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Studies on the optical properties of InGaN alloy of relatively higher indium content
are of potential interest to understand the effect of indium content on the optical
band gap of epitaxial InGaN. We report the growth of self assembled non-polar
high indium clusters of Ing ssGag 4sN over non-polar (11-20) a-plane Ing 17Gag g3N
epilayer grown on a-plane (11-20)GaN/(1-102) r-plane sapphire substrate using
plasma assisted molecular beam epitaxy (PAMBE). Such structures are potential
candidates for high brightness LEDs emitting in longer wavelengths. The high reso-
lution X-ray diffraction studies revealed the formation of two distinct compositions
of In,Ga;_«N alloys, which were further confirmed by photoluminescence studies.
A possible mechanism for the formation of such structure was postulated which
was supported with the results obtained by energy dispersive X-ray analysis. The
structure hence grown when investigated for photo-detecting properties, showed
sensitivity to both infrared and ultraviolet radiations due to the different composition
of InGaN region. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4914842]

I. INTRODUCTION

The popularity of III-nitride materials has taken up the semiconductor industry to newer appli-
cations because of their remarkable properties. In addition to having a direct and wide band gap of
~3.4 eV, a very fascinating property of GaN is the band gap tuning from 0.7 to 6.2 eV by alloying
with Al or In. InGaN alloys of various compositions are being optimized as materials for the fabri-
cation of light emitting diodes which are active in entire visible spectrum extending up to ultraviolet
wavelengths.'= Indium rich InGaN alloys are now being considered potential candidates for longer
wavelength emitters, thermionic emitters, multi junction solar cells, etc.*% A concern with these
[I-nitride materials are the intrinsic and strong polarization fields resident in the lattice. To over-
come such polarization effect, substrates oriented in non-polar directions i.e. (10-10) m-plane or
(11-20) a-plane are used. Devices grown on these orientations are receiving a lot of focus due to this
enhanced behavior;’® however, a slight compromise in terms of quality has to be made because of
the large in-plane mismatch between the lattice constants, thermal expansion coefficients and elastic
constants of GaN and sapphire which leads to the generation of high densities of extended defects
such as threading dislocations and basal plane stacking faults at the GaN-sapphire interface.’!?

The large lattice constant mismatch between GaN and InN(~11%) results in a phase separa-
tion in their solid solution which has been theoretically predicted and experimentally observed.'3
Growth parameters such as growth temperature, growth rate and flux ratio are seen to drastically
affect the indium incorporation in the bulk InGaN films. During growth of the InGaN alloys, the
evaporation of indium species from the surface will be suppressed at lower temperatures and higher
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growth rates as the indium species become trapped by the growing layer.'*!> A few attempts are
reported in the literature to incorporate high indium in InGaN alloys where thin InGaN layers were
grown as GaN/InGaN/GaN double hetrostructures.'® First report of epitaxial growth of non-polar
indium rich InGaN was on InN template on nitridated r-sapphire substrates.!” Few reports are
available in the literature for the study of the non polar InGaN based multiple quantum well (MQW)
structures and other devices. Song et al. studied the effect of periodicity of a-plane InGaN/ GaN
multiple quantum wells on the output power of the LEDs grown by MOCVD.'®

In our attempt to grow self assembled non-polar high indium InGaN quantum dots for the
fabrication of high efficiency and bright LEDs operating in longer-wavelength regions, we have suc-
ceeded to grow non-polar high indium InGaN clusters of micron dimensions over non-polar (11-20)
a-plane InGaN epilayers grown on 200nm GaN/Al,0O3 (1-102) substrate. Detailed investigation of
the structural and optical properties of the structure is undertaken in this work. Further systematic
work on optimizing the growth conditions to obtain quantum confinement of the cluster is under
process.

Il. EXPERIMENTAL

Non-polar (11-20) a-plane InGaN epilayers were grown on 200nm GaN/Al,O3 (1-102) sub-
strate using an Omicron Nanotechnology plasma assisted molecular beam epitaxy (PAMBE) sys-
tem. Sapphire substrates were first degreased using trichloroethylene, etched using H,SO4:H3PO4
(3:1) at 150°C for 20 min and rinsed with deionized water before loading into the molecular-beam
epitaxy chamber. Thermal cleaning was done at 850°C inside the MBE chamber for 30 min under
ultra high vacuum (MBE pressure ~ 1 x 1079 mbar). Growth of the a-GaN film involved a two
step growth process whereby a low temperature GaN buffer layer of thickness 20 nm was grown
at 500°C followed by GaN epilayer growth at 760°C. RF power and flow rate were kept constant
at 350W and 0.5 sccm, respectively. A pyrometer was used to measure the substrate temperature,
which was calibrated at the melting point of Al (660°C). The Ga beam equivalent pressure (BEP)
was kept at 5.6 x 1077 mbar, corresponding to the growth in the slightly nitrogen rich region.
Following which, (11-20) a-plane InGaN was grown at 550°C over the GaN epilayer for 2 hours
in the same chamber. Nitrogen flow rate and RF power of nitrogen plasma were kept constant at
1 sccm and 350 watt respectively. Gallium BEP was kept at 1.87 x 107 mbar and that of indium
was at 1.17 x 107 mbar. The growth was continued for 1 more hour with increased indium BEP of
1.54 x 107 mbar to incorporate higher indium into the lattice keeping all other conditions constant.

The as-grown samples were characterized by high-resolution x-ray diffraction (HRXRD), field
emission scanning electron microscopy (FESEM), Energy Dispersive Spectroscopy (EDS) and
low temperature photoluminescence (PL) spectroscopy. The structural characterization of GaN
films were carried out by HRXRD measurements using a double crystal four-circle diffractometer
(Bruker-D8 DISCOVER) with Cu Ka (. = 1.5418 A) radiation. To study the surface morphology
and map the elements, FESEM images were obtained along with EDS mapping using FEI — 3D
Quanta system. Temperature dependent PL spectra were recorded in the temperature range 10-300 K
using a closed cycle optical cryostat and He-Cd laser of 325 nm excitation wavelength with a
maximum input power of 30 mW. The room temperature UV and IR photodetection of the InGaN
film was investigated by measuring /-V characteristics using computer interfaced Agilent-4155
source meter system under UV and IR light illumination, respectively. Photodetector structures were
formed on the samples by standard photolithography followed by metal (Al) deposition and liftoff
to create the interdigited electrode structures with a finger spacing and finger width of 10 pm.

lll. RESULTS AND DISCUSSION

20-w HRXRD scan (Fig. 1) confirmed the growth of nonpolar a-InGaN epilayer oriented in the
(11-20) direction and a-GaN epilayer oriented in the (11-20) direction on (1-102) r-plane sapphire.
Two peaks corresponding to two different compositions of InyGa;_«N are seen in the zoomed inset
in the graph. The peak at 20 = 56.645° was assigned to (11-20) In,Ga;_,N which corresponds to
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FIG. 1. HRXRD 20-w scan of nonpolar (11-20) a-InGaN epilayer grown on (11-20) a-GaN/(1-102) r-plane sapphire.

the higher Ga composition, while that at 20 = 54.278° was assigned to (11-20) InyGa,_N which
corresponds to the higher indium composition. The peak at 20 = 57.7° is assigned to the a-plane
GaN (11-20) reflection and at 20 = 52.56" is assigned to (2-204) r-plane Al,O3 substrate. The
concentration of indium in the InGaN films was determined by calculating the shift in the peak posi-
tion of (11-20) plane of InGaN relative to the peak position of (11-20) plane of GaN = 57.7° and
peak position of (11-20) plane of InN = 51.52° by assuming that Vegard’s law is valid.'>?° Hence
we calculated the compositions of the Iny Ga;_x N regions are, Ing.17Gag g3N and Ing_ssGag 4sN.

The room temperature PL spectrum of GaN films exhibits a near band edge emission (NBE)
at 3.417 eV which is shown as inset in figure 2(a). The slight blue shift could be attributed to an
enhanced thermal strain in the film due to the lattice mismatch of sapphire and GaN film. The
temperature dependent PL spectra of the In,Ga,_4N films are shown in Fig. 2(a) and 2(b). Variations
of NBE with temperature for both the compositions are depicted in figure 2(c). As clearly seen,
both the compositions follow different trends. PL spectra recorded above 200K showed a very weak
signal for the case of Ing ssGag 45N. This might be in account of the increase of the electron-phonon
interaction which leads to a strong broadening of the PL bands. The NBE-emission spectra can be
well-fitted by Varshni’s equation (Eq. (1)),

aT?
B+T)
Where E, (T) is the transition energy at temperature T, E; (0) is the corresponding energy at OK,
o and 3 are known as Varshni’s thermal coefficients and the Debye temperature respectively. For
Ing 17Gao 3N, the best fit was obtained for o = 2 x 107* eV/K and B = 350 K while Ing s5Gag 45N
were fitted close to the initial values o = 0.28 x 10™* eV/K and p = 300 K. The values of Varshni’s
constants are within the range of reported values.?? For Ing 55Gag 45N, the phonon energy decreases
first and then increases with increasing temperature, showing an S-shaped behavior of the PL en-
ergy. Similar S-shaped behavior has been reported previously by various groups for the case of InN
and In,Ga;_,N quantum dots and multiple quantum wells with higher In concentration.?*>3 Cho et
al.?¢ reports that InGaN-related spontaneous emission features are significantly affected by different
carrier recombination dynamics which vary with temperature, because of band-tail states arising
from large indium alloy fluctuations, layer thickness variations, and/or defects in the MQWs. The

E, (T) = E4(0) — (1
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FIG. 2. Temperature dependent PL spectra of the (a) InyGaj_,N film (b) InpGa;_pN region (c¢) variation of NBE with
temperature for both the compositions Ing 17Gag_g3N and Ing 55Gag 4s5N.

s-shape temperature variation of the PL energy indicates stronger localization of carrier in the high
In content alloy.

Figure 3(a) shows the surface morphology of the film as seen under FESEM, randomly distrib-
uted clusters were seen over a smooth surface thought-out the film. A single cluster was zoomed
(Fig. 3(b)) and was found to be nearly 3um in diameter. EDAX mapping on the same region showed
the high indium content with traces of Ga (Fig. 3(c) and 3(d)) in the cluster region. Nitrogen is
spread uniformly throughout the sample. Cross sectional SEM images (Fig. 3(e) and 3(f)) shows the
layer of a-GaN to be ~185 nm in thickness while the thickness of Ing 17Gag g3N is ~150 nm. The
thickness of the cluster regions of higher indium content InGaN is ~430 nm.

The solid state miscibility gap between GaN and InN due to the large difference in interatomic
spacing has been a challenge in growing In,Ga;_cN alloys for long.'*> With the observations on the
morphology and composition of the film grown in this work, we postulate that during the initial
growth stage, over the already grown a-GaN 200nm think film, indium is incorporated into the lat-
tice of GaN forming Ing 17Gap 3N alloy which is a comparatively stable composition at the selected
growth temperature. After increasing the indium flux, the excess indium atoms are segregated on
top of the Ing 17Gag g3N lattice to reduce the strain energy of the system. Under certain conditions,
the sizes of the clusters can be reduced to a few nanometers and strong quantum confinement is
generated. In other words, InGaN quantum dots can be formed.?” These excluded indium atoms
now act as nucleating sites for the formation on InyGa;_«N alloy of a higher composition of indium,
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FIG. 3. (a) Surface morphology of the surface of the film as seen in FESEM with a single cluster zoomed in the inset (b)
EDAX spectrum showing the elements present (c¢,d) mapping for tracing Ga and In by EDAX (e,f) cross sectional SEM of
the sample.
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which in our case turns out to be Ing s5Gag 45N. The absence of separate peaks for In and InN in
XRD supports our postulated mechanism.

For a given heterogeneity of composition, the incidental non-stoichiometric regions may
respond differently to the incident radiation depending on the wavelength. In order to study the
photo-response of the films, photodetector structures were fabricated on the sample by standard
photolithography followed by metal (Al) deposition and liftoff to create the interdigitated electrode
structures with a finger spacing and finger width of 10 um. The contacts were annealed in air at
200°C for 15 min. Fig. 4(a) shows the schematic of the device fabricated. Fig. 4(b) shows the room
temperature [-V characteristic of the InyGa;_4xN in dark and under IR and UV illumination.

A lamp of wavelength 360 nm with an intensity 0.3 mW/cm? was used as the UV light source
for response studies. A Phillips IR lamp with a high intensity of 10 mW/cm? was used as the
broadband source of IR radiation with a peak wavelength of 1000 nm. At 2V applied bias, the dark
current, IR photocurrent and UV photocurrent of InyGa;_«N film were 1.26 x 107°A, 1.35 x 107°A
and 1.5 x 107°A respectively. Responsivity (R;), defined as the ratio of photocurrent generated to
the intensity of the incident light on the effective area of a photoconductor, was estimated using
Eq. (2)

AL

R, = 2
& P,S

@
External quantum efficiency (EQE) is defined as the number of carriers circulating through a
photodetector per absorbed photon and per unit time, and can be expressed as Eq. (3),

hCR)\
el

where, Al is the difference between the photoexcited current and dark current, Py is the light inten-
sity radiated on the sample, A is the exciting wavelength, S = 0.01 cm? is the effective illuminated
area for the device, h Planck’s constant, ¢ the velocity of light and e the electronic charge.’® For
an incident wavelength of 360 nm at 2V, the measured R; was found to be 0.082 A/W for the
UV illumination and for an incident wavelength of 1000 nm (broad source) at 2V, R; was found
to be 9.57 x 107* A/W for the IR illumination. EQE of the InyGa,_4\N device showed a higher
value of 28.1 x 1072 for UV illumination as compared to under the IR illumination, which resulted

EQE =

3
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FIG. 4. (a) Schematic of the photodetector device fabricated (b) Room temperature I-V characteristic of the InyGa;_xNfilm
in dark, under IR and UV illumination (¢) Measured transit response of the fabricated photodetector at 2 V, as we switched
the UV and IR excitation ON and OFF respectively.

in the EQE of 11.9 x 10~*. As seen from HRXRD and FESEM, Ing 7Gag ¢3N dominates over
Ing 55Gag 45N and is sensitive to UV radiation and hence such observation.

The reason for the slow photo response of the device is the high threading dislocations and
basal stacking faults.”® For comparing the performance of the device, similar photodetector struc-
ture was fabricated on bare a-GaN epilayer. The device showed no response to IR radiation but
it showed UV sensitivity. At 2V applied bias, the dark current and UV photocurrent of a-GaN
film were 1.9 x 107%A and 2.37 x 107°A respectively. For an incident wavelength of 360 nm at
2V, the measured R; was found to be 0.157 A/W for the UV illumination. EQE of the device was
found to be 53.94 x 1072, Thus, introducing InGaN layer over the GaN film has negatively affected
the device performance in the UV rays because of the introduction of higher defect levels at the
interface. The advantage of this structure is the sensitivity to different wavelength of incident light.

Figure 4(c) shows the measured transit response of the fabricated device at 2 V, as we switched
the UV and IR excitation on and off respectively. The dynamic response of the device was recorded
for 4 on/off cycles and it displayed a rather stable response.
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FIG. 5. Time response of photocurrent of the IniGa;_xN film under UV illumination during (a) rise time (b) fall time and
under IR illumination during (c) rise time and (d) fall time.

To quantify the response time of the rise and fall of the photocurrent in the InGaN film, Eqs. (4)
and (5) were used,?

Rise curve: I(t) = Igux + A[1 — exp { —(t; to) }] @
Fall curve: I(t) = Ik + Aexp { _(t; tO)} )

where Iy, is the dark current, A is the scaling constant, T is the time constant and t; is the time
when light source was switched on or off. The time constant was estimated by fitting Egs. (4) and
(5) to the experimental time response of photocurrent during rise and fall as shown in Fig. 5(a) and
5(b) under UV illumination and in Fig. 5(c) and 5(d) under IR illumination. The values of rise time
and fall time were found to be 3 s and 15 s respectively under UV illumination while they were
found to be 28 s and 18 s respectively with IR illumination. UV response time calculated for a bare
a-GaN film were found to be rise time = 6 s and fall time = 15 s. Slower rise time for the InGaN
film is due to smaller band gap while the same value of fall time suggest similar levels of defect
densities in the GaN and InGaN film. The significance of these time constants is that it suggests the
presence of the defect levels in the sample. Ing 55Gag 45N being sensitive to IR radiation is observed
to take longer time to respond to the corresponding illumination. The formation of Ing 55Gag 45N
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is postulated to be a result of the randomly segregated indium atoms acting as nucleating centers;
hence the lack of crystalline quality in this composition resulting in the slow response time is
justified.

IV. CONCLUSION

In summary, we have successfully grown regions of Ing ssGag 45N with high indium content
over a uniform Ing 7Gag gsNepilayer in the process of making a high bright LED structure. To
assess the quality of photo response, we have fabricated a photo detector which exhibited sensi-
tivity to both UV and IR radiations. Variation of NBE with temperature for both the InGaN
compositions were plotted and fitted with Varshni’s equation. For Ing 7Gag g3N, the best fit was
obtained for a = 2 x 107* eV/K and p = 350 K while for Ing 55Gag 45N, fitted close to the initial
values o = 0.28 x 107* eV/K and B = 300 K. For Ing 55Gag 45N, the phonon energy decreases first,
but then increases with increasing temperature, showing an S-shaped behavior of the PL energy.
A simple mechanism for the formation of such multi-compositional InGaN film is postulated.
The multi-compositional film when fabricated into a photodetector, could detect both IR and UV
radiation. EQE in case of UV illumination and IR illumination was found to be 28.1 x 10~% and
11.9 x 10~* respectively. The value of rise time and fall time was found to be 3 s and 15 s respec-
tively when under UV illumination while they were 28 s and 18 s respectively when under IR
illumination. Further work is in progress to optimize the size of the clusters and to achieve quantum
confinement.
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