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Photoinduced entropy of InGaN/GaN p-i-n double-heterostructure nanowires
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The photoinduced entropy of InGaN/GaN p-i-n nanowires was investigated using temperature-
dependent (6-290K) photoluminescence. We also analyzed the photocarrier dynamics in the
InGaN active regions using time-resolved photoluminescence. An increasing trend in the amount
of generated photoinduced entropy of the system above 250 K was observed, while we observed an
oscillatory trend in the generated entropy of the system below 250K that stabilizes between 200
and 250K. Strong exciton localization in indium-rich clusters, carrier trapping by surface defect
states, and thermodynamic entropy effects were examined and related to the photocarrier dynamics.
We conjecture that the amount of generated photoinduced entropy of the system increases as more
non-radiative channels become activated and more shallowly localized carriers settle into deeply
localized states; thereby, additional degrees of uncertainty related to the energy of states involved
in thermionic transitions are attained. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4981252]

In recent years, it has become clear that integrating vari-
ous forms of inorganic materials, based on group-III-nitride
compound semiconductors and silicon, into one electronic
system shows promise in reshaping the future of the elec-
tronics industry.'™! Group-III-nitride nanowires are capable
of realizing high-performance semiconductor optoelectronic
devices with complex heterostructures'*'? because the nano-
wire sidewalls permit strain reduction, which allows for the
combination of extremely lattice-mismatched materials with-
out producing dislocations.'* Together with the advantages
of the sharp peaks of density of states at the lowest quantized
sub-band energy levels, improved exciton binding energy,
and increased wavefunction overlap of the electron-hole
pairs, GaN-based nanowires have the potential for realizing
integrated optoelectronic systems because of their superior
quantum efficiencies.'””> GaN-based nanowires are also
expected to pave the way for new photodetector device
architectures, improve photosensitivity, and reduce polariza-
tion fields."*™'® Low NiO/p"-GaN contact resistance can be
realized thanks to hole tunneling through the potential barrier
at the NiO/p*-GaN interface, which significantly enhances
the energy-saving performance of GaN-based p-i-n power
devices." High-level injection nitride-based p-i-n junction
nanowires are suitable for attenuators, high-frequency
switches, as well as photodetector applications.”” However,
non-radiative surface recombination and the filling of inner-
shell vacancies affect the performance of devices based on
such nanowires because the quantum efficiency of nanowire
optoelectronic devices can be limited by the non-radiative
Shockley-Read-Hall (SRH)*! and Auger22 recombination
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processes. Because of higher surface-to-volume ratios and
the subsequent formation of surface trap states, the non-
radiative photocarrier recombination lifetimes in nanostruc-
tured materials are typically shorter than those of their bulk
counterpart. In the specific case of group-III-nitride semicon-
ductors, it is generally accepted that the photocarrier relaxa-
tion dynamics consists of an initial decay process in the
subpicosecond range, which is followed by a slow decay
described by the ultrafast carrier thermalization dynamics, the
carrier trapping by surface states, and the slower carrier cool-
ing effects, respectively. This process provides radiant refrig-
eration, suggesting that they are solid-state radiative heat
pumps>* as illustrated by David et al. for the case of group-III-
nitride light-emitting diodes (LEDs).?* Hence, a more in-depth
understanding of the opto-electrothermal properties of group-
II-nitride nanowires through a new entropic perspective is
necessary to further understand their applicability and opera-
tional and thermal stability®® in multifunctional applications.?’

In this study, we employed temperature-dependent pho-
toluminescence (PL) to investigate the photoinduced entropy
of InGaN/GaN p-i-n double-heterostructure nanowire photo-
diodes. We defined the photoinduced entropy as a thermo-
dynamic quantity that represents the unavailability of a
system’s energy for conversion into work due to lumines-
cence refrigeration.”® We also studied the ultrafast dynamics
of photocarriers using wavelength-integrated time-resolved
photoluminescence (TRPL) down to the subnanosecond
regime. We chose to study the thermodynamic behavior and
photocarrier dynamics in GaN-based p-i-n nanowires because
a thorough understanding of the factors that govern the
energy transfer processes, and the transport of free carriers
through them, is crucial to realize effective designs of reliable
and efficient p-i-n high-power electronics and photodetecting
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FIG. 1. (a) Schematic and layer structure of the InGaN/GaN p-i-n nano-
wires, (b) plan-view, and (c) elevation-view SEM images of the nanowires.

devices. Fig. 1(a) shows the schematic layer structure of our
nanowires, with the c-axis along the growth direction normal
to the surface. The p-i-n nanowires were grown on a titanium-
coated silicon substrate using plasma-assisted molecular beam
epitaxy (PA-MBE).* The nanowires comprised 125nm
silicon-doped n-GaN (dopant carrier concentration (Ng) ~
5% 10" cm™?), 90nm unintentionally doped InGaN, 50 nm
magnesium-doped p-GaN (N, ~ 10'® cm™), and 10nm
magnesium-doped pT-GaN (N, ~ 5 x 10" cm™) layers
grown sequentially. The morphology of the nanowires was
characterized using an FEI Magellan field emission gun (FEG)
field-emission scanning electron microscope (FE-SEM).

PL and TRPL measurements were performed with a
mode-locked Ti:sapphire laser (Coherent Mira 900) having a
laser power output of 1.90 W at 800 nm, and the measure-
ments were used to study the carrier lifetimes in the active
InGaN layers. A third harmonic generator (APE-SHG /THG)
was used to excite the sample by an output wavelength (Lex)
of 266 nm (pulse width [7,,] 150 fs, pulse repetition rate [frep]
76 MHz, 200 integrations collected with a time-delay integra-
tion [TDI] of 100 ms) over a temperature range from 6K to
290 K. Emission of the sample was detected by a monochro-
mator attached to a UV-sensitive Hamamatsu C6860 streak
camera with a temporal resolution of 2 ps. The samples were
mounted in a variable temperature closed helium cryostat
(Janis). Fig. 1(b) depicts a plan-view SEM image, where the
nanowire density (pyw) is about 3.37 x 10'° cm™2, with a
mean cross-sectional size (2 ryw) of 55nm, while Fig. 1(c)
depicts an elevation-view SEM image of the nanowires.

Fig. 2 shows the simulated band diagram of the nanowires,
assuming a band-offset ratio of around 70:30 (a commonly
assumed value for group-Ill-nitride semiconductors),**>"
which enables the visualization of surface defects and provides
insight into the local potential fluctuations in the structure.

In Figs. 3(a) and 3(b), we show typical PL and TRPL
decay curves, respectively, for an ensemble of InGaN active
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FIG. 2. Schematic illustration of the energy band diagram of the InGaN/
GaN p-i-n nanowires in equilibrium, taking into account spontaneous and
piezoelectric polarization fields.

layers at 6 K and 290 K. The TRPL decay curves were ana-
lyzed using a two-term exponential decay model. We chose
to fit our TRPL decay curves using a two-term exponential
decay model because it better depicts the multiple recombi-
nation characteristics exemplified by our TRPL curves.** Put
differently, the two-term exponential model best fits the
ultrafast carrier thermalization dynamics (the initial fast
decay process) and the slower carrier cooling effects (slow
decay processes) that are characteristic of our measured
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FIG. 3. Typical InGaN-related (a) PL and (b) TRPL spectra for the InGaN/
GaN p-i-n nanowires at 6 K and 290 K.



161110-3 Alfaraj et al.
InGaN active layers, thus enabling the analysis of the fast
and slow components separately.*

Because we are measuring the InGaN-related PL and
TRPL using an ultrashort-pulse laser, it is imperative to
investigate the Auger-induced effects on the internal quantum
efficiency (#;,,) in the measured InGaN layers. Temperature-
variable n;,, values (17;,,(T)) are crucial parameters that we
will use to calculate the carrier recombination lifetimes. The
photogenerated carrier density was estimated using the fol-
lowing formula®*

_ O‘(l _ R>Pex

= (D
P EpnfrepAavg

where o is the InGaN absorption coefficient, R is the reflectiv-
ity at the GaN-air interface, which is about 20% at A.x = 266
nm,*> P, is the laser average excitation power (3.6 mW), Eyp,
is the incident photon energy (hc/Aex), and Aayg 1s the laser
beam area (7%, r 2 20 um). The indium composition in the
active InGaN layers was estimated using Vegard’s law and
found to be approximately 32%. Therefore, we estimated o at
Jex = 266 nm to be roughly 1.74 x 10> cm™';** hence, Pph
was estimated to be around 6.95 x 10" ¢cm >, which is
well below typical Auger-inducing carrier densities in
InGaN>® and falls around the optimal carrier density level
(Ncarrier = 10"8cm—3) for estimating 77im'37 Furthermore, the
peak pulse power intensity (/o) Was estimated using®®

PCX
Tonﬁ'epA avg

This yields /puse = 25.13 MW/cm?, which is well below typ-
ical Auger-inducing power densities of more than 100 MW/
cm®** We used the pulsed-excitation PL measurements to
evaluate 7;,, of the measured InGaN active layers at room
temperature, which was estimated to be 44.4% using the
ratio of integrated PL intensity at 290K to the PL intensity at
6K, as shown in Fig. 3(a)—assuming that the non-radiative
recombination centers are thermally inert at 6 K 4041

Fig. 4(a) shows the temperature-dependent variation in
the peak energy of the photon emission (EpL peax) from the
active InGaN layers, which was fitted using the band-tail
model,42’43 where y and f are the Varshni coefficient and
Debye temperature, respectively. The parameter ¢ indicates
the degree of carrier localization in the InGaN active regions.
It has been argued that the number of emitted photons from
an active region is limited by the entropy of the system,
which must remain positive. This fact is indicated by the sec-
ond law of thermodynamics—emitted photons transport
entropy produced by the absorption of heat from the active
region, which acts as a Carnot heat engine.”*** The S-
shaped behavior depicted by the Epp, peak curve in Fig. 4(a)
suggests the presence of localized states induced by potential
fluctuations in indium-rich clusters within the active InGaN
layers.**™® These states are introduced by the enhanced
formation of In-N chains in the immediate vicinity of the
threading dislocations, hence limiting non-radiative recombi-
nation of carriers at the dislocation cores.*” As observed
in Fig. 4(a), EpL peak redshifts 21 meV as the temperature
increases from 6K to 150K compared to the expected
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FIG. 4. (a) The InGaN-related Epr peax and Epp in, curves and (b) the spec-
tral width of PL spectra as a function of temperature.

bandgap shrinkage value of approximately 11 meV, which
corresponds to an effective redshift of 9meV and a slope of
—62.5 ueV/K.

Recall that the thermodynamic entropy S of a system
with a total energy F at temperature T satisfies

a5 _1

OE T

Let E; < --- < Eg denote the sorted total energies, and let T;
be the system temperatures (i.e., 6, 15, 30, 100, 150, 200,

250, and 290 K) corresponding to each Ej. We may approxi-
mate the above equation as

S(Epr1) —S(Ej) 2
(i1 —Ej) T +1T;

3

4)

Because we are investigating photoinduced entropy genera-
tion, we assume that the net energy exchange is due to photo-
excitation and photoluminescence. In our case, the total
energy exchanged during each photoexcitation process can
be calculated as Epy ing — NpnEpn, Where Ny, is the total
number of incident photons and Epr_ iy is the integrated pho-
ton energy emission. Therefore, because NppEpy is constant
with temperature, we may use

Ej-H _ Ej _ EJPhintg _ EjPL. intg (5)

in Equation (4) to obtain the change in entropy due to photo-
excitation as the solution to the following recurrence relation
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PL, intg PL, intg
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S(Ej+1) “S(EJ)JFZ( (6)

Ti1 +T;
We used Equation (6) to qualitatively study the relative
entropy generation at T, with respect to an initial arbitrary
value at T; (i.e., T=6K). We also calculated the total carrier
recombination lifetimes (ty) using the PL and TRPL meas-
urements. After determining 1, and relative #;,, values at
each temperature with respect to 290K, we calculated the
radiative (7;) and non-radiative (t,,) carrier lifetimes using
w(T) = 10t(T) /Min(T) and Te (T) = Tt (T) /(1 = 171 (T)).>!
Fig. 5(a) depicts the calculated 7, and 1y, while 7y, and
the entropy generation are plotted in Fig. 5(b). We observed
that 7, values were in the range of 135-178 ps over the tem-
perature range of 6 K to 290 K. The absence of quantum con-
finement effects in our InGaN active layers resulted in less
efficient radiative recombination of photoexcited carriers in
the presence of competition from carrier localization states
because carrier localization increases the radiative recombi-
nation efficiency.”*”* As depicted in Fig. 5(b), we observed
an oscillatory behavior in the generated entropy of the sys-
tem below 250K that stabilizes between 200K and 250K,
which can be attributed to the random distribution among
deeply and shallowly localized states. As the temperature
increased, more shallowly localized carriers settled into
broadly localized states through hopping,>* which is a form
of the band filling effect, contributing to broader spectral
widths of the PL spectra as observed in Fig. 4(b). Once the
temperature exceeded 250K, more non-radiative channels
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FIG. 5. (a) The extracted 7, and 7, of the InGaN active layers and (b) the calcu-
lated 7, and evolution of the amount of entropy generation with temperature.
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became activated as much of the shallowly localized carriers
settled into the broadly distributed deeply localized states,
and the amount of generated photoinduced entropy of the
system increased dramatically, contributing to the uncer-
tainty related to the energy of states involved in thermionic
transitions. The decrease in 1y, with increasing temperature
reflects the fact that 7, decreases, which we attribute to
surface defects.”>® We attribute the increase in Tiot at low
temperatures to the thermal annihilation of non-radiative
recombination centers.”’ We hypothesize that non-radiative
recombination due to the activation of non-radiative recom-
bination channels contributes to the overall increasing trend
in the entropy above 250K. At this point (7 >250K), we
can confidently state that the non-radiative recombination
processes have become dominant, and the lifetimes dropped
gradually as the photogenerated carriers are less affected by
the fast changes in carrier lifetimes,*>>' which cause even
higher degrees of uncertainty related to the energy of states
involved in thermionic transitions, hence the rise in photoin-
duced entropy, which can be observed in Fig. 5(b).

In the ideal Carnot cycle (where processes are reversible),
there is no generation of entropy, and entropy is therefore
conserved. However, in the presence of non-radiative recom-
bination centers in our nanowires due to surface states and
other defects, additional entropy is generated because of the
irreversible nature of non-radiative processes.”> Moreover, for
T > 200K, we observe in Fig. 5(a) that the rate of dissociation
between radiative and non-radiative recombination processes
increased as other non-radiative processes started to kick in,
at which point the total carrier lifetime began to decrease with
increasing temperatures. In addition to carrier hopping into
the broadly distributed localized states, this decrease in carrier
lifetimes caused the carriers to recombine before reaching
the lower tails of energy states, which as a consequence of
Heisenberg’s uncertainty principle explains the broadening of
the EpL peak curve as observed in the spectral width plot in
Fig. 4(b).*

In summary, we investigated the photoinduced entropy
of InGaN/GaN p-i-n nanowires and analyzed the InGaN-
related photocarrier dynamics. In addition to defect states,
we conjecture that the thermal energizing of shallowly local-
ized states, where the lifetimes are affected by thermal acti-
vation, results in carrier relaxation into broadly distributed
deeply localized states via hopping, thus increasing the
amount of generated randomness in the InGaN layers as the
temperature rises. These effects are manifested in the oscilla-
tory behavior (T'<250K) and increasing trend (7 > 250K)
in entropy generation.
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