OPEN NPG Asia Materials (2017) 9, e418; doi:10.1038/2m.2017.142

www.nature.com/am

ORIGINAL ARTICLE

Enhanced photoresponsivity of the MoS,-GaN
heterojunction diode via the piezo-phototronic effect

Fei Xuel>>5, Leijing Yang!>°, Mengxiao Chen">33, Jian Chen>3, Xiaonian Yangh>?, Longfei Wang!>?,
Libo Chen!??, Caofeng Pan"? and Zhong Lin Wang!->*

Combining layered MoS, flakes with conventional 3D semiconductors is a feasible route to fabricate high-quality heterojunction
devices by harnessing the advantages of both materials. Here, we present a pressure-modulated heterojunction photodiode that
is composed of an n-type multilayer MoS, and a p-type GaN film via the piezo-phototronic effect. Under the illumination of

365 nm incident light, a strong photoresponse is observed with response and recovery times of ~66 and 74 ms, respectively.
Under a pressure of 258 MPa, the photoresponsivity of this photodiode can be tuned by the piezo-phototronic effect arising from
the GaN film to ~ 3.5 times. Because of the lowered junction barrier with an applied external pressure (strain), more
photogenerated carriers can successfully pass through the junction area without recombination, which results in an enhancement
effect. This work provides a possible path for the implementation of high-performance electronic and optoelectronic devices that

are based on hybrid heterostructures via human interfacing.
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INTRODUCTION
Molybdenum disulfide (MoS;), a layered semiconductor from the
family of transition metal dichalcogenides, has attracted considerable
attention for the study of fundamental physics and high-performance
nanodevices in ultrathin structures.'™* Semiconducting MoS, possesses
a tunable bandgap that experiences transitions from a direct bandgap
(~1.85€eV) in a monolayer to an indirect bandgap (~1.2 V) in bulk
films.»> Atomically thin films of MoS, have been demonstrated as a
unique channel material for field-effect transistors because of their high
electron mobility, excellent current ON/OFF ratio and low subthres-
hold swing.>*® As an ideal photoactive semiconductor, MoS, flakes
that are based on optoelectronic nanodevices have been successively
developed for use in photovoltaics,”® LEDs,”!? and photodetectors.!>1?
The p-n heterojunction, in which two different types of doped
semiconductors are sequentially stacked together, acts as fundamental
building block for modern electronics and optoelectronics. To explore
new observations and functionality, significant effort has been applied
to construct ultrathin heterojunctions using MoS, flakes, including
MoS,-WSe,,!>1* MoS,-carbon nanotubes,’” and MoS,-WS,.117 In
addition, combining layered MoS, flakes with conventional 3D
semiconductors is also a feasible route to fabricate high-quality p-n
heterojunctions by harnessing the advantages of both materials. For
example, six-layered MoS, flakes and ZnO film-based p-n heterojunc-
tion diodes present a large forward-to-reverse current ratio (3.4 x 10%)

and a high external quantum efficiency (52.7%).'® In addition, Si and
monolayer MoS, based p-n diodes display strong exciton-dominant
electroluminescence.!® To date, regarding the progress of MoS,-GaN
heterojunctions, Lee et al.?’ reported the excellent rectifying property
of p-Mo$, and n-GaN films;Ruzmetov et al.?! showed the epitaxial
growth of monolayer Mo$S, on a GaN film and demonstrated a n*—n
heterojunction. However, a thorough study regarding the integration
of exfoliated pristine n-type MoS, flakes and p-type GaN films for the
application of photodetectors has not been conducted.

The piezo-phototronic effect utilizes piezoelectric polarization
charges, which are induced at the surface of piezoelectric crystals by
an applied strain, to tune/modulate the generation, separation and
recombination of carriers in optoelectronic devices.?> Remarkable
performance improvements in cells, 2324 L EDs,2>26
photodetectors*”?® have been confirmed via the piezo-phototronic
effect. As a traditional piezoelectric material, wurtzite GaN is
intrinsically sensitive to an externally applied strain. The development
of piezo-phototronic devices based on the GaN piezopotential, such as
multilayer MoS, and GaN heterojunction devices, not only enhances
performance of corresponding electronics but also contributes to the
urgent demands of human interfacing.

Here, we present a vertically stacked heterojunction diode that
consists of n-type multilayer MoS, and p-type GaN films. This device
shows obvious rectification properties and the energy band diagrams
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of the classic p-n structure are proposed to illustrate the corresponding
carrier transport process. Upon excitation with 365 nm light, the
device exhibits a strong photoresponse with response and recovery
times of ~66 and 74 ms, respectively. In addition, the applied strain
dependence of the photocurrent for the heterojunction p-n diode is
also demonstrated. Owing to the negative piezoelectric polarization
charges that are induced at the top surface of the [0001]-oriented GaN
film, the junction barrier of MoS, and GaN is lowered, so that more
photogenerated carriers pass through the junction area and the related
photoresponsivity is significantly increased by over a factor of 3.5.

MATERIALS AND METHODS

GaN film

The [0001]-oriented GaN films were synthesized on the c-plane polished
sapphire substrate using a low-pressure MOCVD system. p-type GaN films
with thicknesses of 4-5 pm are doped with Mg ions and the corresponding hole
concentration is ~6x 10'® cm™3.

Fabrication of the p-n heterojunction diode

The layered MoS, crystal was first exfoliated on a silicon substrate that was
covered with 300 nm silica, which facilitated the identification and estimation
of the crystal thickness using an optical microscope. In this work, due to the
large production via the mechanical exfoliation method, samples with
thicknesses of ~10-35nm were chosen. Then, selected MoS, flakes were
successfully transferred to the GaN film using the polymethyl methacrylate
assisted wet chemical method, which formed the vertically stacked p-n
heterojunction (bottom: GaN, top: MoS,). After patterning the heterojunction
via UV exposure technology, a layer of insulator (60 nm Al,O3) was deposited
via ALD, which separates the top electrode in contact with MoS, flakes and the
bottom GaN semiconductor. E-beam evaporation was used to metallize
the heterojunction devices and 5 nm Cr/50 nm Au was accurately deposited
via the control system in the equipment. Finally, a layer of epoxy was employed
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Figure 1 Characterization of the GaN film and multilayer MoS, p-n
heterojunction diode. (a) lllustration of the structure of the GaN and MoS,
p-n diode and optical graphs of the device. The top electrode (cathode) is
separated by a layer of insulator (Al,O3), and the bottom electrode (anode)
that contacts the GaN film is inserted at the left side. The scale bar is
10 pm. (b) PL emission peak of the p-type GaN film. (c) Raman spectra of
the GaN and MoS, p-n heterojunction. A new Raman peak appears at
450 cm~1 that arises from the stacked heterojunction.
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to package the photodiode, not only to protect the heterojunction from the
damage of applied strain but also to maintain a uniform force on the
junction area.

RESULTS AND DISCUSSION

Figure la displays schematic and typical optical graphs of the as-
fabricated heterojunction diode. As seen from Supplementary
Figure S1, the thickness of MoS, flake in this device is ~23 nm. To
characterize the p-n heterojunction, PL spectra of the p-GaN film are
presented in Figure 1b. The gray line represents the fitting curve using
Lorentzian functions. A strong PL emission peak, located at ~2.87 eV,
is observed. As previously reported, multilayer MoS, lacks a PL
emission peak because of the indirect bandgap; therefore, the
corresponding spectra is not shown here. Raman spectra of the
heterojunction is also displayed in Figure lc and Supplementary
Figure S2. Two sharp peaks with high intensity at the left side of the
image are assigned to in-plane E; and out-plane A;; modes and the
distance between those two photon vibrational modes is 25 cm™
which agrees with the reported work for a bulk MoS, crystal.?’ A new
Raman peak appears at 450 cm ™!, which results from the stacked
heterojunction. Because of the contribution of E, and A; longitudinal
optical modes in the GaN film, two Raman peaks are also observed at
569 and 735 cm ™ 130

To assess the device performance of the multilayer MoS, and GaN
heterojunction diode, -V measurements were performed and electric
output properties are shown in Figure 2 and Supplementary Figure S3.
A typical output characteristic of the heterojunction diode is indicated
in Figure 2a. The contrastive experiments in Supplementary Figure S4
validate that the output current veritably comes from the p-n
heterojunction. The inserted image presents the cross-sectional view
and corresponding electrical connection of the device. The voltage bias
is applied on the bottom electrode that contacts GaN film (anode)
with the ground that is connected the top electrode (cathode). The
output curve shows good rectification properties with a threshold
voltage of 1V, which allows the carrier transport to proceed at a
forward bias, owing to a reduction in the junction potential barrier
with a positive voltage bias. To clearly analyze the electric transport for
the curve in Figure 2a, a semilogarithmic plot of the anode voltage
dependence on the anode current is displayed in detail in Figure 2b.
Because of the geometry of the atomically thin MoS,, a tunneling
current is easily formed in the as-fabricated p-n heterojunction at a
negative voltage bias.>! Remarkably, the reverse tunneling current in
the presented image is so large that it is comparable with the forward
current. The correlated electric transport curve can be classified into
four regions: (1) reverse tunneling region, (2) saturation current
region, (3) ideal linear diode region, and (4) series-resistance-
dominated region. In the case of region ‘l’, at a low reverse bias,
the electric-field-induced band bending is not severe and the direct
tunneling (DT) modulates the carrier transport.3"*> The relationship
between the DT current and reverse bias is almost linear. In contrast,
the junction barrier is further thinned by electric-field-induced band
bending at a high reverse bias and Fowler—Nordheim tunneling (FNT)
dominates the transport.>! The relationship between the FNT and the
reverse bias is nonlinear.

The energy band diagrams for interpreting the observed electric
behaviors are schematically shown in Figure 2c. The work function
and electron affinity values for multilayer MoS, and GaN films are
Drios2 =54V, ¥ Moz =4V and § gan=7.5€V, ¥ gan=4.1eV,>
respectively. Once those two semiconductors are stacked together,
n-type multilayer MoS, will inherently deplete electrons at the
junction area, which leads to upward band-bending; p-type GaN
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Figure 2 Electric properties of the GaN film and multilayer MoS, p-n heterojunction diode. (a) Output characteristics for the p-n diode at room temperature.
The top electrode (cathode) that is in contact with the multilayer MoS, is grounded and the bias applied on the other electrode is in contact with the GaN
film. (b) Semi-logarithmic plot of the output curve that is shown in (a) to present the different carrier transport regions. (c) Energy band diagrams of the GaN
and MoS, p-n heterojunction for interpreting the stated regions above. In region ‘1’, the tunneling current dominates the carrier transport.

films deplete holes, which give rise to downward band-bending.
Therefore, a junction barrier is formed for the n-MoS, and p-GaN
heterojunction, as shown in Figure 2c. When the heterojunction
undergoes a forward bias (regions ‘3’and ‘4’), the junction barrier is
decreased; the Fermi-level of n-MoS, is raised and that of p-GaN is
simultaneously lowered.>> Moreover, a large amount of carriers will be
injected into the junction (the left panel of Figure 2¢) and the current
that flows through the junction increases with an increase in the
voltage bias. In region 2’ (the saturation current region), when a small
positive voltage bias is applied, the carriers cannot overcome the
junction barrier to pass through the junction and the device maintains
an off-state (the associated band diagram is similar with the left panel
of Figure 2¢ and is not shown in the image); however, when a small
negative voltage bias is applied, the depletion region is significantly
enlarged, the junction barrier increases (the middle panel of
Figure 2c), blocking carriers to pass through the junction. In the
reverse tunneling region ‘1’, a large reverse bias facilitates a thinning of
the width of the junction barrier, which creates conditions that compel
electrons to tunnel into the valence band of GaN films. With an
increase in the reverse bias, the junction barrier width will be severely
thinned and more electrons will tunnel through the heterojunction
(the right panel of Figure 2¢), which results in a large reversed current.

The photoperformance of the p-n heterojunction diode is also
investigated and schematically displayed in Figure 3. In this work,
ultraviolet light with a wavelength of 365 nm is used to excite the
MoS, and GaN heterojunction device. As the power intensity of
incident light gradually changes from 0 to 370 mW cm ™2, the current
drastically increases in the forward range (Figure 3a). Notably, under a
small excited power density, the magnitude of the increase in current
is more prominent. Because the photogenerated carriers in the
photoactive semiconductors cannot effectively be separated by the
inner electric field,® the increasing trend of current under a large
power density of illumination is weakened. To present the photo-
response of the p-n heterojunction diode, the excited ultraviolet light is

controlled to periodically illuminate the devices with an irradiation
time of 5s. Under forward bias values of 0.5, 1 and 1.5V, the
histograms of the photoexcited current at various power densities are
shown in Figure 3b. For comparison, the photocurrents
(Iph = Lexcited = Idark)> derived from the data in Figure 3b, are arranged
and plotted as a function of power density (Figure 3d). Generally, the
produced photocurrent for this photodetector is augmented by an
increase in the voltage bias that was applied on the bottom electrode.
Below a power density of 200 mW cm ™2, the produced photocurrent
rapidly increases as the power density increases and maintains a nearly
linear relationship with the incident power density. While the excited
power density exceeds 200 mW cm ™2, the increase in photocurrent
declines. Note that the changing trend in this excited range can be
enlarged with an increase in the forward bias, especially above 1V.
This trend is mainly because excess photoexcited carriers can be
separated due to the strong electric field that is applied to the
heterojunction. To estimate the speed of the device photoresponse, a
magnified current image is shown in Figure 3c. From the rising and
falling edges of the photoexcited current, response and recovery times
of 66 and 74 ms, respectively, are obtained for this heterojunction p-n
diode, times that are approximately two orders of magnitude greater
for photodetectors based on the structure of metal-MoS,-metal.'?
With the rapid development of electronic skins, the development of
electronic devices that can directly perceive external mechanical
stimuli is urgently needed. In recent years, the newly emerging
piezotronic and piezo-phototronic devices can use externally applied
strain to tune electrical transport and directly convert strain to a
change in semiconductor conductance via the piezo-electric polariza-
tion charges.?>?%3 0 Next, we also demonstrated the piezo-
phototronic-enhanced photocurrent for the as-fabricated MoS, and
GaN heterojunction diode. Before illuminating the device, the output
characteristics are depicted as a function of externally applied pressure
(strain) in Figure 4a. A commercial digital dynamometer with a
cylindrical probe of 5 mm in diameter is used to measure the applied
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Figure 3 Photoresponse of the GaN film and multilayer MoS, p-n heterojunction diode. (a) Output curves at various power densities of excited light for the
p-n diode at room temperature. (b) Histogram of current responses at different power densities of excited light and various voltage bias conditions. The bias
values applied to the p-n diode are successively 0.5, 1 and 1.5V. (c) The enlarged current response image. The response and recovery times are ~66 and
74 ms, respectively. (d) The power density dependence of the photocurrent with different voltage bias conditions.

pressure (strain) on the junction area. When a large pressure is
applied, the relevant output current simultaneously increases, espe-
cially in a large forward bias, which is associated with the modulation
of a junction barrier via piezoelectric charges (more details will be
stated in the following paragraphs). Specifically, upon applying
pressure, it is equivalent to imposing an extra positive voltage on
the diode for an increased output current. Because of the pressure
dependence of the output curves, the device can also be utilized as a
functional strain sensor, as previously reported. Upon excitation at
82 mW cm ™2, the changes in the photocurrent under pressures of 123
and 258 MPa are shown in Figure 4b. With the illumination of
incident light on the heterojunction device as a large pressure is
applied, the corresponding photocurrent significantly increases. Note
that a pressure of 258 MPa can enhance the photoresponsivity by ~ 3.5
times (the inset image of Figure 4b), which strongly verifies that the
strain-induced piezo-phototronic effect is an effective way to improve
the photoperformance of devices.

Energy band diagrams are introduced to interpret the piezo-
phototronic effect on the photoperformance of the p-n diode, as
displayed in Figure 4c. Upon excitation with 365nm light, the
photoelectric effect occurs in both semiconducting materials (MoS,
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and GaN) in this configuration and photo-excited electron—hole pairs
are produced. Driven by the inner electric field, photo-generated
electrons overcome the junction barrier to drift to the p-GaN side,
whereas the photogenerated holes drift to the n-MoS, side (the left
panel of Figure 4c),>? which results in the observed photocurrent.
Multilayer MoS, crystals (10-35 nm) lose the piezoelectric effect that
exists in its monolayer, so the enhanced photocurrent with applied
pressure (strain) is attributed to the piezopotential that is induced in
the wurtzite GaN film. When a compressive strain is applied to the
heterojunction, immobile and negative piezoelectric polarization
charges will emerge at the top surface of the [0001]-oriented GaN
film.#! These negative piezoelectric charges attract positive holes from
the GaN film (p-type) that aggregate in the depletion region via
Coulomb forces and facilitate a decrease in the hole-depletion level,
which gives rise to the decreased junction barrier (This is different
from the modulation of negative piezoelectric charges in the barrier
height for n-type ZnO semiconductors).#! Therefore, motivated by the
inner electric field of the forward bias, more carriers can pass through
the heterojunction and the associated output current will be increased,
as shown in Figure 4a. Similarly, for light illumination, more
photogenerated carriers can drift through the lowered junction (the
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Figure 4 Enhanced photoperformance of the GaN film and multilayer MoS, p-n heterojunction diode. (a) Output characteristics of the p-n diode under
different compressive strains. With an increase in the applied strain, the current drastically increases. The inset presents a schematic of the testing set-up.
(b) With incident light on the device, the photocurrent is enhanced by the pressure (strain). The inset shows the change in the relative photoresponsivity
under different pressures. ‘R’ and ‘Rg’ represent the actual photoresponsivity at different pressures and the photoresponsivity value without pressure,
respectively. The voltage bias is fixed at 0.8 V. (c) Band diagrams to interpret the observed behaviors in (b). As the compressive strain is applied on the
[0001]-oriented GaN film, negative piezoelectric charges are generated in the GaN film, which lowers the junction barrier and contributes to more
photogenerated carriers passing through the junction. The gray circles and dots represent the photogenerated carriers.

right panel of Figure 4c) and macroscopically exhibit the increased
photocurrent (or photoresponsivity) with applied pressure (strain),
which is equivalent to increasing the voltage bias on the anode, as
shown in Figure 3d.

CONCLUSIONS

In conclusion, we have demonstrated a vertically stacked p-n hetero-
junction diode that is composed of a p-type GaN film and n-type
multilayer MoS,. The electric output curve for the p-n diode exhibits
clear rectification properties and energy band diagrams, which are
based on the classic p-n structure, are proposed to interpret output
characteristics. Under the irradiation of 365 nm light, the as-fabricated
device shows excellent photoresponsivity with response and recovery
times of 66 and 74 ms, respectively. Moreover, via the modulation of
piezo-phototronic effect, the associated photoresponsivity for the p-n
heterojunction diode is enhanced by ~ 3.5 times. This work provides a
technical route to implement high-performance electronic and optoe-
lectronic devices for human interfacing.
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