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The Impact of Carrier Transport Confinement on the Energy
Transfer Between InGaN/GaN Quantum-Well Nanorods

and Colloidal Nanocrystals

Bin Jiang, Chunfeng Zhang,* Xiaoyong Wang, Min Joo Park, Joon Seop Kwak,* Jian Xu,

Huichao Zhang, Jiayu Zhang, Fei Xue, and Min Xiao*

The energy transfer (ET) between InGaN/GaN multiple-quantum-well (MQW)
nanorods (NRs) and semiconductor nanocrystals (NCs) for efficient color con-
version is studied. An exceptional contribution of carrier transport confinement

steps (including blue light emission, light
extraction and re-absorption),ll and it
can circumvent the difficulty of current
injection in the conventional NC-based
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to the ET mechanisms is observed in the proximal side-wall coupling system,
which consists of InGaN/GaN NRs and CdSe NCs. Under relatively low or high
excitation, the ET rate shows different carrier-density dependence, resulting
from different electron-hole configurations, i.e., bound excitons and free car-
riers. In the localized exciton regime, the ET rate decreases when increasing
temperature from 20 K to 200 K. However, in the free-carrier regime, the ET

rate varies insignificantly in the same temperature range. The temperature
dependence in this NR-NC coupling system is different from that in the previ-
ously studied planar MQW-NC coupling system. It is suggested that the carrier
transport confinement in NRs is a major factor for these divergences. The highly
efficient ET with efficiency up to 80% shows a promising potential of using such
NR-NC coupled structures for ET-pumped, NC-based, light-emitting devices.

1. Introduction

Energy transfer (ET) pumping of semiconductor nanocrys-
tals (NCs) using InGaN/GaN heterostructures has recently
been proposed as a method of color conversion for solid-state
lighting.[2l In comparison to the conventional absorption-based
approaches for color conversion, the nonradiative ET pumping
can eliminate energy losses associated with the intermediate

p-n junction diodes.’®l The ET-pumped,
NC-based light-emitting diodes (LEDs)
have been demonstrated with improved
performances in brightness, conver-
sion efficiency, and color quality.>*-14
However, only very thin conductive layer
can be used in the planar LED design in
order to achieve close proximity between
quantum-wells (QWs) and NCs.? Recently,
nanostructured QWs with dry-etched
nanopillar™1® or nanohole structures!'’]
have been introduced to incorporate the
commonly used multiple-QW (MQW)
structures with thick capping layers. With
the side-wall coupling, highly efficient ET
is realizable, revealing promises for LED
optimization with nano-architectures.

The mechanisms underlying the ET between InGaN/GaN
heterostructures and NCs are under intensive study in recent
years. It is generally accepted that the ET is Forster type origi-
nating from the Coulomb interactions. The configuration and
localization of carriers are reported to be the major factors gov-
erning the ET process.’811 A theoritical examination made
by Kos et al. pointed out different aspects of the ET process
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when photo-induced carriers in QWs are configured in the
form of bounded excitons or free carriers.'® This work was
in good agreement with the experimental results on a planar
QW sample with high density defects studied by Achermann
et al.l18] A recent experiment carried out by Rohrmoser et al.l'"]
reported the impact of exciton localization to the ET process in
a planar QW-NC coupled structure. They observed an increase
of ET rate when increasing temperature from 20 K to 150 K
and attributed this temperature dependence to the reduction
in the degree of carrier localization.'”) The mechanisms for
the ET process in a side-wall coupling nanostructure may be
different from that in a planar QW-NC structure, since nano-
fabrication could significantly influence the configurations and
dynamics of the photo-induced carriers, owing to the reversal
quantum-confined Stark effect (QCSE),12°22 the carrier trans-
port confinement,?>-*’l and other effects.[?627]

To clarify the impact of nanofabrication on the ET process,
we carry out a systematic study on the proximal side-wall cou-
pling system with InGaN/GaN MQW nanorod (NR)-NC struc-
tures. We find an exceptional contribution of carrier transport
confinement to the ET process. Time-resolved photolumines-
cence (TRPL) spectra are recorded to quantitatively analyze the
carrier-density-dependent ET rate. When the carrier density
increases, the ET rate increases slowly under low power exci-
tation but increases dramatically under high power excitation.
The temperature dependence of the ET process is also different
between the sample with low and high density carriers. When
temperature goes up from 20 K to 200 K, the ET rate drops dra-
matically with low density but varies insignificantly with high
density. The abnormal carrier-density dependence is probably
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due to the difference of carrier configuration, as most of photo-
induced carriers are in the form of bounded excitons (free car-
riers) with low (high) carrier density at low (high) temperature.
The temperature dependence in the hybrid NR-NC structure is
different from the previously-studied planar MQW-NC coupled
structure,’) which can be attributed to the confinement of car-
rier transport as evidenced by the transient spectral data.

2. Results and Discussion

The proximal side-wall coupling is realized in a hybrid InGaN/
GaN MQW NR-NC structure, with the fabrication process for
MQW NRs shown in Figure S1 (Supporting Information).
Figure 1a,b compares the TEM images of the planar MQWs
and the MQW NRs. Each of the dry-etched NRs is configured
with a MQW-embedded p-i-n heterojunction. NC phosphors
are infiltrated into the spaces between these nanorods. The
procedures are described in the Experimental Section. The five
pairs of InGaN QWs are exposed to the sides after nanofabrica-
tion which can be proximally coupled to NCs by drop-coating
(Figure 1c). For individual nanorod, the interaction with NCs
induces ET as shown in the diagram of Figure le. We present
a sideview of the whole hybrid structure in Figure S1g (Sup-
porting Information), which can be directly used for LED dem-
onstration after electrode deposition.

The emission band of the MQW NRs lies in the strong
absorption region of the NCs (Figure 1d), providing a strong
coupling between the NR excitations and the absorption
dipoles of the NCs. Figure 1f displays a diagram of energy
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Figure 1. Morphologies and steady emission properties of the samples used in the study. TEM images of the parent planar InGaN/GaN MQWs (a) and
a single NR (b). c) SEM images (top view) of the NR and hybrid NR-NC samples (inset). d) The emission spectrum of NRs is shown in comparison

with the absorption/emission spectra of NCs. e) Diagram of the ET process between a single MQW NR and proximally coated NCs. f) Schematic
diagram of energy levels involved in energy transfer from the MQW NRs to the NCs.
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levels involved in the ET process.l!l After car-
rier thermalization and cooling, the photo-
induced carriers in pure NRs can decay either
radiatively or nonraditively. In the hybrid
structure, carriers can recombine through
the ET process. Hot carriers generated in
the NCs by ET will experience fast intraband
relaxation. Eventually, emission with photon
energy of NC bandgap is generated prima-
rily through interband transition in the NCs. 440
With the presence of ET, the recombination

rate of carriers increases from I'y + I'yg to 0
I'r + I'yr + Tpp, where Ty, Tyg, and Ty are the
rate of radiative recombination, nonratiave
recombination and ET, respectively. Thus,
the ET rate and efficiency can be analyzed by
monitoring temporal evolution of PL emis-
sion from the NRs.

Temporal evolution of PL emission from
the samples used here is different from 430 440
the mono-exponential decay as observed
in the planar QW samples with high den-
sity defects.''® Similar to many previous
reports on nitride emitters,?®-2 we record
highly nonexponential TRPL decay traces
in the MQW NRs. We employ a phenom-
enological stretched exponential (SE) function to interpret the
experimental results.’% Normalized TRPL curves can be well-
described by a SE function in the form of I(t) = exp [-(t/To)],
wheret, is the SE decay lifetime, and f expresses the rate dis-
tribution with the value between 0 (broad distribution) and 1
(narrow distribution). The presence of ET process is evidenced
by having a shorter SE decay lifetime in the hybrid NR-NC sam-
ples than that in the pure NRs. However, it is inappropriate to
directly regard the SE decay rate as the ET rate, since it is dif
ferent from the average decay rate of the emitters.’3) We can
evaluate the ET process with two parameters, i.e. integrated
quantum efficiency (QE) and early-stage QE (their rigorous def-
initions are available in the Experimental Section) estimated by
the dynamics over the whole and the first 250 picoseconds time
windows, respectively.

Comparisons of the emission intensities as a function of
delay time and emission wavelength recorded from the MQW
NR samples and hybrid NR-NC samples at room temperature
are presented in Figure 2a,b, respectively. The decay rate dra-
matically increases in the hybrid structure, serving as a signa-
ture of efficient ET. This increase of PL decay rate covers the
whole emission band, indicating an efficient coupling between
the donors and acceptors. The early-stage rate of ET (I,) is meas-
ured by comparing different recombination rates at the early
stage between pure NR and hybrid NR-NC samples. The value
of T, is critically dependent on the carrier densities (Figure 2c).
The early-stage ET rate increases slowly with the carrier density
below a density value of about 3 x 10'? cm™%; Above this value,
the slope of the density dependence is significantly increased.
With the same excitation density, the integrated QE is lower
than the early-stage QE, since the ET process is more efficient
in the higher carrier density regime. Over 80% of ET efficiency
at the early stage is observed with the carrier density close to
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Figure 2. Characterization of ET process at room temperature. Transient emission intensity is
plotted as a function of emission wavelength and delay time for pure NR (a) and hybrid NR-NC
(b) samples. c) Early-stage ET rate, early-stage QE (n,), and integrated QE (1) are plotted as
a function of carrier density.

10" cm™2. Since the early-stage ET represents the conversion
efficiency with continuous device operation, the high efficiency
is promising for effective color conversion in such hybrid
NR-NC coupling structures.

The temperature-dependent ET behaviors are different for
samples with low and high power excitations. The TRPL traces
of the pure NR and hybrid NR-NC samples are compared at
various temperatures with excitation densities of 25 pJ/cm?
(Figure 3a—d) and 500 pJ/cm? (Figure 3e-h). Carrier recombi-
nation in the samples is sensitive to the temperature, since the
nonradiative decay rate increases with temperature. The esti-
mated early-stage ET rates with relatively low and high power
excitations, plotted as a function of temperature, are shown
in Figure 4a and 4b, respectively. The temperature-dependent
traces with different power excitations show significant diver-
gence. With a relatively low excitation power, the ET rate dra-
matically decreases when increasing temperature from 20 K
to 200 K; however, the ET rate varies insignificantly within the
same temperature range when the excitation power is high.

To understand the experimental results described above, we
first analyze the carrier configurations in the MQW NRs. When
a QW sample is excited with low carrier density or is placed at
low temperature, the photo-induced carriers stay in the form of
bounded excitons. However, the configuration of free carriers
will dominate when the temperature is sufficiently high to over-
come the binding energy and/or the carrier density exceeds the
value of ag™ (~10" cm™, a; is the exciton Bohr radius).'834
Most likely, the power-dependent ET rate shown in Figure 2c
is a result of carrier configuration divergence. With high car-
rier density, free carriers contribute to the ET rate with a propo-
tional power-dependence. With low carrier density, the ET rate
varies insignificantly with excitation power where the bounded
excitons may be dominant. This attribution is further examined

Adv. Funct. Mater. 2012, 22, 3146-3152
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power dependence of the ET rate out of the
propotional relation at low carrier density
(Figure 2c).

Besides the configuration and localization
of carriers, other factors should also be con-
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Figure 3. Temperature-dependent ET characterization. TRPL traces of pure NR and hybrid
NR-NC samples with excitations at 25 J/cm? (a—d) and 500 ) /cm? (e=h).

by carrier dynamics in the NRs at different temperatures. From
the temperature-dependent TRPL traces, the parameters fitted
to the SE function are plotted as a function of temperature in
Figure 5a,b. At low temperature, the SE lifetime is much longer
under a low power excitation with the distribution factor f close
to 1, indicating a major role played by the bounded excitons.
The contribution of free carriers becomes more and more
important with an increase of the temperature and/or carrier
density.

The degree of carrier localization can also affect the ET
between MQW NRs and NCs. To obtain information of the car-
rier localization, we check the early-stage recombination rate
(inset of Figure 5a) of carriers in the MQW NRs. The recombi-
nation lifetime decreases rapidly when the power increases to
about 30 pJ/cm?, but saturates to a value for further increase of
the excitation power. This “saturation” effect has been explained
by the reversal QCSE, or known as the free carrier screening
effect.22232] The QCSE, caused by the strain-induced internal
electric field, slows down the recombination of photo-induced
carriers.[21:223536] The reversal effect is the screening of internal
electrical field by high density photo-induced free carriers.
This effect is of more importance in NRs since the nanofab-
rication can partially relax the strain.?®?’l The free carriers
can compensate the internal field more efficiently with lower
density in MQW NRs. Since a lower degree of carrier localiza-
tion is beneficial for the ET,*! more efficient ET process can
be achieved with a lower carrier density in the MQW NR-NC
structure than in the planar structure, which may lead to the

Adv. Funct. Mater. 2012, 22, 3146-3152
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diameter of NRs is close to or even shorter
than the carrier diffusion length in InGaN/
GaN QWs,B7-3 5o the boundaries of NRs
can modify the intra-well carrier transport
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Figure 4. Temperature-dependent ET rate with excitations at 25 pJ/cm?
(a) and 500 p)/cm? (b).
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Figure 5. Carrier dynamics of InGaN/GaN MQW NRs. The best fitting SE
parameters (SE decay lifetime and rate distribution) for TRPL traces at dif-
ferent temperatures with excitations at 25 pj/cm? and 117 pJ/cm?. Inset of
(a) shows the early-stage recombination lifetime versus excitation density.
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significantly.?’l We have checked the effect of carrier transport
confinement in the NRs with the TRPL data. As shown in Figure
6a,b, the thermally activated carrier transport exhibits a delayed
rise in the TRPL traces in the parent planar MQWs, but such
delayed rise is absent in the TRPL traces recorded for the NRs.
When increasing temperature, the weakly-localized carriers
close to the boundary may couple to the strongly-localized states
in the center of NRs, leading to a relatively weak ET process. As
a consequence, the rate drop of ET process with temperature is
observed in the hybrid NR-NC structure with low carrier density
(Figure 4a). When the excitation power is high, most of the car-
riers are “free” and the confinement of carrier transport become
less important. Despite of a slight difference in the recombi-
nation lifetime, the temperature dependence of TRPL follows
a similar trend in both planar MQW and MQW NR samples
(Figures 6d—f). Hence, the ET rate varies insignificantly in the
temperature range of 20-200 K (Figure 4b).

From above discussions, one can conclude that multiple
mechanisms may be involved in the ET process between
the InGaN/GaN MQW NRs and NCs. Although carrier con-
figuration and localization influence the ET in the side-wall
coupling system similar to that in the planar coupling struc-
tures, the impact of carrier transport confinement on the ET
is only present in the hybrid NR-NC structure. These effects
are the major factors that induce the abnormal power and
temperature dependences of the ET rate in the hybrid NR-NC
structure.

3. Conclusions

In this study, we investigate the mechanisms of ET from InGaN
MQW NRs to side-wall coupled NCs with TRPL spectroscopy.
Different carrier configurations contribute to the ET process in
hybrid NR-NC structures as revealed in the power-dependent
meaurements. The free carriers dominate in the high carrier

density regime at room temperature, while

the bounded excitons contribute more in

1.0F
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The effects of carrier transport confinement
and carrier screening can have impacts on
the ET rate. These experimental results sug-
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Figure 6. TRPL traces recorded at various temperatures in the NRs and the planar MQWs with

excitations at 25 pJ/cm? and 117p)/cm?.
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4. Experimental Section

Sample Preparation: The MQWSs on sapphire
substrates consist of a GaN buffer, an n-type GaN
layer, five pairs of 2.5 nm-thick Ing;GagoN QWs

Adv. Funct. Mater. 2012, 22, 3146-3152
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sandwiched between 13 nm GaN barriers, a p-type of GaN layer, as well
as a p-type capping layer. A schematic diagram of the nanofabrication
procedure is available in the Supporting Information (Figure ST,
Supporting Information). The InGaN/GaN MQW NRs with an average
diameter of 200 nm are fabricated from an InGaN/GaN epitaxial MQW
LED structure by inductively-coupled-plasma etching using a novel etch
mask of self-assembled ITO-based nanodots,*4 which is described as
follows: a SiO, layer was first deposited on the top surface of the LED
wafer by plasma-enhanced chemical vapor deposition (PECVD) (Figure
S1b, Supporting Information), and an indium tin oxide (ITO) layer
was subsequently deposited onto the SiO, layer with electron beam
evaporation (Figure Slc,Supporting Information). The as-deposited
ITO film can be assumed to be an oxygen-poor ITO layer, which has
a mixture of metallic phase and ITO phase, since the ITO films were
deposited by using electron beam evaporator. Next, the sample was
dipped into 3% HCI solution to dissolve the ITO phase, which left
self-assembled ITO-based nanodots on the SiO, layer (Figure S1d,
Supporting Information). The SiO, layer was then patterned with a
fluorine-based dry-etching process using the ITO-based nanodots as
the etch mask (Figure S1e, Supporting Information). Finally, the InGaN/
GaN NR heterostructure was formed by dry-etching the LED wafer via
the patterned SiO, hard mask (Figure S1f, Supporting Information).
By controlling the size of the ITO-based nanodots and the ICP etching
conditions, NRs with diameters ~200 nm and ~50% filling factor were
fabricated successfully. An etching depth of ~0.6 um was designed to
reach the n-type layer of the LED heterojunction and to laterally expose
the emissive quantum wells along the sidewall of the NRs. Finally the
sidewall surface of the NRs is conformally coated with QD phosphors.

The trioctylphosphineoxide (TOPO) capped CdSe NCs (~10 mg/mL)
in toluene were synthesized by the hot-injection organometallic route
as previously described.*”] The mixture of 20 g trioctylphosphine oxide
and 0.25 g cadmium acetate dihydrate was heated to 300 degree under
Ar ambience and then injected with the Se precursor (the mixture of
0.4 g Se and 10 ml trioctylphosphine), and the sizes of CdSe NCs were
controlled by the reaction time. These CdSe NCs were purified before
they were drop-cast onto the NRs, and the purification process was done
by precipitating NCs with methanol and acetone, and then dissolving
them in toluene.

Optical Characterization: Second harmonic light (400 nm) of optical
pulses generated from a Ti:Sapphire regenerative amplifier (800 nm
wavelength, 90 fs pulse duration, 1 kHz repetation rate, Libra, Coherent
Inc) is used to excite the InGaN QW layers only. The samples are excited
from the backside to keep the carrier density same in pure NR and
hybrid NR-NC samples. Carrier density is changed with excitation flux
in the range of 7-500 pJ/cm? (corresponding to carrier density between
2% 10" and 1.2 x 10" cm™2 in single wells). Time-integrated emission
spectra are measured with a fiber spectrometer (USB 2000+, Ocean-
Optics). The technique of optical Kerr gating is utilized to perform TRPL
studies with the Kerr medium of a 5 mm thick carbon sulfide cell. The
temporal resolution is about 2 ps. The PMT (5784-20, Hamamatsu) is
used to record the TRPL traces with a band-pass optical filter centered at
450 nm with 40 nm bandwidth. The emission spectra at different decay
times are recorded with a 0.5 meter spectrometer (SP 2500i, Princeton
Instruments) attached a liquid-nitrogen-cooled CCD. A liquid helium
cryostat (MicrocCryostatHe, Oxford) is used to perform temperature-
dependent measurements from 5 K to 300 K.

Data Analysis: The SE function is only a phenomenological model for
the TRPL traces. The SE decay rate differs from the average rate especially
when the distribution is broad. The recovery of rate distributions in the
case of SE decay is very difficult mathematically, but one can quantitively
evaluate the ET with two unambiguous parameters (i.e., integrated QE
and early-stage QE). The integrated QE, defined as 1o =1-Epa/Ep (Ep and
Epa are the total emission energies in the NR and hybrid NR-NC samples,
respectively), can be approximately calculated with the equation

J2° emtt/mow)" gy

No = 1-— _fooo B*(l/fowo)ﬂwodt 5

where w and wo denote the measurements done in hybrid samples
with NCs and NR samples without NCs, respectively. 1 integrates the
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ET process over time post-excitation that includes the carrier-density-
dependent radiative and nonradiative relaxations. This integrated QE
is a vital value describing ET efficiency with pulse-induced carriers in
most optical studies. In electrically-driven LEDs, the carrier density and
relaxation rate remain stable over time. The ET rate in the devices can
be approximately estimated with the early-stage carrier dynamics from
optical experimental data with the same carrier density. The fast decay
component at the early stage (i.e. the first 250 ps) of the temporal decay
window in InGaN/GaN heterostructures follows an exponential decay
well.BT The ET rate can then be calculated as the difference between
two early-stage relaxation rates, i.e., I'e = 1/T = 1/Te—1/Tewo, Where T,
and T, are the early-stage relaxation times in the MQW NRs with and
without NCs, respectively. The early-stage QE of ET can be estimated
as Ne = 1= Tey/Tewo- An example of the data analysis is available in
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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