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fabrication of gallium nitride 
and nitrogen doped single layer 
graphene hybrid heterostructures 
for high performance 
photodetectors
Sanjay Sankaranarayanan1,2*, Prabakaran Kandasamy3, Ramesh Raju4 & Baskar Krishnan2

Gallium nitride (Gan) was epitaxially grown on nitrogen doped single layer graphene (n-SLG) 
substrates using chemical vapour deposition (cVD) technique. the results obtained using x-ray 
diffractometer (XRD) revealed the hexagonal crystal structure of GaN. Photoluminescence (PL) 
spectroscopy, energy dispersive x-ray (EDX) spectroscopy and x-ray photoelectron (XPS) spectroscopy 
revealed traces of oxygen, carbon and nitrogen occurring either as contamination or as an effect of 
doping during the GaN growth process. In addition, PL revealed a weak yellow luminescence peak in 
all the samples due to the presence of N-SLG. From the obtained results it was evident that, presence 
of n-SLG underneath Gan helped in improving the material properties. it was seen from the current–
voltage (i–V) response that the barrier height estimated is in good agreement with the Schottky–Mott 
model, while the ideality factor is close to unity, emphasizing that there are no surface and interface 
related inhomogeneity in the samples. the photodetector fabricated with this material exhibit high 
device performances in terms of carrier mobility, sensitivity, responsivity and detectivity. The hall 
measurement values clearly portray that, the GaN thus grown possess high electron contents which 
was beneficial in attaining extraordinary device performance.

The fascinating properties of gallium nitride (GaN) such as wide direct band gap nature, ability to tune the band 
gap, high breakdown voltage, carrier mobility and chemical stability, make GaN a widely explored semiconduc-
tor material. The ability to operate at high power, high frequency and tolerance towards harsh environments 
is also a reason for preferring  GaN1–8. Conventionally, GaN is epitaxially grown using metal organic chemical 
vapour deposition (MOCVD), molecular beam epitaxy (MBE), hydride vapour phase vapour epitaxy (HVPE) 
and chemical vapour deposition (CVD)  techniques9–12.

It is worth to note that GaN is still being epitaxially grown on foreign substrates such as silicon (Si), sap-
phire  (Al2O3) and silicon carbide (SiC). Sapphire is conventionally preferred as the substrate material due to its 
hexagonal crystal structure, availability in high crystalline quality and large area. But, due to the thermal and 
lattice variations between sapphire substrates and GaN, the aforesaid material properties of GaN cannot be 
achieved effectively. Also, poor thermal conductivity of sapphire restricts the usage of GaN in high power and 
optoelectronic  devices13–23. To overcome these deficiencies, it is beneficial to utilize graphene as an intermediate 
layer for the growth of GaN.

Graphene, a two-dimensional (2D) material with a planar honeycomb like configuration of  sp2 hybridized 
carbon atoms, has attracted enormous interest for use in various optical and electronic device applications due 
to its unique material properties such as high optical transparency, thermal and electrical conductivity and 
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mechanical  properties24,25. Numerous techniques like mechanical cleavage from bulk graphite, CVD, reduction of 
graphene oxides (GO) from bulk graphite, deposition of ultra-thin graphite from SiC decomposition and liquid 
phase exfoliation, are being employed for the preparation of  graphene26–30. With current technologies, synthesis 
of high-quality graphene and its transfer onto desired substrates is achievable with a prospect of graphene becom-
ing a cheap alternative available in  abundance25. By reducing the dimension of graphene into one-dimensional 
(1D) graphene nanoribbons (GNR) and zero-dimensional (0D) graphene quantum dots (GQD), the material 
properties of graphene can be tuned to a greater extent making it a suitable material for electrocatalysis, sensors, 
energy conversion and storage  applications31. Apart from control of dimension, chemical doping is also an impor-
tant aspect to improve the properties of graphene. To be specific, graphene is chemically doped by substituting 
nitrogen (N) atoms into the hexagonal crystal lattice to improve its electronic  properties31.

Despite these merits, it is to be noted that graphene does not favour nucleation sites for the growth of GaN 
due to absence of dangling bonds. Consequently, epitaxial growth of GaN on graphene leads to the formation 
of three dimensional (3D) GaN clusters, resulting in poor growth quality of GaN films on graphene, which is 
significantly worse than that of GaN films grown on a conventional SiC or sapphire substrate. Therefore, to favour 
nucleation, either a thin layer of aluminium nitride (AlN) or zinc oxide (ZnO) nanowalls is to be deposited on 
graphene as an intermediate  layer32. Also, substitutional doping of nitrogen atoms into graphene, tend to distort 
its crystal structure by producing defects such as vacancies, bonding disorders and non-cyclized structures. The 
small covalent radius and higher electronegativity of nitrogen atom also significantly influence the structural 
and electronic properties of  graphene31.

In the present work, growth of GaN was carried out using CVD technique on a nitrogen doped single layer 
graphene (N-SLG) substrate. Uniqueness of this study is the growth of better quality GaN without deposition of 
an intermediate layer on N-SLG. Fabrication of GaN grown on N-SLG substrates into a metal–semiconductor-
metal (MSM) based highly sensitive photodetectors, to the best of our knowledge, have not been explored earlier. 
This manuscript revolves around the analysis of substitutional doping and contaminations occurring during the 
growth process for the usage of GaN in next-generation semiconductor devices.

Results and discussion
Structural analysis. The structural information of GaN grown on N-SLG substrates by varying the experi-
mental conditions were obtained using XRD as shown in Fig. 1. Dominant diffraction peaks corresponding 
to GaN were obtained at (10− 10) , (0002) and (10− 11) planes. The indexed peaks revealed that GaN exhibit
hexagonal crystal structure and match well with the JCPDS data. The peak dominant at (0002) plane confirm that 
the growth of GaN is along c-axis. These amplified peaks exemplify the crystalline quality of the GaN. It is worth 
to note that the full width at half maximum (FWHM) value estimated for the GaN epitaxially grown on N-SLG 
substrates at (0002) plane is around 0.75°, indicating good growth along c-axis. It can be seen from literature that 
Chung et. al attained almost similar FWHM (0.81°) for GaN films grown on CVD  graphene33. Similarly, Yadav 
et. al and Sanjay et. al achieved FWHM of around 3–6° for GaN films grown on ZnO and few layer graphene 
(FLG)  respectively34,35. Wong et. al obtained a polytype growth for gallium-based compound materials grown 
on multi-layer graphene (MLG)36. Hence, it is evident that, irrespective of number of layers (SLG / MLG / FLG), 
presence of graphene as an intermediate layer has a critical role in enhancing the crystalline quality of GaN.

Surface morphology analysis. The schematic portraying GaN growth process on N-SLG substrate in a 
CVD reactor is shown in Fig. 2 which gives a clear picturization about the growth process.

Figure 1.  XRD pattern of GaN grown on N-SLG substrates by varying the growth time (X, Y and Z) and 
precursor-to-substrate distance (Xʹ, Yʹ and Zʹ).
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The surface morphology of GaN grown on N-SLG substrates were obtained using SEM as shown in Fig. 3. The 
growth of GaN was carried out in two different categories by varying the: (a) growth time as 60, 90 and 120 min, 
referred as sample X, Y and Z respectively and (b) precursor-to-substrate distance as 3, 5 and 7 cm, referred as 
sample Xʹ, Yʹ and Zʹ respectively.

In respect of growth time of 60 min (Fig. 3a), densely packed GaN flakes were observed on the N-SLG sub-
strates. It may be noted that, initially sparse nuclei islands will be formed during the nucleation stage. These 
islands get attached to the dangling bonds present in graphene which occurred as an effect of residual oxygen (O) 
present within the CVD reactor. The oxygen atoms tend to taint the gallium metal (used as gallium precursor) 
by forming gallium oxide  (GaOx) complex. This produces  GaOx droplets on the N-SLG substrates during the 
initial growth process. However, as the growth proceeds, the oxygen atoms are replaced by nitrogen  atoms37. As 
an effect of growth temperature, re-crystallization of islands is favoured, leading to the formation of dense GaN 
flakes like  morphology38. When the growth time was increased to 90 min (Fig. 3b), the nucleation rate increased, 
resulting in the formation of more dense nucleation layers by adsorbing more and more gallium and nitrogen 
adatoms. These dense nucleation layers provide ample amount of adsorption sites on the surface and favours more 

Figure 2.  Schematic representation of GaN growth process. (I) attachment of residual oxygen on SLG, (II) 
formation of  GaOx complex, (III) doping of nitrogen atoms into the graphene lattice, (IV) growth of GaN 
on N-SLG, (V) schematic of graphene as a combination of the above process, (VI) fabrication of metal–
semiconductor-metal based photodetectors.
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re-crystallization leading to the formation of large nuclei islands. When the growth time was further increased to 
120 min (Fig. 3c), the 3D islands became larger, resulting in coalescence of islands. This tends to transform the 
GaN from 3D islands to quasi 2D  films39. However, in respect of precursor-to-substrate distance, only marginal 
variations in the morphology of GaN films were noticed (Fig. 3(d-f)). This is because, as reported in the litera-
ture, gallium vapour concentration decreases with increase in the precursor-to-substrate distance, resulting in 
shortage or improper supply of gallium species. The results obtained are in good agreement with the  literature40.

The energy dispersive x-ray (EDX) spectroscopy maps obtained using SEM were utilized to analyse the mate-
rial composition of GaN grown on N-SLG surface as shown in Fig. 4. It is seen from the Figure that in respect 
of all the samples, carbon (C) and oxygen traces were observed in addition to gallium and nitrogen. The carbon 
and oxygen traces can be attributed either as extrinsic contamination or contamination induced during the GaN 
growth process. The effect of oxygen contamination occurring during the growth process has been discussed 
already. The carbon contamination can be due to the decomposition of  NH3 into nitrogen atoms as an effect of 
growth  temperature41. This process occurs simultaneously along with the oxygen contamination process and 
tends to dope nitrogen atoms into the graphene due to the presence of dangling bonds. Therefore, nitrogen dop-
ing will benefit in not only replacing the oxygen atoms in the  GaOx complex with nitrogen, but also in improving 
the material properties of graphene. According to literature, nitrogen atoms gets doped into graphene either as 
graphitic-N or pyridinic-N or pyrrolic-N  configuration31. The process of doping tends to improve the electronic 
properties in graphene. Another advantage in doping is that, when nitrogen atoms get incorporated into the 
graphene’s honeycomb lattice, it tends to distort the crystal structure by creating  disorders42. This is because, the 
lattice difference between GaN and graphene is around 29.6%. The high strain energy between them lead to the 
structural deformation in graphene thereby, making it defective. Therefore, doping SLG with nitrogen is also 
expected to improve nucleation rate during the growth of GaN. Similar phenomena were reported by Y. Gohda 
et al. using density functional theory (DFT) calculations. He illustrated that GaN grown on graphene tend to 
break the  sp2 C–C bonds partially by forming C-N–C bonding to overcome the in-plane strain in the graphene 
 lattice43. Also, M. Gruart et al.44 observed the formation of rough and imperfectly coalesced GaN clusters along 
defective regions in the graphene, which is consistent with the results obtained by us.

Therefore, it is concluded that, the above three processes such as: formation of  GaOx complex, nitrogen 
doping into the honeycomb lattice of graphene and defect formation due to lattice difference between graphene 
and GaN, tend to create carbon, nitrogen and oxygen related point defects such as vacancies, interstitials and 
substitutional impurities and structural distortions in GaN. However, it is also to be noted that these actions 
have directly or indirectly contributed towards the nucleation process for the growth of GaN and also helped in 
improving the material properties.

Surface composition analysis. Incorporation of nitrogen, carbon and oxygen atoms into graphene can-
not be justified based only on SEM and EDX results. Hence, the samples were characterized using XPS to deter-
mine the surface composition (Fig. 5). The obtained peaks corresponding to nitrogen, carbon and oxygen were 
deconvoluted to obtain their functionalities. The carbon peak was deconvoluted into three subpeaks associated 
to C = C ( sp2 hybridized), C = N ( sp2 hybridized) and C–N ( sp3 hybridized) located at 284.5, 285.8 and 287.5 eV 
respectively (Fig. 5a). From the carbon spectrum, no peak was detected at 289 eV, emphasizing absence of phy-
sisorbed oxygen in the  graphene31,45. This concludes that, a substantial quantum of oxygen atoms were replaced 
with nitrogen atoms either during the growth of GaN or when nitrogen atoms are getting doped into graphene 
as substitutional impurities, leading to the formation of C–N bonds.

Figure 3.  SEM images representing: (a) sample X, (b) Y, (c) Z, (d) Xʹ, (e) Yʹ and (f) Zʹ.
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The deconvolution of oxygen spectrum revealed two subpeaks at 531.4 and 532.4 associated to C = O and 
C–O respectively, which could be attributed to the presence of different oxygen functionalities (Fig. 5b)31,42. 
The presence of oxygen functionalities could be due to the effect of GaOx complex formation during the initial 
nucleation stages of GaN.

Nitrogen peak was deconvoluted into four subpeaks associated to pyridinic-N, pyrrolic-N, graphitic-N and 
amino-N located at 398.4, 400.1, 401.4 and 399.1 eV respectively (Fig. 5c). It is to be noted that, pyridinic-N 
is sp2 hybridized, where nitrogen atoms specifically get attached to two carbon atoms at the edges or defects of 
graphene. Whereas, pyrrolic type is sp3 hybridized, in which nitrogen atoms binds into the five-membered carbon 
ring. Similar to pyridinic-N, graphitic-N is also sp2 hybridized, where nitrogen atoms substitute for carbon atoms 
within the hexagonal  ring31,42,45,46. It is to be noted that, the amount of nitrogen atoms getting doped into SLG will 
be very low. This is due to high temperature utilized for the growth of GaN which breaks most of the C-N bonds 
 formed42,47. Thus, the elemental traces of nitrogen getting doped into the SLG were observed and confirmed.

Figure 4.  EDX maps revealing gallium (red colour), nitride (blue colour), oxygen (orange colour) and carbon 
(green colour) contents in samples (a) X, (b) Y, (c) Z, (d) Xʹ, (e) Yʹ and (f) Zʹ respectively.
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Luminescence characteristics. The luminescence characteristics of GaN samples grown on SLG sub-
strates by altering the time of growth and precursor-to-substrate distance are shown in Fig. 6. It can be seen that, 
a strong emission peak, known as near band edge (NBE) was observed at around 3.45 eV. The NBE emission is 
attributed to the radiative recombination of electron from excited state to the ground  state48,49.

In addition to NBE, a weak, yet a broad emission peak known as yellow luminescence (YL) was observed 
at around 2.2 eV. It is to be noted that, irrespective of any growth technique and / or experimental conditions, 
the presence of YL can be observed usually in undoped and n-doped GaN. The YL is attributed to the radiative 
transition from a shallow donor to a deep acceptor or due to point defects such as gallium vacancies (VGa) , oxygen 
substituting gallium (OGa) or oxygen substituting nitrogen (ON) 48–53 and surface defects such as excitons bound 
to shallow or structural defects, stacking faults and screw  dislocations54–62.

It is worth to note that, the presence of N-SLG underneath GaN has effectively quenched the YL by a greater 
extent when compared with the YL in GaN without interlayer. However, it was inferred that, the presence of SLG 
is also a reason for the YL observed in GaN. This is because, carbon atoms get doped into GaN in various forms 
such as carbon substituting nitrogen (CN) , carbon substituting gallium (CGa) , forming carbon – oxygen complex 
substituting nitrogen (CN −ON) and complex between gallium vacancy and carbon (CN − VGa) . The YL is a 
transition either from a shallow donor to a deep acceptor or from a deep donor to a shallow acceptor, which is in 
good agreement with the  literature48–53. Therefore, carbon acts as a parasite degrading the material quality of GaN.

Figure 5.  Individual XPS spectra of GaN representing: (a) carbon, (b) oxygen and (c) nitrogen.

Figure 6.  PL spectra of GaN grown on N-SLG substrates by varying the growth time (X, Y and Z) and 
precursor-to-substrate distance (Xʹ, Yʹ and Zʹ).
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Comparing with literature, M. Heilmann et al.25 attained the ratio of intensities between YL and NBE 
(IYL/INBE) value at around 2 for GaN micro- and nano-rods grown on SLG substrates, emphasizing the fact that 
YL dominates. Similarly, H. Yang et al.63 attained the value of IYL/INBE as 5 for GaN grown on reduced graphene 
oxide (rGO) sheets. However, S.J. Chae et al.64 did not observe YL peak but, observed the donor–acceptor pair 
(DAP) transitions for GaN grown on FLG, where DAP is attributed to the recombination of electron bound 
to a shallow donor with a diffuse hole bound to a shallow acceptor. By comparing the above results, S. Sanjay 
et al.35 attained the value of IYL/INBE at around 0.4 for GaN pyramids grown on FLG substrates, resulting in the 
suppression of YL peak. In the present scenario, from the Figure, the value of IYL/INBE is estimated at around 
0.05 – 0.15, confirming that carbon also contributes to the YL in GaN but, to a very small extent. This can be 
correlated to the defects in the graphene occurring during the GaN growth process. Thus, the PL results obtained 
corroborate with SEM data.

From the Figure, it was observed that, irrespective of variations in either growth time or precursor-to-
substrate distance, there were no significant change in the peak position of NBE. However, slight variations were 
observed in relation to the peak intensities of the samples. On comparing the results obtained by S. Sanjay et al.35, 
it is evident that YL increases with number of layers.

electrical and optical studies. Based on the surface morphologies obtained using SEM, the samples Z 
and Zʹ were preferred for carrying out the current–voltage (I–V) characteristics (Fig. 7). This is because, sample 
Z represents the transformation in morphology of GaN from 3 to 2D. Also, sample Zʹ portray better surface 
morphology in comparison to all other samples. Therefore, in the present study, only these two samples were 
preferred for obtaining the electrical performance.

The electrical response was measured at an applied bias voltage of 0.5 V, both in the presence (bright) and 
absence (dark) of light as shown in Fig. 7. It was observed from the Figure that the obtained I–V curves were 
linear and symmetrical, confirming that the carrier density in GaN is high. Since the electron affinity of GaN 
(χGaN = 4.2 eV) is less than the work function of Au (φn = 5 eV) , the contacts formed will be of Schottky  type35.

In the case of dark condition, the charge transfer across the metal–semiconductor (MS) interface is to be 
considered, which is obtained by calculating the barrier height (φB) and ideality factor (η) between the MS junc-
tions. The expression for calculating φB and η can be given  as65

where A is the area of Schottky contact, q is the electronic charge, V is the applied voltage, T is the tempera-
ture in Kelvin, K is the Boltzmann constant 

(

1.38× 10−23 m2 kg s−2 K−1
)

 , A∗ is the Richardson’s constant 
( 26.8 A cm−2 K−2 for GaN) and Is the reverse saturation current derived from thermionic emission model as 
shown  below65
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(
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Figure 7.   I–V response in respect of samples Z and Zʹ tested under dark and bright conditions.
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The barrier height and ideality factor in respect of sample Z and Zʹ were estimated as 0.81 – 0.83 eV and 
0.90 – 0.91 respectively. It was observed that, the barrier height and ideality factor values ascertained are in 
good agreement with the theoretical limit, confirming the MS interface is free from barrier inhomogeneities and 
interfacial surface states. From the Figure, the dark current (Idark) for sample Z and Zʹ were determined as 0.2 
and 0.4 A respectively. Even though, both the samples exhibit high values of dark current, the value exhibited 
by sample Z is less than that of sample Zʹ, which could be attributed to a poor interface in sample Z (where the 
morphology transforms from 3 to 2D). Irrespective of type of morphologies, the presence of SLG underneath 
GaN benefited in improving the dark current.

Similarly, under bright condition, the photo conversion efficiency across the MS interface is to be considered, 
which is obtained by estimating the photo current 

(

Iphoto
)

 , sensitivity (S) , responsivity (R) and detectivity (D) 
using the following Eqs. 66–68.

where, A is the device active area 
(

1× 0.1 cm2
)

 , E is the light intensity 
(

100 mW cm−2
)

 and q is the coulombic 
charge 

(

1.6× 10−19 C
)

.
From the above equations, the photo current (0.6 and 0.8A), sensitivity (150 and 400%), responsivity (150 and 

400 A/W−1 ) and detectivity (1.08 × 1012 and 2.89 × 1012 Jones in respect of samples Z and Zʹ were determined. 
It was observed from the Figure that, the photo current got enhanced several times the dark current in case of 
sample Z and Zʹ respectively. This is because, when the light is illuminated on the samples, electron–hole pairs 
(excitons) are generated in the GaN. The charge carriers thus generated flow in the graphene through the applied 
bias voltage resulting in photocurrents. As mentioned earlier, due to the interfacial differences, sample Z exhibit 
less photo current value when compared to sample Zʹ. It is to be noted that, the presence of a SLG underneath 
GaN with negligible defects ( IYL/INBE from PL) and improved material quality (N-SLG) has contributed towards 
drastic enhancement in photodetector performances.

For practical opto-electronic applications, high speed switching in the photo response is a must. Since the 
device performance of sample Zʹ is better than that of sample Z, the switching response of the photodetector 
is carried out only for sample Zʹ as shown in Fig. 8. The switching response of the photodetector for the light 
under ON and OFF conditions can be fitted using the exponential functions based on the rise and fall time of the 

(4)Is = AA∗T2exp
(

−qφB
/

KT

)

(5)Iphoto(A) = Imax − Idark

(6)S =
(

Iphoto
/

Idark

)

× 100%

(7)R
(

A/W−1
)

= Iphoto
/

A · E

(8)D
(

Jones (or) cm Hz0.5 W−1
)

=
(

R
/

(√
2 · q·Idark

)

)

Figure 8.  Photocurrent response of the fabricated GaN photodetector (sample Zʹ). The magnified version 
represents the rise time and fall time of the fabricated photodetector.



9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:14507  | https://doi.org/10.1038/s41598-020-71514-9

www.nature.com/scientificreports/

photodetector. The rise and fall time consist of two exponentials with different slopes (initial fast response and 
then a slower response). The exponential functions corresponding to rise and fall time are given  as69,70

where τ1–τ4 are the time constants and A1–A4 are the numerical constants.
By fitting the above equations, the rise and fall time in respect of sample Zʹ is determined as 10 and 25 ms. 

When the light was turned ON, the photocurrent was found to rise. Similarly, when the light was turned OFF, 
the photocurrent was found to get dropped. In the Eqs. (9) and (10), τ1 represents the transfer of hole from GaN 
to SLG, τ2 represent the transfer of charge in GaN, τ3 represents the lifetime of electrons in GaN before they get 
transferred to neighbouring graphene film and τ4 represents the transfer of charge in  GaN70.

The photocurrent response of the photodetector is carried out under ON/OFF condition as shown in Fig. 8. 
The device response remained similar even after switching the device several times. The obtained photo response 
is found to be faster than that of the photodetectors based on the undoped SLG reported  earlier66,71. It is worth 
to note that response time is dependent on transfer rate of electrons and holes from GaN to SLG. Therefore, the 
nature of interface between them is crucial to the performance of the devices.

Hall measurement study. The room temperature Hall measurements were carried out for sample Zʹ of 
size 10 mm2. It was observed that, the bulk concentration and sheet concentration of the GaN grown on N-SLG 
substrate was around 7.52 × 1018 cm−3 and 1.51 × 1015 cm−2 respectively. The resistivity and carrier mobility of the 
sample obtained was around 0.00345 Ω∙cm−1 and 440 cm2 V−1 s−1 respectively. The enhancement in electrical 
properties can be due to shift in the fermi level above the Dirac point of SLG as an effect of nitrogen doping, 
which tends to suppress the density of states near the fermi level. This action opens up the bandgap between the 
conduction band and valence band. In such a condition, SLG behaves as a semiconductor. As mentioned earlier, 
nitrogen doping regulates the property of graphene by maintaining good conductivity and carrier  mobility31. 
The obtained mobility value is higher than that of the standard mobility value of GaN and also falls within the 
mobility range for nitrogen doped SLG as reported in  literature46,72. The hall measurement data corroborate with 
I–V results.

conclusion
GaN epilayer was grown on N-SLG substrates using CVD technique, without the need for an interlayer between 
GaN and SLG for favouring the nucleation process. The results obtained using XRD revealed that GaN possess 
hexagonal crystal structure and GaN grown on N-SLG possess better crystalline quality. From the PL spectra, 
the traces observed for YL is very less. The value of IYL/INBE in the present case range between 0.05 to 0.15, 
clearly confirming that the usage of SLG has quenched the defects in GaN. The SEM, EDX and XPS results gave 
a detailed insight about the growth process of GaN on N-SLG substrates. SEM results clearly portrayed the 
morphological transformation in GaN with respect to the experimental conditions. SEM also revealed that the 
residual oxygen present within the CVD reactor contributed to the growth of GaN by forming  GaOx complex 
which act as nucleation sites. The results obtained from EDX and XPS emphasized the fact that in addition to 
residual oxygen, nitrogen and carbon also act as source of contaminations and / or doping during the growth 
process of GaN leading to the creation of point defects such as vacancies, interstitials and substitutional impuri-
ties and structural distortions in GaN. It is also worth to note that these actions effectively contributed towards 
the growth of GaN on N-SLG substrates. From the obtained electrical response, it was noticed that the esti-
mated barrier height and ideality factor confirm that the MS interface of the photodetector is free from barrier 
inhomogeneities and interfacial surface states. It was observed that photo current got increased by several times 
in comparison to dark current. The sensitivity of the photodetector was in the range of 150 – 400%. Similarly, 
responsivity and detectivity of the photodetectors were estimated to be in the range of 150 – 400 A/W−1 and 
1.08 × 1012 – 2.89 × 1012 Jones respectively. The rise time and fall time of the photodetector was determined as 10 
and 25 ms. The hall measurement values showcased high carrier mobility, sheet and bulk concentration values 
for GaN grown on N-SLG substrates. Hall measurement values once again confirm that, due to high content 
of electrons the electrical response improved drastically and resulted in high performance of photodetector.

experimental methods
SLG was synthesized on a copper foil using CVD system by utilizing methane  (CH4) as the carbon  precursor73. 
The growth of SLG was carried out at 1,000 °C for about 2 min by utilizing hydrogen  (H2) as the carrier gas. 
During the growth process, the flow rates of  CH4 and  H2 were maintained at around 35 and 2 SCCM (standard 
cubic centimetre per minute) respectively. Post growth, the SLG was transferred onto sapphire substrate of size 
1 cm2 (hereafter referred as SLG substrates)74.

The SLG substrates were then loaded into a horizontal flow CVD reactor for epitaxial growth of GaN as 
described  elsewhere75. Gallium metal and liquid ammonia  (NH3) were used as the precursors of gallium (Ga) 
and nitrogen (N). The growth of GaN was carried out by varying the growth time (60, 90 and 120 min) and 
precursor-to-substrate distance (3, 5 and 7 cm) respectively. These samples were named as X, Y, Z (in respect 
of growth time) and Xʹ, Yʹ and Zʹ (in respect of precursor-to-substrate distance). The growth was carried out at 
900 °C by utilizing nitrogen  (N2) as the carrier gas. During the growth, flow rate of  N2 was maintained at 500 
SCCM. The experimental conditions employed for the growth of GaN can be found in the Table 1.
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The metal–semiconductor-metal (MSM) photodetectors were then fabricated on GaN using the standard 
procedures such as optical lithography, metallization and lift-off procedures. Gold (Au) metal of 150 nm thick-
ness was used for metallization using sputtering  system65.

The structural characteristics of the GaN epitaxially grown on N-SLG substrates were studied using x-ray 
diffractometer (XRD, PAN analytical X’Pert PRO)35,65,75. The surface morphologies of the GaN were investigated 
using scanning electron microscopy (SEM, Zeiss EVO 18). The elemental contents and maps were recorded using 
energy dispersive x-ray (EDX) spectroscopy, which revealed the elemental compositions in the  samples35,65,75. 
The surface compositions of the samples were obtained using x-ray photoelectron spectroscopy (XPS, AXIS 
ULTRA)65,75. The photoluminescence studies were at an excitation wavelength of 244 nm using argon laser (PL, 
Spectra Physics)75. The electrical and optical performances of the fabricated photodetectors were performed using 
solar simulator (Newport 91160A)75. The mobility, bulk and sheet concentrations and resistivity of the samples 
were inspected using Hall measurement system (ECOPIA, HMS 5,000)76.
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