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20 ABSTRACT

23 Hybrid systems based on the combination of crystalline bulk semiconductors with 2D crystals are
identified as promising heterogeneous structures for new optoelectronic applications!. However, the very
28 attractive direct integration of III-V semiconductors on 2D materials to make practical devices remains a
30 challenge to preserve the intrinsic properties of the underlying 2D materials. In this work, we study the
direct epitaxy of self-organized GaN crystals on graphene. We demonstrate that the severe MOCVD
35 growth conditions of GaN (chemically aggressive precursors and high temperature) are not detrimental to
37 the structural quality and the charge carrier mobility of the graphene base plane. Graphene can be so used
39 both as an efficient sensitive material and as a substrate for GaN epitaxy to make a self-assembled UV
photodetector. A responsivity as high as 2 A-W-! is measured in the UV-A range without any further
44 post-processing than simple deposition of contact electrodes. Our study opens the way to build new self-

46 assembled 2D/ITI-V hybrid optoelectronic devices by direct epitaxy.
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Introduction

Two-dimensional (2D) materials and their combination with other types of low-dimensional materials
into hybrid systems open new ways to conceive optoelectronic and photodetection devices?. These
materials seem to be particularly interesting for sensing applications'. Indeed conducting 2D materials,
due to their lack of bulk, are extremely sensitive to any electrostatic perturbation in their neighborhood.
Thanks to its high carrier mobility, high stability and easy fabrication, graphene offers an adequate
platform for photodetection. However weak light absorption in this ultrathin material limits the

responsivity of purely graphene-based photodetectors’®.

A promising approach to enhance the
photodetection sensitivity of graphene-based detectors is to combine graphene with molecules or
materials that would bring to the device their optical properties. The wide band gap of Gallium Nitride
(GaN) material makes it highly efficient for UV-A, B and C absorption®. Although purely III-Nitrides
based photodetectors has already been demonstrated using thin films’ or nanostructures®’. Therefore the

combination of GaN with graphene is a new way to develop high gain UV photodetectors by taking full

advantage of the two systems.

The idea to hybridize graphene with another material has already been investigated. Detailed experimental
studies have been reported for pentacene/graphene!? and semiconductor (ZnO!!*'2 and PbS!*'%) quantum
dots (QDs)/graphene structures. PbS QDs were used to enhance the graphene photodetection sensitivity
in the infrared'>!'*. Konstantatos et al. used a mechanically exfoliated graphene surface on which PbS
QDs were deposited. Upon illumination by infrared light, photoexcited holes created in PbS QDs are
transferred to graphene whereas electrons are trapped in PbS due to the built-in field at the interface. Due
to the long trapped-charge lifetimes in the QDs, holes recirculate many times in the graphene before they
recombine. This mechanism leads to a very high photoconductive gain (10® electrons per photon). Thanks
to this architecture Konstantatos and coworkers demonstrated the potential of hybridized graphene

structures for high gain photogating detection. ZnO QDs combined with graphene have also been used as
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an efficient structure sensitive in the UV spectral range'!!2.

However semiconductor QD deposition
seems to be critical and the nature of chemical ligands is a key issue for the performances of the final
device!®. When QDs are deposited or assembled via chemical means, the interface between QDs and
graphene is not properly controlled. However this interface is actually the active zone of the device where
the charge to current conversion occurs through electrostatic doping. Therefore a precise control of the
graphene/adsorbate interface is crucial. Here we show that direct growth of semiconductors on graphene
is a promising method to address this issue. Indeed graphene has already been successfully studied as a
growth substrate for van der Waals epitaxy of GaN nanowires'>"!” and thin film'®. While GaN structures
directly grown on graphene certainly offer a well-controlled interface, it was not obvious whether the

growth conditions would be detrimental to the large-scale graphene structural quality and impact the

charge carrier mobility of the graphene base plane.

In this article, we present a direct growth method of GaN crystals by MOCVD on a graphene-on-sapphire
substrate. We prove that the aggressive growth conditions required to grow GaN are not detrimental to
the structural quality of graphene base plane preserving the intrinsically high charge carrier mobility. Thus
we show that graphene can be used both as a charge-sensitive electronic material and as an epitaxy
substrate without compromise. Hence we demonstrate the 2 A-W! responsivity of the UV photodetector
built by the as grown structure (GaN on graphene) without any post-processing beyond deposition of
contact electrodes. This proof of concept attests the feasibility to preserve enough the electronic properties

of graphene during the epitaxial process to then use it as an active material.

Results and discussion

Graphene is grown on Cu foil by chemical vapor deposition (CVD)!® and then transferred onto a sapphire
substrate for subsequent MOCVD growth of GaN. The high thermal stability of sapphire allows it to
withstand the GaN growth conditions and its insulating character makes it possible to measure electronic

transport in graphene. Trimethylgallium (TMGa) and ammonia (NH3) act as precursors for gallium and
3
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Figure 1. Top view SEM images of GaN grown on graphene ((a) and (c)) and GaN grown on sapphire ((b) and (d)) with the
same growth conditions. Scale bars: 5 um. (¢) XRD ¢-scan of the (103) peak of the GaN grown on graphene. The six peaks
shown every 60° highlight that GaN microstructures are all crystals grown on the same direction.
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nitrogen respectively?’. The nucleation conditions of GaN on graphene are highly different from the

traditionally low temperature nucleation layer used to grow GaN on sapphire®!. In this work, a high

temperature nucleation (~ 950 °C) is needed to initiate the growth of crystalline seeds. This step is

nonetheless compatible with every commercial MOCVD systems. These harsh conditions have to be

balanced to preserve graphene properties, more particularly its high carrier mobility. Figure 1a and Figure

Ic show SEM images of the GaN microstructures grown on graphene. Seeds have a distribution in size

and in density different from those grown directly on sapphire as can be seen in Figure 1b and Figure 1d.

The seed density is lower with larger typical dimensions of about 2 microns in width and 500 nm in height.

These features were already noted by Mun et al.'*. As graphene is a 2D material, there are no dangling

bonds on its surface and its low surface energy (~ 50 mJ-m™ for graphene® and ~ 5 J-m™ for sapphire >

%)

strongly impedes the nucleation process of GaN, resulting in a lower density of microstructures than that

on sapphire. The low migration energies of Ga adatoms on the graphene surface (about 30 meV according

to the calculations®*) may favor the formation of nucleation sites by self-catalyzed growth via migration

and incorporation of pre-deposited Ga on the graphene.

Seeds grown on graphene show regular hexagonal shapes with sharp edges. GaN nuclei also appear to be

well oriented along the c-axis normal to the substrate surface. The six fold symmetry shown on the Figure

4

ACS Paragon Plus Environment



Page 50of 17 ACS Applied Materials & Interfaces

oNOYTULT D WN =

le proves that the GaN crystals are properly in-plane aligned. The GaN growth seems thus governed by
an epitaxial relationship. Kumaresan et al. showed that graphene governs the GaN orientation when using
an amorphous substrate of silica underlying graphene'®. In our case, polycrystalline graphene (with about
20 microns wide crystals) is transferred onto a monocrystalline substrate of sapphire. This substrate seems
to play an important role. Indeed the weak van der Waals interactions that control the graphene/GaN
interface are long range field relative to the graphene thickness. Hence the sapphire crystalline field could
contribute to the GaN seeds orientation. As previously discussed all GaN seeds grown on the whole
graphene substrate have the same in-plane orientation (Figure 1a and Figure 1e) regardless of the graphene
grains size. Furthermore GaN grown directly on sapphire or on graphene both have the same in-plane
orientation. The sapphire crystalline field seems thus to be dominant compared to that of the graphene

layer for GaN epitaxy. These observations are consistent with the work of Kim et al.?

showing that the
weak van der Waals potential of graphene cannot completely screen the stronger potential field of its
underlying crystalline substrate. Hence in the sapphire/graphene/GaN structure the crystalline field of
sapphire seems to control the in-plane orientation of the GaN seeds which grow above the graphene layer.
A key question in our study is whether the graphene can withstand the severe MOCVD growth conditions
of GaN. Raman spectra in Figure 2a show the graphene’s responses before and after GaN growth. Both
spectra exhibit the three D, G and 2D characteristic Raman modes (respectively around 1350, 1590, 2700
cm') of graphene revealing its persistence after the MOCVD growth. Some changes can be noted by

looking at the Raman spectra more precisely. The full width half maximum (FWHM) of the 2D peak (I"2p)

t18

is a good indicator of the electronic conductivity of the graphene sheet™®. I'2p is not strongly sensitive to

global strain, doping and charge inhomogeneities but is strongly dependent on the electronic mobility of
the graphene sheet?®. The higher the mobility is, the lower the 2D peak FWHM is. After GaN growth, I'2p

rises from 30 cm™! to 38 cm™!, revealing a slight reduction of the graphene mobility. This result is also
consistent with the sheet resistance (Rs) measurements performed on the graphene before and after the

growth; Ry increases from 5.10° Q/o to 1.10* /0. The broadening of the G peak together with the slight
5

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 6 of 17

a ; ; ; — b 2710

41 — Initial graphene |

—— Graphene after GaN growth 2705 +

A 2700 -
3 | _ ;
s £ 2695 YA
> ____,J < P
‘» ! [ R
5] o o | & ] L

- ] 2685

i w80
L 3 .
T : T T 2675 (Ge,l ﬂm) T * T T T
1500 2000 2500 3000 1580 1585 1590 1595 1600 1605 1610
Raman shift (cm™) g (cm_1)

Figure 2. (a) Raman spectra of graphene before and after GaN growth (between GaN nuclei). (b) The wap vs g space is useful
to get information on doping level and strain state of graphene. The green square (w2 = 1582 cm™%; w3, = 2677 cm™) is
the position of an unstrained and undoped graphene according to Lee and Froehlicher?’?®. The red square corresponds to the
graphene transferred onto sapphire used as a template for the GaN growth. Black crosses show the response of different places
on the substrate after GaN growth. Black (blue) guidelines give the 2D and G modes shifts due to strain (p doping).

increase of the D peak intensity (Ip/Ig ratio rises from 9% to 24%) during the MOCVD process reveals a
slight degradation of the structural quality of graphene probably due to formation of defects caused by the
exposure to ammonia atmosphere at high temperature. These structural changes may explain the doubling
of the measured sheet resistance R after growth. In the end it should be emphasized that the graphene
underlying the GaN microstructures is still of good quality in terms of electronic properties for use as a
sensitive material. Raman spectra can also reveal the stress state and the doping level of the graphene

layer. The frequencies of the G and 2D modes are highly sensitive to the strain state and the doping level.

As the ratios (AwZD )

4 . - : :
» and (ﬂ) are different for the two contributions®’-?3, strain and doping
G

strain 406 / goping

level can be deduced according to the Raman shifts of the G and 2D peaks. To get quantitative values,
reference data of the two modes (w2 and w3,)) for a stress free and excess charge free graphene are
needed. We chose the values given by Lee et al.?” (w2 = 1582 cm™'; w9, = 2677 cm™) acquired from
freestanding graphene suspended across a circular well. These values are also in perfect agreement with
references given by other teams?®?’. By plotting on the Raman characteristics of the graphene after

transfer onto sapphire and post GaN growth in the w; vs w,p space (Figure 2b), we can propose an

understanding of the graphene evolution during the MOCVD growth process. Graphene used as a template
6
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Figure 3. Schematic diagrams of energy levels showing respectively the graphene and GaN structures before (a) and after (b)
contact between the two materials. A built-in field is formed at the interface (b). Under UV light illumination the created
electron-hole pairs separate due to the band bending at the interface. Holes are transferred to graphene whereas electrons get
trapped in GaN.

for GaN growth (red dot in the Figure 2b) is p doped and under a slightly compressive strain state. The
black crosses in Figure 2b acquired after the MOCVD process indicate an increase of the p doping level.
This doping level seems fairly constant across the whole sample for the nine analyzed spots. However the
graphene strain state seems to be quite inhomogeneous after the growth of the GaN seeds; the black
crosses are somewhat dispersed along the black dotted line which is a guideline to visualize the
compressive strain effect at a constant p doping level. Using measured values of the G and 2D modes
frequencies we can estimate the doping level of graphene®’-?%3°, After transfer onto sapphire, graphene is
p-doped with a doping density of 5-10'2 cm™. After the GaN growth process its p doped level increases
to 1.5-10" cm™. The adsorption of nitrogen-containing radicals on graphene must be responsible of this
magnitude of the carrier concentration change?!*2. This could also explain the slight D peak raise in the
Raman spectrum of graphene measured after the GaN growth process. The Fermi energy of graphene

changes accordingly as:

Er(n) = xgr —sign(n) - k- vp - VT In|

33,34 30,35

where y;,=4.56 €V is the graphene work function®***, vp= 1.1 x 10° m.s™!, the Fermi velocity’>** and n

the doping density. Thus after exposure to the MOCVD precursors needed for the GaN growth, the Fermi

level of graphene can be estimated at EE” =~ 5.06 eV. This value has to be compared to the Fermi level of

7
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Source

Figure 4. Schematic representation of our device.

the GaN crystals. Non-intentionally doped (nid) GaN may have residual doping levels ranging from n=108
to 10' cm™ which correspond respectively to a Fermi level of ES*N= 4.94 and 4.46 eV. Therefore
whatever the doping level of the nid GaN grown on graphene, the Fermi level of graphene is deeper than
that of GaN as shown in Figure 3a. Thus when both materials are put into contact, the GaN band structure
bends according to the diagram of Figure 3b due to carrier transfers at the interface. As a consequence,
under illumination from a UV light source (with photon energies above the band gap of GaN), the GaN
on graphene heterostructure shows a photogating effect. Photogenerated electron-hole pairs in the GaN
islands are separated due to the built-in field at the interface. Holes are transferred to graphene whereas
electrons get trapped in GaN (as shown on Figure 3b) from where they modulate the Fermi level and thus

the conductivity of the graphene carrier transport channel.

10 T T T T T
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Figure 5. [-V characteristics measured between the two electrodes (drain and source) at Vps=0.5V with and without light
exposure (A =360 nmand P = 6 pW).
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Figure 6. (a) Time responses of the measured photoinduced current at different bias conditions. Under illumination above the
GaN band gap the conductance of the graphene measured between the drain-source electrodes increases. The behavior can be
described by two regimes; a first rapid increase of the current followed by a saturation. After 250 s of illumination the light is
switched off and the relaxation starts with a very slow dynamic. (b) Spectral response of the responsivity of our device near the
bandgap of the GaN (A = 360 nm). Curves are measured at an optical power of about 10 pW-cm.

To experimentally observe this sensing mechanism, two Ti/Au electrodes (drain and source) are
evaporated onto graphene (the dimension of our device is about 1.5x1.5 mm?). The current passing
through the graphene channel under illumination is then monitored at a constant bias voltage Vs (see
Figure 4 showing a schematic representation of our device). An Hg/Xe lamp combined with a
monochromator is used as a UV spectroscopic source. The illumination power applied to the samples
throughout this work remains with at about 10 uW-cm™. Figure 5 shows the I-V curves of the device in
the dark and under illumination. These curves plot a linear behavior characteristic of this photodetection
principle!*. Indeed the measured current is not flowing through any PN or other semiconductor junction
and only measures the graphene resistivity. The difference between the two curves in Figure 5 shows the
resistivity change of graphene with and without illumination. The light to charge conversion generates
charges trapped in GaN and so modulates the surface charge density of graphene. Then, since graphene
is a semimetal, it effectively detects this change and this is how the GaN/graphene photodetector works.
Figure 6a shows the response time of the photocurrent (Al = Lijumination —ldark) growth and decay measured
in the graphene at different bias voltage in response to UV illumination being turned on and off. Upon

illumination the conductance of the device is enhanced and the relative variation of the current

9
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(Al/14ark~20%) is bias voltage independent, demonstrating the photogating effect of the GaN islands on

graphene.

The shape of the photocurrent responses under illumination seems to show at least two regimes. First, the
current of the device rises sharply when illuminated. This increase is then followed by a slower component

before saturating. The dynamic response of our device on illumination can be well described by an
-t -t
exponential function with two relaxation times 11 and t2: Ipporo = A - (1 — efl) +C- (1 — eT2> where t

is the time when UV is switched on or off and A and C are scaling constants. The time constants are
estimated from these fits. The shorter relaxation time, T, = 2 s, which illustrates the regime of interest
for detection devices, appears to be constant for all experiments. It probably corresponds to the hole
transfer from GaN to graphene whereas the slower component (7, ~ 50 s) may represent the charge
transfer within the GaN microstructures. When the light is switched off, photocurrent decay starts. This
regime during which the trapped electrons in GaN recombine has a slower dynamic. After a fast part this
regime follows an exponential law characterized by a time constant of about 500 s. Such long relaxation

times can be drastically reduced by pulsed back-gating'*.

One of the main parameters to quantify the photodetection performances of a device is the responsivity

Iphoto

defined as the ratio between the photocurrent and the light beam power (R = 5

). The curve in Figure

6b shows the spectral response of this parameter in the UV-A range. The recorded current and
consequently the responsivity increases clearly when the light wavelength is shorter than the GaN
bandgap with a maximum responsivity of 2.5A-W! at 360 nm and an optical power of about 10 pW-cm
2. In the 340 to 370 nm range the responsivity exceeds 2 A-W!. It clearly appears that the two materials
(GaN and graphene) of our structure play a crucial role in the efficiency of photodetection. GaN is
essential in the optical switching process and graphene is used at the same time as a sensitive material and

as a substrate for GaN epitaxy to make a self-assembled device. This high responsivity is a clear signature

10
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of the high charge carrier mobility of the graphene base plane after the GaN growth. Photogenerated
electrons gets trapped in GaN whereas corresponding holes are transferred to the graphene due to the built
in field at the interface (Figure 3). The trapped charges in GaN act as local gate and the holes circulates
through graphene to the source electrode thanks to the bias voltage Vps. The current which circulates in
graphene is thus modulated by the trapped electrons in GaN. This mechanism can explain the high
responsivity measured!'#*%*’. Nevertheless the photodetection efficiency of our device is far from being
optimized. The most direct beneficial improvement on both the responsivity and the response time would
be a downscaling of our device. Significant improvements (quantum efficiency and speed) also depend
on an optimized and well-controlled growth process of GaN islands on graphene, both in terms of density
and size to increase UV light absorption in GaN islands near graphene/GaN interface and maximize the
numbers of transferred charges towards graphene. The surface over volume ratio of the GaN crystals may
be a crucial parameter controlling the surface states that may act as traps for the photogenerated electrons.
The GaN surface coverage is also a key parameter because it directly impacts the effective area on which
the photogating mechanism occurs. Finally, the detection threshold of the photodetector can even be
shifted to deeper UV wavelengths by growing GaN crystals as small as the critical size at which the

quantum confinement starts.

Conclusion

Graphene is usually used both as a substrate for GaN epitaxy or as an efficient material for sensing
applications. In this article we show that these two functions can be combined to go towards a novel
concept of hybrid UV-photodetector based on the direct GaN on graphene assembly. The preservation of
the charge carrier mobility within the graphene after the MOCVD process is consequently a key issue.
We demonstrate that under specific nucleation conditions graphene withstands the severe atmosphere

(chemically aggressive precursors and high temperature) required to get GaN crystals. Under illumination
11

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 12 of 17
above the GaN bandgap, the heterostructure exhibits a strong photogating effect with an increase of the
photoinduced drain-source current in graphene. The responsivity of our device is in excess of 2 A-W! in
the UV-A range under low illumination conditions (~10 uW-cm™2). Further improvements of the
photodetection performances can be made by downscaling the device and working on a better control of
the GaN seeds growth. In comparison with structures using QDs transferred onto graphene, this work
opens a route to better control the active interface and the assembly/size distribution of the dots. It will
further help to study more precisely the phenomena involved at the interface of hybrid structures mixing
graphene with other materials for photodetection. This work has shown the feasibility of making hybrid
structures by epitaxy using 2D material as a substrate. As GaN required very aggressive atmosphere to
grow, it is reasonable to assume that other traditional semiconductors can also be epitaxially grown while

preserving the fascinating properties of the 2D materials.

Experimental section

e Device Fabrication

Graphene is grown on Cu foil by chemical vapor deposition (CVD)'. It is then transferred onto a
sapphire substrate via a wet transfer. Graphene is subsequently annealed to remove the residues that
can remain after the transfer process. Prior to the MOCVD growth a second annealing is done to
remove the atmospheric pollutants and so to be sure that the graphene is clean. Regarding the growth
of GaN microstructures on top of graphene we used a one step process at ~ 950°C on a commercial
MOCVD system with a Closed Couple Showerhead (CCS) system. The Ti/Au contact electrodes are

made by evaporation using a solid mask.

e Characterizations

12
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The morphology study of the GaN microstructures is carried out with a scanning electron microscope
(Zeiss FE-SEM Ultra) operating at 1.5 kV. The X-ray diffraction (XRD) is performed with the Cu Ka
radiation (on a Panalytical Xpert’ setup). Micro-Raman measurements were performed using a 532

nm laser excitation source with an average power of 0.7 uW focused on a ~ 0.5 pm beam diameter

oNOYTULT D WN =

(Renishaw InVia setup).

13 e FElectrical characterizations

16 The electrical transport measurements are carried out in a primary vacuum at ambient temperature.
The real time DC resistance of the device is recorded using Keithley Source/measure Electrometer
21 6430 with a bias voltage varying between -0.5 to 0.5 Volts. For the optical response of the device an

23 Hg/Xe lamp combined with a monochromator is used as a UV spectroscopic source.
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