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Al nanoparticles (NPs) have been proven to be the efficient choice for plasmon enhanced AlGaN-based

ultraviolet (UV) photodetectors. Previous studies have mainly been focused on the ex situ preparation of

Al NPs, but the in situ growth of Al NPs is more desired. In this work, we predict the feasibility for in situ

growth of Al surface plasmon NPs on AlGaN-based UV photodetectors by first-principles calculations,

and realized it experimentally by metal-organic chemical vapor deposition. For metal-semiconductor—
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metal type AlGaN-based photodetectors with in situ grown Al surface plasmons, the peak of responsivity

was at 288 nm, enhanced 9 times more than that without Al NPs at 10 V bias. The in situ growth method

DOI: 10.1039/d0na00022a

rsc.li/nanoscale-advances based UV photoelectric devices.

Introduction

AIN and AlGaN-based materials are typical representatives of
third-generation semiconductor materials with direct transition
energy bands and wide band gap, as well as excellent thermal
and chemical stability, which are extensively applied to high-
performance ultraviolet (UV) and deep-ultraviolet (DUV)
photoelectric devices, such as photodetectors (PDs), light
emitting diodes (LEDs) and laser diodes (LDs)."* Among them,
AlGaN-based UV emitters and detectors show potential appli-
cation in biomedical, sterilization, flame detection and missile
warning,”® and they have received extensive attention. Different
types of AlGaN-based UV photodetectors with promising
performance have been demonstrated, such as Schottky type,
metal-semiconductor-metal (MSM) type, p-n/p-i-n type and
avalanche detectors. However, due to the constraints of material
quality and doping difficulties, the device performance is
currently far below expectations. Recently, surface plasmon (SP)
enhancement by metal nanoparticles (NPs) has provided a new
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of Al NPs in the present work provides an efficient method for improving the performance of AlGaN-

approach to obtain high performance UV optoelectronic
devices.

Surface plasmon resonance would occur when the frequency
of the incident light wave coincides with the oscillation
frequency of the electrons. The energy of the electromagnetic
field is then effectively converted into the collective vibration
energy of the free electrons of metal nanostructures, resulting in
an enhanced electromagnetic field. Surface plasmon enhance-
ment has extensive applications in optoelectronic devices,”*
biological sensors,"** and photocatalytic and™ and high reso-
lution imaging.**

In theory, the metal nanoparticles surface plasmon effect is
related to its quality factor, Q, = —Reey(w)/Imey,(w), where
Reep(w) and Imey,(w) is the real and imaginary part of the
permittivity.***” A larger Q,, indicates a stronger plasmon effect
in this wavelength. According to their quality factors, Au*®" and
Ag>»*' can be used for visible and near-UV optoelectronic device
enhancement, but Al is a good choice to enhance the perfor-
mance of UV and DUV optoelectronic devices.>** In addition,
Al SPs have the advantages of low price and a wide range of
natural sources. However, the fabrication of Al SPs is difficult
due to the high viscosity of the Al material. For Au and Ag NPs,
they are easily achieved by rapid thermal annealing after
vacuum evaporation. But Al films are usually formed at the
beginning instead of Al NPs, when using vacuum evaporation.
Even though the Al films are treated by a rapid thermal
annealing method, Al NPs cannot be obtained.

Currently major methods for preparing Al NPs as SPs are an
ex situ preparation strategy including optimized vacuum

This journal is © The Royal Society of Chemistry 2020
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evaporation,® electron beam lithography (EBL),>® nanosphere
lithography (NSL),**** and nanoimprinting,> which would
cause pollution at the interface between Al NPs and AlGaN,
affecting the transfer of energy and carriers from metal plas-
mons to semiconductor epi-layers. Moreover, Al NPs by ex situ
preparation can only be fabricated on the surface of the
oriented samples. Since the SP enhancement effect decays
exponentially in the direction perpendicular to the interface, it
is difficult for ex situ fabricated Al SPs to penetrate the active
region and thus limits the applications of the plasmon
enhancement effect. To narrow the distance between the NPs
and the active layer, M. Razeghi et al.”® used a selective etching
process to form holes near the multiple quantum wells (MQWs)
and deposited Al in the resulting holes to obtain plasmon
enhanced UV-LEDs. However, this method is complicated, time
consuming and costly, and will induce additional defects.
Therefore, an effective in situ growth method of Al SPs on
AlGaN-based materials is highly desired.

In this study, we report a method of in situ growth of Al
nanostructures on AlGaN epi-layers by metal-organic chemical
vapor deposition (MOCVD), and confirm its excellent plasmon
enhancement effect for AlGaN-based MSM type UV PDs. We
proposed the novel idea of the in situ growth of Al NPs on AlGaN
epi-layers by MOCVD according to the growth kinetics process.
Both theoretical calculations and experiments have been
studied to confirm the feasibility. Furthermore, the significant
enhancement in responsivity for AlGaN-based UV photodetec-
tors with in situ grown Al NPs was verified.

Experimental section
1. Growth details of materials

The 1 pm thick unintentional doping Al, 4Ga, ¢N epi-layer was
grown on a (0001) sapphire substrate by high-temperature
MOCVD at 1180 °C. Before the AlGaN layer was deposited, the
substrate was first heated to 1230 °C under a H, atmosphere to
remove surface contamination and then a 1 pm AIN template
layer was grown by a two-step growth method. Trimethylgallium
(TMGa), trimethylaluminum (TMAL) and ammonia (NH;) were
used as Ga, Al and N precursors, respectively. After AlGaN layer
growth, all precursors were stopped and only the carrier gas (H,)
was used to evacuate the gas chamber. Then, the temperature
was decreased to 950 °C, and the Al precursor was separately
introduced to fabricate Al NPs. This process is termed as “in situ
NP growth” and the schematic diagram of the growth process is
illuminated in Fig. 1(a and b). Four samples were grown by
varying the growth time of Al (0 s, 15 s, 30 s, and 60 s) and
named Sample A, B, C, and D, respectively.

2. Device fabrication

The Ni/Au (50 nm/20 nm) Schottky contacts were fabricated by
vacuum evaporation for the interdigitated contacts of the AlGaN
MSM type detector and then the samples were treated by rapid
thermal annealing at 450 °C for 180 s. The fingers of the
interdigitated contacts were 100 um in length and 10 um in
width with a spacing of 10 pm. These devices were fabricated by

This journal is © The Royal Society of Chemistry 2020
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Fig.1 The schematic diagram of the growth process (a), result (b) and
device structure (c).

standard photolithography and lift-off process. The device
structure diagram is shown in Fig. 1(c).

3. Characterization

The surface topography of the AlGaN layer with in situ Al NPs
was characterized by using the tapping mode of an atomic force
microscope (AFM) (Bruker multimode 8). X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a spec-
trometer (VG ESCALAB MKII) with Al Ko X-ray radiation as the
excitation source. To study the optical spectral response of the
devices, a UV-enhanced Xe arc lamp was used as the light source
and a UV-enhanced Si detector was used for calibrating. The
incident light was modulated by using a mechanical chopper
while the lock-in amplifier was used to record the photocurrent.
The current-voltage (I-V) performance of the AlGaN-based
detectors was measured by using a Keithley 6487 electrometer.

4. First-principles calculations

First-principles calculations were performed by employing the
generalized gradient approximation (Perdew-Burke-Ernzerhof
parametrization, PBE) and a projector-augmented wave method
as implemented in the Vienna Ab initio Simulation Package.*
The vdW interaction®**** was included in the calculations. A
plane-wave basis setting with a kinetic energy of 500 eV was
used. We used gamma-only k-points in the calculations. The
force and total energy convergence thresholds were set to
0.015 eV A~ and 107 eV, respectively. Here, a four-layer rect-
angle Al sGag sN supercell containing 240 atoms was used in
our calculations. The in-plane lattice parameters of the super-
cell were larger than 16 A and the vacuum slabs were thicker
than 15 A to avoid artificial interaction of the periodic images.
The N-surface was passivated by hydrogen, and the dangling
metal-surface was fully optimized.

Results and discussion

According to previous reports on the kinetics of AlGaN-based
material growth by MOCVD,** the metal organic source is
decomposed by the heated substrate in a reaction chamber. The
decomposition reaction of TMAI could be expressed as follows:

Nanoscale Adv., 2020, 2, 1854-1858 | 1855
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Fig. 2 The total energy of Al atoms adsorbed one by one on the
Alg sGag sN surface.

TMAL—AI* + 3CH, (1)
TMAL—MMAI + 2CH, )
MMAI—AI* + CHj, 3)

wherein MMAI represents AICH; and TMAI represents Al(CHj)s.
In the traditional strategy, the introduction of TMAI has to be
accompanied by NH; to grow the AlGaN epi-layer. In the present
work, we try to introduce the Al precursor alone without NH;
supply after AlGaN layer growth for the in situ fabrication of Al
SPs. However, as mentioned above, the high viscosity of Al is
a challenge for the fabrication of Al SPs.

To demonstrate the clustering behavior of Al atoms on the
AlGaN surface, we calculated the total energy of Al atoms
adsorbed one by one on the Aly5GaysN surface. The Al atom
adsorption was an exothermic process indicating the stability of
the structures. In Fig. 2, we find that the single Al atom
preferred binding on the top of N atoms due to the Coulomb
interaction. Next, we put one more Al atom close or far from the
first one to form an Al dimer or isolated Al atoms respectively.
The dimer adsorbed structure exhibited lower energy by 0.65 eV
than that of the isolated adsorbed structure. When we further
added the third Al atom, the additional Al atom adsorbed

(b) Sample B
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structure also preferred clustering rather than separate distri-
bution by 0.38 eV. Therefore, the Al cluster was easily formed
and can be stably adsorbed on the Al, 5Ga, sN surface.

The experiment obtained a similar phenomenon consistent
with the calculation results. In this study, four “in situ NP growth”
samples were prepared by varying the growth times of 0 s, 15 s,
30 s, and 60 s, named Sample A, B, C, and D, respectively, ie.,
Sample A is an AlGaN epi-layer without in situ NPs. Fig. 3 shows
the surface morphology of these four samples in an area of 1 um
x 1 pm by using a tapping-mode AFM. A typical stepped surface
topography of the AlGaN epi-layer (Sample A) is shown in
Fig. 3(a), while nano-islands are shown on the AlGaN layers with
in situ grown NP (Sample B, C, and D) as shown in Fig. 3(b-d).
Fig. 3(e-h) show the 3D morphologies of Sample A, B, C, and D
respectively. The average diameters of NPs on Sample B, C, and D
are 20 nm, 40 nm, and 60 nm, respectively. The results show that
the diameters of the nano-islands and the thickness of the NP
layer increase with the increasing growth time. During the in situ
growth process, the Al precursor decomposed and nucleated on
the heated substrate. The subsequent Al precursors decomposed
and expanded based on these nucleation sites, which is consis-
tent with the evolution of growth kinetics in MOCVD growth by
previous studies.*® When the size is enlarged and merged,
a quasi-continuous layer would also be formed.

To determine the composition of the surface nano-islands,
an XPS test was performed. Fig. 4(a) shows the XPS survey
scan spectrum of the sample without NPs, that is, the AlGaN
epi-layer, while Fig. 4(b) shows that of the sample with NPs with
30 s in situ growth. Compared with those of the AlGaN epi-layer
without NPs, the peaks of N 1s, Ga 3d and Ga 2p core-levels are
significantly reduced while O 1s is increased in Fig. 4(b).
However, the intensity of the Al 2p core-level peak does not
change obviously, which means that there is almost no Ga
and N in these NPs, but Al is present. The XPS narrow region
scan results of the Al 2p and O 1s core-levels are shown in
Fig. 4(c and d). The chemical shift of the Al 2p peak position is
distinct, and the binding energy (BE) shifts from 73.3 eV to
74.1 eV correspond to the Al-N bond** and AI-O bond*
respectively. Moreover, a shoulder located at the left side of the

(c) SampleC

(d) Sample D

Fig. 3 AFM images of the four samples with different in situ NP growth times. (a—d) are the planar views, and (e—h) are the 3D views of the four

samples, respectively.
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Fig. 4 (a and b) are XPS survey scan spectra of the samples with and
without surface NPs. (c) is Al 2p core-level XPS spectra, and (d) is O 1s
core-level XPS spectra of the samples with and without NPs.

Fig. 5 The AFM surface morphology of in situ NP growth samples
before (a) and after (b) HzPO,4 etching.

major peak could be observed and might be due to metallic Al
(Al-Al bond, at ~72.9 eV (ref. 36)), indicating that Al-clusters
were formed on the AlGaN epi-layers. Fig. 4(d) also indicates
the existence of an O-Al bond (~531.6 eV).*” The XPS spectra
demonstrate that the composition of nano-islands could be Al
with an oxide film, Al,O; (usually ~3 nm).

To further verify the existence of Al NPs, the samples with NPs
were etched with H;PO, solution at 65 °C for 10 minutes. Fig. 5(a
and b) show the tapping-AFM surface topography of a typical
sample with in situ grown NPs for 60 s before and after H;PO,
etching, respectively. The etched sample in Fig. 5(b) shows
a significant step shape surface topography, like Sample A in
Fig. 3(a), which proves the reaction between the nano-islands and
the H;PO, solution. Considering the growth process in MOCVD,
the NPs can be confirmed to be Al nanoparticles again.

Here we use MSM-type AlGaN-based UV PDs to verify the
enhancement of in situ grown Al NPs. The schematic of the device
structure is shown in the inset of Fig. 6(b). Four PDs (PD A, PD B,
PD C and PD D) were fabricated, corresponding to the different in
situ Al NP growth times (0 s, 15 s, 30 s, and 60 s). Fig. 6 illustrates
the dark current (I4an) and the spectral responsivity under 10 V
bias of these detectors. For PD B, with 15 s in situ NP growth, the
Iaric is slightly lower than that without NPs, which could be
attributed to the passivation effect of Al,03,* while for PD C (30 s)

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Dark current-voltage (/-V) curves of AlGaN MSM detectors
with and without Al NPs. (b) Responsivity of MSM photodetectors with
and without Al NPs under 10 V bias. A schematic of the device struc-
ture is shown in the inset of (b).

and PD D (60 s), the Iy, is slightly increased due to the lower
Schottky contact height between the Ni/Au electrons and the
AlGaN epilayer because of the Al NP increase.

The spectral response of the AlGaN PDs with and without in
situ grown Al NPs was also studied. For samples with 0 s and
15 s growth time, the responsivity peaks at approximately
290 nm. And for samples with 30 s and 60 s growth time, the
peaks are slightly blue shifted, at 288 nm, which could be
related to the plasmon effect of Al on the surface, consistent
with the results reported previously.>*** For the 15 s sample, no
significant blue shift occurs in the cut-off wavelength due to the
small diameter of the NPs (less than 20 nm).*® As shown in
Fig. 6(b), all PDs with in situ grown Al NPs have higher
responsivity compared with PDs without NPs. The peak
responsivity of PD C (30 s) is enhanced over 9 times that of PD A.
Compared with our previous work, in which the responsivity of
the AlGaN PD with ex situ Al NPs was enhanced nearly 2 times
more than that without Al NPs,* the in situ preparation of Al
NPs is superior. Further deposition of Al induces deterioration
in photoresponsivity (PD D). As shown in Fig. 3, the average size
of Al NPs increases with the increasing deposition time, indi-
cating the size of Al NPs affects the performance improvement,
and the optimized deposition time in the present work is 30 s.

The enhancement of photoresponsivity might have resulted
from these possible mechanisms: (i) the in situ Al NP surface
plasmon resonance induces local electric field enhancement,*
and thus generates more carriers as well as accelerates the
separation of the carriers, leading to the enhancement of the
responsivity. (ii) Al NPs generate hot carriers, which are emitted
across the Schottky barrier and injected into the conduction
band of the AlGaN layer, leading to the photocurrent increase.
The hot carrier effect is especially noticeable when the size of
the NPs is small.*>** Therefore, in PD B, the main enhancement
mechanism is the hot carrier phenomenon. (iii) The in situ
grown NPs and the AlGaN interface have less pollution, which
could improve the transfer of energy and carriers from metal
NPs to the semiconductor. This might be the main reason for
the better improvement of photoresponsivity in this work than
in the ex situ prepared Al NPs.

Conclusion

In conclusion, we have verified the feasibility of the in situ
growth of Al NPs by MOCVD from both theoretical calculations

Nanoscale Adv., 2020, 2, 1854-1858 | 1857
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and experiments, and achieved photoresponsivity enhanced
AlGaN-based UV PDs by in situ grown Al NP surface plasmons.
The peak photoresponsivity of PDs was enhanced by 9 times
more than that of the device without Al NPs at 288 nm under
10V bias, which is better than the enhancement of AlGaN-based
UV PDs by ex situ prepared Al NPs previously. In situ growth of Al
NPs not only causes surface plasmon resonance, but also
reduces energy and carrier loss at the interface because of less
contamination. Our work broadens the application of Al surface
plasmon enhanced AlGaN-based UV and DUV photoelectric
devices.
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