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1. Introduction

Over the past few years, nitrides, specifi-
cally GaN and Ga-rich InGaN, are proven 
to be the most important and indispen-
sable materials for the fabrication of light 
emitters in the blue and near ultraviolet 
spectral regions.[1,2] Due to the bandgap 
tunability of InGaN alloy system, there also 
has been extensive research to extend the 
applications of indium (In)-rich InGaN-
based semiconductor devices such as full-
color displays, high-efficiency photovoltaic 
solar cells, fiber optics, and thermoelec-
tric and nonlinear optical devices,[3–8] in 
which the GaN is commonly used as the 
template to grow In-rich InGaN films. 
However, the development of nitride films 
with high In composition remains chal-
lenging in terms of phase separation, InN 
decomposition, and relatively high vapor 
pressure.[9,10] These limitations could be 

The nitride films with high indium (In) composition play a crucial role in the 
fabrication of In-rich InGaN-based optoelectronic devices. However, a major 
limitation is In incorporation requiring a low temperature during growth 
at the expense of nitride dissociation. Here, to overcome this limitation, a 
strain-modulated growth method, namely the graphene (Gr)-nanorod (NR) 
enhanced quasi-van der Waals epitaxy, is proposed to increase the In com-
position in InGaN alloy. The lattice transparency of Gr enables constraint of 
in-plane orientation of nitride film and epitaxial relationships at the het-
erointerface. The Gr interlayer together with NRs buffer layer substantially 
reduces the stress of the GaN film by 74.4%, from 0.9 to 0.23 GPa, and thus 
increases the In incorporation by 30.7%. The first principles calculations 
confirm that the release of strain accounts for the dramatic improvement. The 
photoluminescence peak of multiple quantum wells shifts from 461 to 497 nm 
and the functionally small-sized cyan light-emitting diodes of 7 × 9 mil2 are 
demonstrated. These findings provide an efficient approach for the growth of 
In-rich InGaN film and extend the applications of nitrides in advanced opto-
electronic, photovoltaic, and thermoelectric devices.
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eliminated at low temperatures, which, however, increases the 
difficulty for the decomposition of ammonia (NH3) and results 
in poor crystalline quality of the InGaN layer. Thus, new strate-
gies are urgently needed to resolve these problems.

The process of In incorporation in InGaN alloys is closely 
related to its strain relaxation mechanism.[11] The stress release 
in the GaN template can effectively increase the incorporation of 
In in the subsequent InGaN layer. This is attributed to the sup-
pression of phase separation and the reduced formation enthal-
pies of InGaN that promote the attainment of a fully relaxed 
strain state.[5] The van der Waals epitaxy (vdWE) of nitrides on 
the graphene (Gr) buffer layer is demonstrated to achieve low 
stress[12–14] and thus is expected to be valid for growth of In-rich 
InGaN at high temperatures by metal–organic chemical vapor 
deposition (MOCVD).[15,16] In this scenario, the requirement for 
the lattice match between the as-grown films and substrate is 
weakened due to the remote epitaxy mode,[17,18] resulting in the 
reduction of stress in the nitrides.[19–21]

In this study, a strain-modulated method is proposed to 
achieve the tunability of In incorporation in the InGaN layer. 
The epitaxy of high In composition on the light-emitting diode 
(LED) structure is achieved through Gr-nanorod (NR) enhanced 
quasi-vdWE. Remote epitaxy on the monolayer Gr/sapphire 
substrate results in the formation of an InGaN/GaN film with 
a highly consistent in-plane orientation due to the influence of 
the potential field of the substrate. Upon screening the covalent 
interaction of the substrate, the Gr layer is found to reduce the 
stress of the GaN film by 30%. Furthermore, by introducing a 
high-quality NRs buffer layer on the Gr, the stress of the GaN 
film is further reduced by 44.4%. As a result, the incorpora-
tion of In in the multiple quantum wells (MQWs) is signifi-
cantly increased by 30.7%. Subsequently, the cyan LED device 
is fabricated and the photoelectric characteristics of the device 
are demonstrated. This work opens a feasible pathway for the 

growth of high-quality In-rich InGaN alloys with tuned and 
ideal bandgaps under high temperatures for the fabrication of 
novel semiconductor devices.

2. Results and Discussion

Fabrication of the cyan LED device through Gr-NR enhanced 
quasi-vdWE is schematically shown in Figure 1. First, Gr syn-
thesized by chemical vapor deposition (CVD) is transferred 
onto a c-plane sapphire substrate through wet corrosion and 
spatial transfer (Figure 1a).[22] Then, to promote the nucleation 
on Gr surface, AlGaN nucleation is deposited on the Gr/sap-
phire substrate (Figure  1b) due to the high adsorption energy 
and low migration barrier of Al adatoms.[23–26] Later GaN NRs 
are grown on it (Figure 1c). Finally, further growth of GaN NRs 
enables them coalesced to film (Figure 1d), on which epilayers 
including n-GaN, MQWs, and p-GaN (Figure  1e) are grown 
subsequently. After the procedures stated above, the layered 
LED structure could be formed as shown in Figure 1f from the 
cross-sectional view.

To relax the stress remained in the nitride epilayer on sap-
phire, we use two strategies, Gr-assisted quasi-vdWE and NRs. 
Monolayer Gr makes a great contribution for reducing lattice 
mismatch and thermal mismatch effect. In our attempts, high 
density GaN nanorods are formed at the energetically favorable 
edges of Gr domain boundaries and defect sites (Figure S1, 
Supporting Information). The sidewalls of hexagonal GaN 
NRs grown on monolayer Gr/sapphire are parallel to each 
other (Figure S2a, Supporting Information), while the hex-
agonal GaN NRs are angled to each other on the multilayer 
(four to five layers) Gr/sapphire (Figure S2b, Supporting Infor-
mation). It is because that the sapphire under monolayer Gr 
could still guide the nitride layer growth by remote epitaxy, 

Figure 1. a) Transferred Gr on the sapphire substrate. b) AlGaN nucleation on Gr film. c) The evolution from AlGaN nucleation to GaN NRs. d) The 
step of coalescence to GaN film. e) Growth of subsequent epilayers including n-GaN, MQWs, and p-GaN. f) Cross-sectional view of the layered struc-
ture of LED.
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while the potential field of sapphire may be deadly damped 
through multilayer Gr.[17] As for this mechanism, the crystal lat-
tice constants of Gr and GaN are not the main driving force 
of stress release. After the remote epitaxy through monolayer 
Gr, there can still be some residual stress in the GaN.[12,27] 
Therefore, NRs buffer layer is introduced to further release it. 
The GaN NRs with relatively high density could promote the 
coalescence process and reduce the critical coalesced thick-
ness. The 2D growth dominating NRs coalescence process 
is carried out at a high V/III ratio condition in MOCVD and 
we finally obtain a continuous and smooth GaN film with the 
thickness of ≈1.4  µm (Figure S3, Supporting Information). 
The root mean square roughness was measured as 0.53  nm 
by atomic force microscope (AFM) (Figure  2a). As a compar-
ison, the GaN layer on multilayer Gr shows obvious crystal 
boundary and rough surface (Figure S4a, Supporting Infor-
mation). The cross-sectional scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) images 
show the gradient interface between GaN NRs and film (inset 
of Figure  2a and Figure S4b, Supporting Information), from 
which the typical NRs exhibit an average diameter and height 
of 150 and 300  nm. Because of the nanoscale footprints on  
substrate, GaN NRs can reduce the stress accumulations, con-
sequently suppressing the formation and propagation of dis-
locations during the coalescence process.[28] Therefore, NRs  
benefit the high-quality growth front and stress release for 
subsequent layers than other buffer strategies.[29–32]

The coalesced GaN film exhibits a highly c-oriented arrange-
ment and consistent in-plane orientation from the normal- 
direction and transverse-direction electron backscatter diffraction  
(EBSD) inverse pole figure (IPF) maps (Figure  2b,c). High- 
resolution TEM (HRTEM) image, selected area electron diffrac-
tion (SAED) patterns, and X-ray diffraction (XRD) 2θ-ω spectrum  
further confirm the wurtzite structure and [0001] growth direc-
tion of GaN (Figure S5a–c, Supporting Information). The full 
width at half maximum of (0002) and (1012) rocking curves from 
GaN film are 489 and 583  arcsec, respectively (Figure S5d,e,  
Supporting Information), which approximately correspond to 

4.81  ×  108 and 2.41  ×  109  cm−2 for screw and edge dislocation 
densities in the coalesced GaN film.[33] The XRD phi scan and 
the arrangements of spots in SAED pattern from the GaN/
monolayer Gr/sapphire interface (Figure S5f, Supporting Infor-
mation, and Figure  2d) reveal that the epitaxial relationship 
between GaN and sapphire is defined as (0001)GaN  || (0001)sap-

phire, [0110]GaN  || [1120]sapphire, which is consistent with the result 
of GaN growth directly on the sapphire substrate through the 
conventional two-steps method.[34]

After the epitaxy of GaN film, the cross-sectional HRTEM 
image of GaN/monolayer Gr/sapphire interface reveals the 
presence of the monolayer Gr at the interface (Figure 2e). The 
energy-dispersive X-ray spectroscopy (EDS) confirms the exist-
ence of monolayer Gr after epitaxial growth (Figure 2f,g). From 
the Raman spectra, the increased D peak intensity relative to 
the G peak intensity of Gr after growth indicates the introduc-
tion of defects in Gr during the epitaxy process, which could 
be attributed to the ammonia etching (Figure  2h).[35] Further-
more, the intensity ratio of G and G′ peak is less than 1, cor-
responding to the characteristic of monolayer Gr.[36] The shift 
to higher frequencies of these peaks is attributed to nitridation 
and compressive strain of Gr during the MOCVD process.[37,38] 
According to the statements above, Gr-NR enhanced quasi-
vdWE guarantees the crystal quality and epitaxial orientation of 
nitrides on the monolayer Gr/sapphire substrate.

The low strain environment benefits the In element incor-
poration. As shown schematically in Figure  3a, during the 
formation of InGaN epilayers, the In atom will replace a Ga 
atom and bond with three N atoms. Note that the position of 
N atoms bonded with In atom offsets the original position 
in the GaN lattice due to the large radius of In atom. When 
the stress of InGaN/GaN layer is released, the lattice matrix 
becomes larger and the stretching of InN bonds gets weaker. 
Density functional theory (DFT) calculations are performed to 
verify the effects of stress state on In incorporation (Figure 3b). 
The results indicate that the formation enthalpies of InGaN 
substantially decreases as the lattice is gradually stretched, 
which could be understood by the fact that In atoms tend to 

Figure 2. a) The AFM image of coalesced GaN film grown on monolayer Gr/sapphire substrate; the inset showing the cross-sectional SEM image 
of the gradient interface between GaN NRs and films. b) Normal-direction and c) transverse-direction EBSD IPF maps of as-grown GaN film.  
d) The SAED patterns from the interface of GaN/monolayer Gr/sapphire. The blue and yellow circles corresponding to sapphire and GaN, respectively.  
e) Cross-sectional HRTEM image of GaN/monolayer Gr/sapphire interface. f) The EDS mapping of Ga–O elements at the interface. g) The EDS linear 
scanning spectrum of C element at the interface. h) Raman spectra of monolayer Gr before (red) and after (blue) growth of GaN by MOCVD.
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incorporate into a nitride matrix with a large lattice. The system 
energy of InGaN/GaN layer reaches the minimum when the 
system remains at a state of weak tensile stress, which is the 
most favorable for the incorporation of In.

The stress of GaN film is quantitatively investigated by 
Raman measurement (Figure  3c). The E2 mode peak in 
Raman spectra is strongly related to the biaxial stress in GaN 
film.[39,40] The peak position of GaN layer grown on pure sap-
phire (570.3  cm−1), monolayer Gr/sapphire without NRs 
(569.6  cm−1), and with NRs (568.6  cm−1) deviates from the 
characteristic frequency of unstrained GaN (568  cm−1),[41] sug-
gesting that GaN layer subjects to a compressive strain. The 
deviation in frequency, Δω, compared with the stress-free bulk 
GaN could be estimated in terms of the biaxial stress, σxx, 
according to Δω = Kσxx, where K is the linear stress coefficient 
(2.56  cm−1  GPa−1 for GaN).[40] The biaxial stress of GaN layer 
grown on pure sapphire, those grown with Gr and Gr-NRs are 
calculated as 0.9, 0.63, and 0.23  GPa, respectively, indicating 
that Gr reduces the stress of GaN film by 30%, and NRs further 
reduces it by 44.4%.

The MQWs structure is also grown and characterized to vali-
date the results of In incorporation. The photoluminescence 
(PL) spectra peaks at 461  nm (without NRs and Gr), 480  nm 
(with Gr), and 497  nm (with NRs and Gr) correspond to the 
pumping of MQWs (Figure 3d). Compared to MQWs PL peak 
of the LED film grown directly on sapphire, those grown with 
Gr and Gr-NRs show large redshift, which is attributed to the 
effective In incorporation process during MOCVD growth 
when the compressive stress of coalesced film gets released 
through Gr-NR enhanced quasi-vdWE. Furthermore, the strong 
cyan lighting band and the absence of yellow band demonstrate 
the good functionality of MQWs and the high quality of the 
epilayers. According to NBE emission calculation and Vegard’s 
law,[42,43] the In composition of InGaN QW grown on sapphire, 

with Gr, and with NRs and Gr are calculated as 18.2%, 21.3%, 
and 23.8%, respectively. The stress state of coalesced GaN film 
and In incorporation in InGaN/GaN MQWs are summarized in 
Figure 3e. The stress is reduced by 74.4% and In incorporation 
in the MQWs is increased by 30.7% through Gr-NR enhanced 
quasi-vdWE.

The intense satellite peaks of InGaN/GaN MQWs in X-ray  
ω-scan verify the high quality of MQWs grown on monolayer 
Gr/sapphire substrate through Gr-NR enhanced quasi-vdWE 
(Figure  4a). The EDS linear scanning spectrum along growth 
direction in MQWs implies that In composition gradually 
increases upward to sample surface and reaches a maximum in 
InGaN wells near the top layer (Figure 4b), which has good func-
tionalities to realize the radiative recombination of electron and 
hole carriers. The In composition among metal elements in the 
sixth well from below is estimated to be 24.2% through EDS ele-
ment analysis (Figure 4c), which is similar to the result calculated 
by PL measurement. Cross-sectional high angle annular dark-field 
(HAADF) scanning TEM (STEM) image and corresponding EDS 
images of In and Ga elements of MQWs show nine-period MQWs 
stripes with uniform distribution and no obvious In aggregations 
are observed (Figure  4b,d,e). Atomic-resolution STEM image of 
a single period InGaN/GaN heterostructure suggests that the 
d-spacing of InGaN and GaN are measured as 5.55 and 5.28 Å, 
respectively, and shows the ordered atomic arrangements with the 
growth direction along (0002) (Figure 4f). These results indicate 
the high-quality InGaN/GaN MQWs and uniform In composition 
distribution, which is an important prerequisite for the electrical 
and optical characteristics of the fabricated LED device.

The LED chips are fabricated through the conventional 
technological process. Figure 5a shows the schematic diagram 
of the as-fabricated LED structure through Gr-NR enhanced 
quasi-vdWE. I–V characteristic of as-fabricated LED is 
obtained through chip-on-wafer measurements (Figure  5b). It  

Figure 3. a) Atomic structures of In atoms incorporated into the GaN lattice matrix and that in compressive strain and released strain. b) Results 
of DFT calculations of InGaN formation enthalpies and system energy with lattice deformation. The blue plot showing that the formation enthalpies 
reduce significantly as the compressive stress decreases. The black plot representing the change in system energy. c) Raman spectra of GaN film, and 
d) PL spectra of the MQWs grown directly on sapphire (blue line), with monolayer Gr (black line), and with NRs and monolayer Gr (red line). e) The 
histograms of stress state in coalesced GaN film and In incorporation in InGaN/GaN MQWs on different substrates.
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demonstrates a good rectification characteristic with a threshold 
voltage of 2.37  V (defined as the voltage value at 1  mA injec-
tion current) and a low leakage current of 0.31 mA at the bias 

of −3  V. The emitting photo of an as-fabricated LED in the 
inset of Figure  5b indicates a uniform cyan light distribution 
on the mesa of the LED chip at a 40 mA current. The parallel 

Figure 4. a) X-ray ω-scan of InGaN/GaN MQWs grown on monolayer Gr/sapphire substrate through Gr-NR enhanced quasi-vdWE. b) HAADF STEM 
image of MQWs in the LED structure and the EDS linear scanning spectrum along growth direction in MQWs. c) The EDS element composition spectrum 
in InGaN well region. d,e) Corresponding EDS mapping of In and Ga elements in MQWs. f) Atomic-resolution STEM image of a period InGaN/GaN  
quantum well.

Figure 5. a) Schematic diagram of the as-fabricated LED structure. b) I–V characteristic of as-fabricated LED grown on monolayer Gr; the insets are 
the amplificated I–V curve of LED working at inverse bias voltage and the picture of emitting LED at 40 mA current. c) EL spectra of an as-fabricated 
LED as a function of injection current. d) The wavelength peak shift of as-fabricated LED as a function of injection current.
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resistance and series resistance are estimated to be 4.17  kΩ 
and 13.98  Ω, respectively (Figure S6, Supporting Informa-
tion), indicating favorable crystalline quality and good Ohmic 
contact.[44] The normalized electroluminescence spectra con-
firm the light emission peaked at 493–501 nm (Figure 5c). The 
peak wavelength shows a blueshift and then a redshift, which 
is attributed to the band filling effect as well as the screening 
of charges effect, and bandgap decrease with increasing tem-
perature, respectively.[45,46] These results demonstrate that the 
cyan LED structure with high-In-content is successfully fabri-
cated on the monolayer Gr/sapphire substrate through Gr-NR 
enhanced quasi-vdWE and has compatibility with conventional 
industrial manufacturing processes like blue LED. Therefore, 
this technology provides a promising method for the functional 
application of Gr in longer wavelength LEDs.

3. Conclusion

In summary, an effective strain-modulated method, namely the 
Gr-NR enhanced quasi-vdWE, is demonstrated to overcome the 
fundamental limitations in the incorporation of In on the nitride 
epitaxy. The growth of In-rich InGaN film on a monolayer Gr/
sapphire substrate and its application in long-wavelength 
LEDs are successfully achieved. The Gr acts as the transparent 
layer to sustain the epitaxial relationship through a remote epi-
taxy mechanism. Gr reduces the stress of the grown epilayers 
by 30%, and the NR layer further enhances the stress relief by 
44.4%. As a result, the formation enthalpies of InGaN is substan-
tially decreased, and the incorporation of In in the InGaN/GaN 
MQWs is increased considerably by 30.7%. The PL peak of the 
MQWs exhibits a significant redshift of 36  nm. The fabricated 
LEDs on the Gr/sapphire substrate show cyan optical properties. 
This strategy can be used to achieve In-rich InGaN films with the 
expected high crystalline quality under high temperatures in the 
MOCVD process, which is compatible with conventional tech-
nology. These findings may expand the application of nitrides in 
novel devices based on high In composition such as nitride-based 
full-color displays and high-efficiency photovoltaic solar cells.

4. Experimental Section
Transfer of Graphene: The monolayer and multilayer Gr grown 

on Cu foil through CVD (Xicheng, Xiamen, China) were purchased 
commercially. The poly methyl-methacrylate (PMMA) was spin-cast onto 
the Gr-coated Cu foil at a 3000  rpm rate and then baked under 120 °C 
for 15 min. Subsequently, Cu foil was etched away in the FeCl3 solution 
for ≈3 h and the PMMA–Gr film was then floated on the surface owing 
to the surface tension. The PMMA-coated Gr was transferred onto the 
sapphire substrate and washed in deionized water to remove the FeCl3. 
Finally, acetone and ethanol were utilized to remove the PMMA.

Epitaxial Growth of Nitride in Metal–Organic Chemical Vapor Deposition: 
During the MOCVD growth process of nitride films, trimethylgallium 
(TMGa), trimethylaluminum (TMAl), and NH3 were adopted as Ga, Al, 
and N precursor. Silane (SiH4) and magnesocene (Cp2Mg) were adopted 
as n-doped and p-doped source, respectively. Hydrogen (H2) acted as 
the carrier gas during the growth process. As for the nitride grown on 
Gr/sapphire substrate, the AlGaN nucleus was grown at a temperature 
of 1200 °C, with TMGa flow of 28 sccm, TMAl flow of 90 sccm, and NH3 
flow of 4000  sccm. Then, during the process of GaN NRs growth and 
coalescence, the temperature was increased to 1250 °C, with the change 

of NH3 flow from 60 to 1500 sccm, and the TMGa flow was kept constant 
at 160 sccm for ≈4800 s. As for the nitride directly grown on the sapphire 
substrate, the conventional two-steps growth was conducted. The low-
temperature GaN buffer layer was grown at 600  °C for 300  s with the 
NH3 flow of 2800 sccm and the TMGa flow of 22 sccm. The u-GaN layer 
was grown at 1250  °C for 5400 s with the NH3 flow of 2400 sccm and 
the TMGa flow of 80 sccm. The n-GaN layer of all samples was grown at 
1250 °C for 4000 s, with SiH4 flow of 12 sccm, the NH3 flow of 2400 sccm, 
and the TMGa flow of 80 sccm, followed by nine periods of InGaN/GaN 
layers grown at 720  °C/820  °C. Then, a p-GaN layer was deposited at 
950 °C with the Cp2Mg flow of 120 sccm. The whole epilayers include the 
Gr/sapphire substrate, GaN NRs, an n-GaN layer (1.6 µm), nine-period 
InxGa1−xN (5 nm)/GaN (15 nm) MQWs, and a p-GaN layer (30 nm).

Light-Emitting Diode Device Technological Process: The LED devices 
were fabricated with 7 × 9 mil2 size using conventional mesa technology. 
An indium tin oxides (ITO) layer with a 280 nm thickness was deposited 
on the p-GaN layer to enhance the current spread through electron beam 
evaporation. The mesa (800 nm) was manufactured by photolithography 
and inductively coupled etching. Cr/Al/Ti/Au multilayer metal film was 
adopted as p- and n-type Ohmic contact electrodes through electron 
beam evaporation. Subsequently, the SiO2 passivation layer was 
deposited to protect the chip through plasma-enhanced chemical vapor 
deposition. Finally, the wafer was sliced into chips and packaged.

Characterization: The as-grown nitride films were characterized by SEM 
(Hitachi, Tokyo, Japan; operated at 4.4 kV), XRD (Bede D1, United Kingdom; 
operated at 40 kV, 35 mA), PL microscopy (Horiba, Kyoto, Japan; 325 laser 
excitation), Raman microscopy (Horiba, Kyoto, Japan; Backscattering 
configuration; 532  nm linearly polarized laser excitation; Grating groove 
density of 1200  gr  mm−1; focal length of 800  mm; spatial resolution of 
2 µm), TEM (JEM-F200) and STEM (FEI Titan Cubed Themis G2 300), both 
of which are equipped with EDS detectors, EBSD (Zeiss, Jena, Germany), 
and AFM (D3100, Veeco, New York, NY, USA). The as-fabricated LED device 
was measured by a source meter (Keithley 2400, USA) and an integrating 
sphere system (EVERFINE PHOTO-E-INFO Co., Ltd.).
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