fluctuations’
I-V characteristics ~ Current-voltage characteristics
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Pos(G) Position of G peak
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PF emission Poole-Frenkel emission

GB Grain boundaries
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