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Abstract
This research explores the synthesis of graphene usingmicrowave plasma-enhanced chemical vapor
deposition (PECVD) on a hexagonal boron nitride interlayer deposited by reactive high-power
impulsemagnetron sputtering. The effects of h-BN interlayer composition and thickness on the
graphene structure,morphology, and electronic properties were investigated using Raman scattering
spectroscopy, atomic forcemicroscopy, and conductive atomic forcemicroscopy. The electrical and
photoelectrical characteristics of the graphene/Si(100) and graphene/h-BN/Si(100) diodeswere
studied. It was revealed that graphene self-doping effects, primarily originating from substrate-
induced charge transfer, can be partially controlled, and that the dominant defect type of graphene can
be changed by varying the boron interlayer thickness. The graphene layers synthesized on the SiO2

filmwere substantially smoother than those grown on the boron nitridefilms. Graphene grown on
h-BNhad a substantially greater surface current than graphene synthesized on the SiO2 layer. There
was no relationship between graphene self-doping and graphene surface conductivity. Nevertheless, it
should be noted that reduced graphene self-dopingwas achieved even though the surface roughness of
the h-BN filmwas significantly greater than that of the SiO2 film or Si(100), and B–HandC–Hbonds
were present in some h-BN films. Tunneling is the primary reverse current charge transfer
mechanism, similar to graphene/Si(100) diodes, and h-BN interlayers cannot decrease the reverse
dark current. Despite these circumstances, the insertion of the h-BN interlayer resulted in a significant
increase in the photocurrent, short-circuit current, and open-circuit voltage compared to those of the
graphene/Si(100) heterojunction. The observed effects of the h-BN interlayer on the graphene/Si
(100) diode properties were explained by the competition between the effects of the different h-BN
film compositions, thicknesses, and roughness on the one hand and the influence of the graphene
structure and electronic properties.

1. Introduction

The - two-dimensional hexagonal carbon nanomaterial, graphene, has captured the attention of the scientific
world owing to its unmatchedmechanical, optical, and electronic properties [1–3]. In particular, their use as
substitute formetal electrodes and transparent conductor layers in optoelectronic devices is promising.Most
notably, replacingmaterials containing rare chemical elements, such as indium in indium tin oxide (ITO) [4], is
crucial formaintaining a cost-effective approach in device fabricationwhile additionally increasing device
performance [5–11]. For example, by acting as an effective charge extractor in perovskite solar cells, graphene
increases the power conversion efficiency to 6.7%when produced inmonolayer form, and to 11.5%when a
multilayer film is used [12].
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To ensure that such device fabrication retains scalability and performance, direct graphene fabrication
appears to be a feasible route, compared to the readily available exfoliation and transfer of graphene grown by
chemical vapor deposition on catalytic copper foil [13, 14]. Graphene can be synthesized directly on different
semiconductors and dielectric substrates using various vapor phase-based depositionmethods. ‘Conventional’
chemical vapor deposition can be applied for this purpose. The graphene synthesis temperature can be
significantly reduced from1000 °C–1400 °C [15–18] to 500 °C–700 °Cusing high-density plasma assistance
[19–21]. However, directly synthesized graphene is usually nanocrystalline and containsmany grain-boundary
defects [22, 23]. This limits the performance of directly synthesized graphene-based semiconductor devices and
sensors [21].

The densities of grain boundaries and other defects can be significantly reduced by selecting a suitable
substrate for direct graphene synthesis. In particular, graphene and hexagonal boron nitride (h-BN) share very
similar hexagonal crystal lattice parameters, enabling epitaxial growth of low-defect-density graphene on boron
nitride [24–29]. However, exfoliated h-BNflakes or h-BN synthesized by chemical vapor deposition (CVD) on
copper foil have been used in graphene epitaxial growth experiments.

There are very few studies on graphene synthesis using h-BN interlayers grown directly onto non-catalytic
substrates such as silicon or SiO2, and existing studies ([30])have not succeeded in synthesizing graphenewith
lowdefect density nor investigated its functional device properties.Moreover, previous studies focused solely on
structural and compositional analysis of graphenewithout exploring optoelectronic performance. In this study,
we employed high-power impulsemagnetron sputtering (HIPIMS) to grow h-BN interlayers directly onto
silicon at a significantly reduced temperature (800 °C) compared to the 1000 °C typically required for chemical
vapor deposition (CVD) [30]. Our approach also utilizes nitrogen gas instead of hazardous ammonia borane
precursors, thus enhancing safety and purity and reducing contamination risks. Additionally, by applying
plasma-enhancedCVD for subsequent graphene synthesis, we lowered the required graphene growth
temperature to 700 °C, substantially below the 1000 °Cused in [30]. This significant reduction in synthesis
temperatures offers substantial practical advantages for device integration, scalability, substrate preservation,
and industrial feasibility.

Crucially, this study provides thefirst systematic investigation of the effects of h-BN interlayer composition
and thickness on structure,morphology, electrical, photovoltaic, and photoelectric properties specifically for
graphene directly synthesized on h-BN interlayers grown onto non-catalytic substrates without transfer
processes.We demonstrate that graphene self-doping effects can be partially controlled and that the insertion of
an optimized h-BN interlayer significantly increases the photocurrent, short-circuit current, and open-circuit
voltage of graphene/Si(100) photodiodes. Additionally, our results indicate that the dominant defect type in
graphene directly grown onnon-catalytic substrates can be influenced by adjusting the thickness of the
underlying h-BN interlayer, offering a valuable approach for tailoring graphene properties in device
applications.

2.Materials andmethods

In this study,monocrystalline, double-side-polished, n-type Si(100)wafers were used as substrates. The silicon
wafer resistivity was in the range 1–10Ω·cm. Some graphene samples studied by contact-mode conductive
atomic forcemicroscopywere synthesized on the 300 nm thickness SiO2films grown by the thermal oxidation of
Si(100) to avoid the possible influence of the semiconducting Si(100) substrate. The substrates were coated by
hexagonal boron nitride (h-BN) interlayers. h-BNfilmswere deposited by high-power impulsemagnetron
sputtering (HIPIMS) at 800 °C. The impulse parameters were as follows: ton= 17 μs, tof= 150 μs, impulse
current of 1.2 A, average current constant during all processes andwas about∼0.12A, average voltage of∼930V,
and distance between the substrate andmagnetron cathode of 15 cm.Other interlayer deposition conditions are
listed in table 1. h-BN interlayer deposition conditionswere selected based on our previous study [31].

Graphenewas synthesized using amicrowave plasma-enhanced chemical vapor deposition system
(Cyrannus Innovative Plasma Systems (Iplas)GmbH,Germany). A special enclosurewas used to prevent the
excessive action of direct plasma on the substrate and growing graphene layer [20, 32, 33]. Before the growth of
graphene, hydrogen plasmawas ignited to clean the substrate surface. The plasma powerwas set at 1 kW, process
temperaturewas 700 °C, hydrogenflowwas 200 sccm, pressure was 10mbar, and cleaning timewas 10 min.
Subsequently,methane gaswas introduced and graphene synthesis was initiated. The graphene growth process
conditionswere as follows: plasma power 0.7 kW, hydrogen gasflow, 75 sccm;methane gasflow, 25 sccm;
pressure, 10mBar; substrate temperature, 700 °C; synthesis time, 60 min.

Graphene/Si (100) diodes were fabricated to investigate their electrical and photoelectric properties. First, a
sample consisting of graphene grown on a Si(100)piecewas cleaned. Cleaning consisted of boiling in
dimethylformamide and acetone, etching in a 1:1:5 solution ofNH4OH+H2O2+H2O, impurity removal using
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a 1:50 solution ofHF+H2O, and etching using a 1:1:6 solution ofHCl+H2O2+H2O. TheAl back contact was
e-beam-evaporated on the uncoated side of the silicon. Cr/Cu electrodes were deposited on graphene through a
maskwith 500 μmcircular holes. The thicknesses of theCr interlayer andCu layerwere 20 nmand 200 nm,
respectively.More information on the fabrication of graphene/Si(100) diodes can be found elsewhere [32, 33].

The boron nitridefilm thickness was determined using a laser ellipsometerGaertner L-115 operating with a
He–Ne laser (λ= 632.8 nm). The thickness offilms thinner than 20 nmwas evaluated by considering the
deposition rate estimated for thicker films and the deposition time.

Raman scatteringmeasurements were performed using a Raman scattering spectrometer InVia (Renishaw,
Wotton-, UK). The excitation beam from a diode laser with awavelength of 532 nmwas focused on the sample
using a 50× objective lens (NA= 0.75; Leica, Solms, Germany). The Raman spectra weremeasured at least three
times at different sample locations and the average values were calculated. TheD,G,D′, and 2Dpeakswerefitted
using Lorentzian functions. The intensity ratio of the 2D andGpeaks (I(2D)/I(G))was used to estimate the
number of graphene layers [34]. The I(2D)/I(G) ratio decreasedwith increasing number of graphene layers. The
intensity ratio of theD toGpeaks (I(D)/I(G))was calculated to evaluate the defect density of the graphene
[35, 36]. The I(D)/I(G) ratio increase with increased graphene’s defects density. Since there are various defects
present in graphene [37], the intensity ratios of theD andD′ peakswere analyzed to determine the prevailing
defect type [38, 39]. Notably, the I(D)/I(D′) ratio 7 is typical for vacancies, the I(D)/I(D′) ratio 3.5 is typical for
boundary defects, and the ratio 1.3 is typical for on-site defects. The positions of theG and 2Dpeaks (Pos(G) and
Pos(2D))were considered as parameters sensitive to graphene doping and stress [40, 41].

The surfacemorphology and current of the samples were investigated using atomic forcemicroscopy (AFM,
NanoWizard®3, JPK Instruments, BrukerNanoGmbH, Berlin, Germany).Morphological images were acquired
with anACTAprobe (AppliedNanoStructures, Inc.,MountainView, CA,USA) operating in the tappingmode
with a tip radius of curvature of 6 nm. The surface current, which serves as ameasure of the electrical
conductivity of the samples, was examined using contact-mode conductive atomic forcemicroscopy (C-AFM)
with a Pt/Ir-coated ANSCM-PT silicon tip probe (thickness: 25± 5 nm;App-Nano,MountainView, CA,USA).
Both the reflex and tip sides of the probewere coated. The spring constant of the ANSCMprobewas 1.6Nm−1

with a tetrahedral tip shape, a radius of curvature (ROC) of 30 nm, a height of 14–16 μm, and a frequency
of 61 kHz. Ag electrodes were fabricated on the graphene layer to investigate the surface contact current. The
surface current wasmeasured as a function of the applied bias voltage (−10 to 10mV). All themeasurements
were performed at room temperature in ambient air with a slight noise of 55 fA at a current gain of 1×.

The current-voltage (I–V) characteristics weremeasured using a Keithley 6487 picoampermeter/voltage
source. Themeasurements were performed at several points on the sample to evaluate the possible dispersion of
the characteristics. The photovoltaic and photoelectric properties of the fabricated devices were investigated in
three different regimes. Thesewere the darkmode (I–V characteristicmeasured in the dark), UVmode (when
the samplewas illuminated by a 406 nmwavelength light-emitting diode (LED)), and IRmode (when the sample
was illuminated by an 800 nmwavelength light-emitting diode). The currents supplied to the LEDswere selected
to ensure the same optical power (5.2mW) between differentmeasurementmodes. Diode behavior was studied
by examining the reverse current (0.5 V)measured in the dark. The photovoltaic parameters (short-circuit

Table 1.H-BN interlayer deposition conditions.

Sample no. Substrate N2flow (sccm) h-BN filmGrowth time (s) h-BN film thickness (nm)

1 Si(100) Reference sample (noh-BN interlayer) — —

2 SiO2 Reference sample (noh-BN interlayer) — —

3 Si(100) 152 36 1

4 Si(100) 152 108 3

5 Si(100) 152 180 5

6 Si(100) 152 360 10

7 Si(100) 152 540 15

8 Si(100) 152 720 20

9 Si(100) 152 3600 100

10 Si(100) 152 10800 300

11 Si(100) 197 33 1

12 Si(100) 197 99 3

13 Si(100) 197 165 5

14 Si(100) 197 330 10

15 Si(100) 197 495 15

16 Si(100) 197 660 20

17 Si(100) 197 3600 110

18 Si(100) 197 10800 330
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current (ISC) and open-circuit voltage (UOC))were estimated using the I-V characteristicsmeasured under
illumination. The photocurrent was calculated as the difference between the reverse currentmeasured under
illumination and thatmeasured in the dark: In this case, the reversemeasurement voltagewas 0.5V.

3. Results and discussion

The structures of the samples were investigated using Raman scattering spectroscopy. Typical spectra of h-BN
interlayers are shown infigure S1. The Raman scattering spectra of graphene synthesized on different h-BN
interlayers and the reference sample growndirectly on Si(100) are presented in figure 1. G, 2D,D+D′, andD+D′
peakswere observed. A defect-relatedDpeakwas observed in all samples. TheDpeakwas positioned at
∼1347 cm−1 in the Raman spectrumof graphene synthesized on Si(100). Themain h-BNRaman peakwas
observed at∼1370 cm−1 (see figure S1 [31]). It can be stated that an essential decrease in the graphene defect
density and growth of the defect-free graphenewas not achieved by using theHIPIMS-deposited h-BN
interlayer.However, the h-BN interlayer provides other benefits, as explained later in this paper. Itmust be
mentioned that for graphene directly synthesized on the h-BN interlayer grown by chemical vapor deposition on
the SiO2film [30], the I(D)/I(G) ratiowas similar to that in the present study. On the other hand, in present
study, 2D peakwas significantlymore pronounced compared to the results reported in [30], where the 2Dpeak
was almost invisible [30]. The defect-relatedD′ peak is presented as aG-peak shoulder. Luminescence
backgroundwas observed in the Raman spectra of the samples deposited on thicker h-BN interlayers. This was

Figure 1.Typical Raman scattering spectra of the graphene synthesized on the h-BN interlayers of the different thickness. The
reference spectra of the graphene synthesized directly on the Si(100) is on the top.
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more pronouncedwhen h-BN interlayers were deposited using 152 sccmnitrogen gasflow. This is in good
accordancewith the peculiarities of the h-BN interlayer spectra—for h-BNfilms deposited using 152 sccmN2

gasflow, significant luminescence background and luminescence lumpswere observed (figure S2 and [31]) due
to the formation of B–HandC–Hbonds [31]. It should bementioned that in the case of the graphene
synthesized on the thicker h-BN interlayers, the 2Dpeakwas less intensive thanD+D′. This behavior is typical
for hydrogenated graphene [42–45]. A similar luminescence backgroundwas observed previously in graphene
directly synthesized on h-BN interlayers grownbyCVDon SiO2 substrates [30] and on catalytic copper foil [26],
indicating common characteristics independent of substrate choice.

Subsequently, the Raman scattering spectra of the graphene samples were analyzed. Asmentioned above, the
I(2D)/I(G) ratio was proportional to the number of graphene layers [34]. Simultaneously, the presence of
defects and doping can significantly reduce the I(2D)/I(G) ratio [35, 40, 46, 47]. In particular, the I(2D)/I(G)
ratio decreases, and theGpeak position shifts to higher wavenumbers (upshifted) because of doping [40, 47].
However, in our case, the I(2D)/I(G) ratio tended to increase with the I(D)/I(G) ratio and Pos(G)upshifting
(figure 2). Thus, the I(2D)/I(G) ratio can be used to evaluate the number of graphene layers.

Pos(2D)was downshiftedwith Pos(G) upshift (figure 2). Some deviation from this tendencywas only the Pos
(2D) of the graphene synthesized on the 1 nm thickness h-BN interlayer deposited using a 152 sccmN2 gasflow.
The Pos(2D) downshift with Pos(G) is typical for n-type doped graphene [40, 41]. A similar behavior reported in
our previous studies on graphene directly synthesized on Si(100) substrates was explained by the - substrate-
induced self-doping of graphene [20, 32, 48]. It should be noted that graphene self-doping effects were also
reported for graphene directly synthesized on the h-BN interlayer grown by chemical vapor deposition onto the
SiO2film [30] and for h-BN and graphene layers grown byCVDon catalytic substrates and subsequently
transferred onto SiO2 [49].

A single deviation from these clear trendswas observed for the graphene synthesized on the 100 nm thick
h-BN interlayer deposited using a 152 sccmnitrogen flow, showing anomalously high Pos(2D) values
(∼2720 cm−1) and significant dispersion. Such elevated Pos(2D) valuesmay indicate accidental local p-type
doping due to adsorbates or surface contamination, resulting in spatially varying doping characteristics and
increased uncertainty within this particular sample [40, 41]. However, this isolated anomaly does not
compromise the robustness or clarity of the overall trends across all other samples. Although repeating this
isolatedmeasurement was beyond the scope of the current work, future targeted studies could further clarify this
minor deviation. Exact Raman parameter values of samples and their corresponding h-BN interlayer thicknesses
can be seen in table S1.

Itmust bementioned that exfoliated graphene placed on exfoliated h-BN exhibited reduced unintentional
self-doping compared to graphene on SiO2 [50]. Now, one can see that graphene self-doping reduction can be
achieved using the h-BNfilms deposited reactivemagnetron sputtering, the technology compatible with large-

Figure 2. Interdependencies of Ramanparameters. I(2D)/I(G) versus I(D)/I(G) (a); I(2D)/I(G) versus Pos(G) (b); Pos(2D) versus Pos
(G) (c); I(D)/I(D′) versus I(D)/I(G) (d). Error bars show the dispersion of Raman parameters within the same sample.
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area industrial-scale deposition and direct graphene synthesis. Regarding the possible source of substrate-
induced graphene self-doping, it should bementioned that in the case of h-BN grownbyCVDon catalytic Cu
foil, the formation of surface defects (presence of amorphous BNor cubic BN clusters in the film) and presence
of impurities (BxCyNz particles) have been reported, resulting in graphene self-doping [51]. In our case, a
similar behavior was assumed. In addition, defectsmay be created because of the possible interactions between
graphene and the h-BN interlayer during graphene synthesis [52]. The abovementioned defects and impurities
can induce additional h-BN surface potentials and their local variations, resulting in self-doping of graphene.

The I(D)/I(D′) ratio increasedwith the I(D)/I(G) ratio. Thus, the I(D)/I(G) ratios of the samples with I(D)/I
(D′) ratios close to those of graphene-containing on-site defects were the lowest. It should bementioned that
graphene on-site defects are usually associatedwith hydrogen bonding to graphene [39]. As pointed out above,
theD+D′ peakwasmore intense than the 2Dpeak. This also supports the hypothesis of graphene
hydrogenation [42–45]. No relationship between Pos(G) and I(D)/I(D′)was found, indicating that the - n-type
graphene self-doping observed in this studywas not related to graphene hydrogenation.

The effects of the h-BN interlayer on the structure and electronic properties of the synthesized graphene
were investigated (figure 3). The defect density increased and the number of graphene layers decreasedwith the
insertion of the boron nitride interlayer. An increase in the h-BN interlayer thickness resulted in a subsequent
decrease in the I(D)/I(G) ratio and an increase in the number of graphene layers.With the insertion of the
ultrathin h-BN interlayer, Pos(G)was upshifted and Pos(2D)was downshifted. Subsequently, Pos(G)
downshifted and Pos(2D) upshiftedwith increasing boron nitride interlayer thickness.

One can see that Pos(G) and Pos(2D) shift towards the values typical for undoped and stress free graphene
(1581.6± 0.2 cm−1 and 2676.9± 0.7 cm−1, respectively [41])with increased hBN film thickness when the hBN
interlayer is thicker than 5 nm. This indicates reduced self-doping of graphene.However, self-doping has not yet
been completely eliminated. The insertion of the h BN interlayer also affects the prevailing defect type in
graphene, as can be seen in the I(D)/I(D′) versus h-BN interlayer thickness plot (figure 3(e)). In addition to the
prevailing boundary defects typical of directly synthesized graphene, the 1 nm thick BN interlayer promoted the
formation of vacancy defects. In the case of graphene grown on a 100 nmor thicker boron nitride interlayer,
hydrogenation related to on-site defects and boundary defects dominated.

The structure of the grown graphenewas investigated byAFM study of the surfacemorphology and
conductivity of the samples to reveal the peculiarities of graphene growth onHIPIMS-deposited h-BN and
graphene electronic properties. The Si/SiO2 substrate wasmuch smoother than the - h-BNfilm (figure 4). An
aberrant grainy but smooth surface, with a rootmean square roughness Rq of 0.64 nm, and grain sizes of 20 , 15 ,
and 3 nm in length, width, and height, respectively, was observed. After graphene deposition, the topography
showed little to no change.However, the Rq value changed significantly to 1.68 nm. Similarly, the surface current
signal increased to 3.77 pA (table S2). Both h-BN and graphene deposited on it showed a similar increase in Rq

with increasing h-BN thickness. The graphene surface roughness clearly increasedwith the substrate surface
roughness, and in all cases, the Rq of graphenewas slightly larger than that h-BN interlayer Rq (figure S3). The
h-BN thinfilm surface current readouts were similar to the background signal and did not exceed 1.5–2 pA.
When the thickness of h-BNwas increased to 110 nm, one can observe hexagonal structures with lengths,
widths, and heights of 100 nm, 80 nm, and 15 nmwere obtained. In this sample, there is an increase in Rq to
5.55 nmand the current value increase to 51.9 pA after graphene deposition, whereas the topography view seems
indifferent. Further increasing the thickness of h-BN to 330 nm, a typical hexagonally shaped surface, with Rq

= 14.83 nmand the size of the structural element 220 nm, 200 nm, and 40 nm in length, width, and height, can
be observed. In this case, graphene deposition noticeably changed the surfacemorphology, increasing Rq to
18.86 nm. The grain sizes, in terms of length, width, and height, were 220, 60 , and 50 nm, respectively. For a
given h-BN thickness of 330 nm, an increase in the average surface current signal (6.6 pA)was observed. The
h-BNfilm compositionwas also important. The graphene synthesized on the 100 nm thickness h-BNfilm
grownusing differentN2 gasflows (152 sccm)was smoother, and its surface current was somewhat lower
(32 pA compared to 52 pA). Hexagonally shaped structures were observed. Fromfigure 5, it can be seen that,
with an increase in Rq of graphene deposited on h-BN, the surface current signal increases and reaches a
maximumvaluewhenRq= 5.55 nm. The surface current signal decreases when a further increase in Rq is
observed. The topographical parameters are listed in table S2.No relationshipwas observed between graphene
surface conductivity and self-doping (figure S4). However, it should be noted that despite the h-BNfilms’
surface roughness beingmuch larger than the roughness of the SiO2film or Si(100) and despite the possible
presence of B–HandC–Hbonds in some h-BNfilms used in the present study (see [31]figure S1),
reduced graphene self-doping was achieved, similar to the cases of exfoliated or transferred graphene and h-BN
stacks[49, 50, 52].

In summary, we show that the synthesis of h-BN thinfilms on a Si/SiO2 substrate using aN2 gasflowof
197 sccm yields a hexagonal boron nitride surfacewith distinct 220 nm× 200 nmgrains in length andwidth,
respectively, with varying heights. Subsequently, the deposited graphene exhibits grain narrowing and
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heightening. The average surface current signals increased because of the notable differences in the grain
structure height.With high h-BN thickness, the surface current decreased.However, a relatively high surface
current regionwas still observed in the sample.

Typical current-voltage (I–V) characteristics of the graphene/h-BN/Si(100) and graphene/Si(100) diodes
are presented infigure 6 (I–Vcurves of individual samples are shown infigures S5–S17). In all the cases, the
insertion of the h-BN interlayer resulted in an increased forward voltage. However, linear or quasi-linear reverse
I-V characteristics, typical for directly synthesized graphene/Si(100) heterojunctions [32], were observed for
nearly all samples. Thus, the primary reverse current charge transportmechanism is tunneling [32]. The
insertion of the h-BN interlayer did not reduce the leakage current of the graphene/Si(100) heterojunction
(figures 6, 7(a)). The leakage currents of the graphene/h-BN/Si(100)with an interlayer grown using 152 sccm
nitrogen gasflowwere higher than those of h-BNdeposited using 197 sccmN2 gasflow. This is likely related to
themuch higher carbon content in thefilms grown using a 152 sccmnitrogen gasflow (>15 at%versus∼3 at%
[31]). However, it can be seen infigures 7(b), (c) that the h-BN interlayer can be used to increase the diode
photocurrent and short circuit current. The effect wasmuchmore pronouncedwhen the interlayer was grown
under a 152 sccmN2 gasflow. It can be seen that the photocurrent and short-circuit current non-monotonically
depended on the thickness; the lowest photocurrent and the smallest short-circuit current were observed for

Figure 3.H-BN interlayer thickness effects on the I(D)/I(G) (a), I(2D)/I(G) (b), Pos(G) (c), Pos(2D) (d), I(D)/I(D′) (e). Error bars
show the dispersion of Raman parameters within the same sample.
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samples fabricated using a 5–15 nm thick interlayer. The average open-circuit voltage of the graphene/h-BN/Si
(100) diodewas almost always higher than that of the graphene/Si diode. It should bementioned that excitation
by IR light formost samples resulted in a higher photocurrent, short-circuit current, and open-circuit voltage
thanUV light excitation. In our previous study, similar behavior was observed for the electrical and photovoltaic
properties of graphene/Si(100) heterojunctions [32].

No clear dependence of the electrical and photoelectric properties of the samples on the Raman scattering
spectral parameters was observed (figure S5). However, someweak expression tendencies were observed. The
average reverse dark current decreasedwith an increase in the graphene defect density and number of layers.
Thus, the graphene hydrogenation should beminimized to decrease the reverse dark current. The short-circuit
current and photocurrent increasedwith Pos(G) upshift. The ISC and photocurrent initially decreased and then

Figure 4.The dependence of the surface current (green axis and outline) and the rootmean square roughness (Rq) (black axis) on the
thickness of the h-BH thin film. Sample colors follow same style as in previous plots, where differentN2 flows used during h-BN
deposition are denotedwith red circle (152 sccm) and blue triangle (197 sccm). Reference graphene sample is shown as black square.
Sample points outlinedwith green color indicate a C-AFMvaluewhich can be deduced fromgreen axis on the right side. AFMand
C-AFM images show characteristic graphene/h-BN/Si(100) samples and corresponding points in the plot.

Figure 5.Graphene/h-BN/Si/SiO2 surface current versus Rq.
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increasedwith the Pos(2D)upshift. It can be assumed that graphene self-dopingmay be beneficial for increasing
the photocurrent and the short-circuit current. The open-circuit voltage initially increasedwith defect density
and subsequently decreased.However, noUOC dependence on the I(D)/I(D′) ratio was observed, indicating that
this behavior is not related to the prevailing defect type.

It should bementioned that, in our previous study, the reverse current decreasedwith increasing graphene
self-doping level for graphene/Si(100) diodes [32]. However, in the case of graphene/Si(100) heterojunctions,
silicon surface pre-treatment significantly affected the electrical and photovoltaic properties of the fabricated
diodes. Notably, in the case of theUOC, surface pre-treatment ismuchmore important than the graphene
structure [32]. In that study, the ISC tended to increase with reduced graphene self-doping.However, silicon
surface pre-treatment conditions are also critical. It should be noted that thereweremore variables in this study.
Notably, alongwith differences in the graphene’s structure and electronic properties, there are factors of the

Figure 6.Graphene/h-BN/Si(100) I-V curves under no (a), IR (b) andUV (c) illumination.
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different h-BNfilm compositions or h-BN interlayer thicknesses, in addition to the variation in thefilm
roughness. In addition, it can be assumed that in the case of the thinnest hexagonal boron nitride interlayer, the
boron nitride film is - discontinuous. Competition between the abovementioned factorsmay hide the possible
influence of the graphene structure, electronic properties, and h-BN interlayer on the electrical and
photoelectric properties of graphene/h-BN/Si(100) diodes.

Notably, in the case of graphene/Si heterojunction solar cells fabricated using transferred graphene, the
insertion of the h-BN interlayer significantly increased the open-circuit voltage and short-circuit current of the
solar cell [10, 53–58]. In our case, a significant increase in the short-circuit current and open-circuit voltagewas
observedwhenmagnetron sputter deposited h-BNfilmswere used instead of transferred high-crystallinity
h-BNflakes. In particular, the average short-circuit current and photocurrent nearly doubled, and the average

Figure 7.Graphene/h-BN/Si(100)diodes electrical and photoelectric properties dependence on the h-BN interlayer thickness: dark
current (a), photocurrent (UV) (b), photocurrent (IR) (c), short circuit current (UV) (d), short circuit current (IR) (e), open circuit
voltage (UV) (f), open circuit voltage (IR) (g). Error bars show the dispersion of the optoelectronic parameters within the same sample.
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IR-light-excited open-circuit voltage increased by∼100mV (figures 7 and S18). This improvement is
comparable to the results reported for transferred graphene/Si solar cells enhanced by a transferred h-BN
interlayer [10, 53, 58]. Thus, h-BN interlayers deposited by reactive high-power impulsemagnetron sputtering
can be effectively used to improve the photoelectric and photovoltaic properties of graphene/Si solar cells.

4. Conclusions

The effects of h-BN interlayer composition and thickness on the structure,morphology, and electrical
properties of graphene and graphene-based devices were studied.Defect-free graphenewas not grownusing the
HIPIMS-deposited h-BN interlayer.However, it was found that the graphene self-doping, attributedmainly to
substrate-induced effects, could be partially controlled, and the graphene/Si(100) diode photocurrent, short-
circuit current, and open-circuit voltage could be significantly increased by inserting an h-BN interlayer. The
defect type of prevailing graphene can be changed by varying the boron interlayer thickness. The graphene layers
grownon the boron nitridefilmswere significantly rougher than those grownon the SiO2films. The surface
current of graphene grownon h-BNwasmuch higher than that of graphene synthesized on the SiO2film.No
relationshipwas found between graphene surface conductivity and graphene self-doping.However, itmust be
mentioned that despite the h-BN film surface roughness beingmuch larger than the roughness of the SiO2 film
or Si(100) and the possible presence of B–HandC–Hbonds in someh-BNfilms, reduced graphene self-doping
was achieved. Tunneling is the primary reverse current charge transfermechanism, similar to graphene/Si(100)
diodes, and h-BN interlayers cannot decrease the reverse dark current. Despite all the abovementioned
circumstances, the insertion of the h-BN interlayer resulted in a photocurrent and a significant increase in the
photocurrent, short circuit current, and open circuit voltage compared to the graphene/Si(100) heterojunction.
Notably, the average short-circuit current and photocurrent nearly doubled, and the average IR-light-excited
open-circuit voltage increased by∼100mV. Thus, h-BN interlayers deposited by reactive high-power impulse
magnetron sputtering can be effectively used to improve the photoelectric and photovoltaic properties of
graphene/Si solar cells. The observed effects of the h-BN interlayer on the properties of the graphene/Si(100)
diodes were explained by the competition between the influence of the graphene structure and electronic
properties and the one hand and impact of different h-BNfilm compositions, thicknesses, and roughness.
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