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Semipolar (2021) plane In,Ga;_,N quantum wells (QWs) of varying alloy composition were
studied by time-resolved photoluminescence. A large difference in effective radiative lifetimes,
from sub-ns for x = 0.11 to ~30ns for x =~ 0.35 was found. This effect is attributed to different
properties of carrier localization. In low In content QWs, recombination at extended states with
short recombination times is prevalent. In QWs with a high In content, the lifetimes are increased
by localization of electrons and holes at separate sites. The zigzag shape of the QW interfaces and
the resulting in-plane electric field are proposed as the cause for the separate electron and hole
localization. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936386]

Semipolar (2021) plane In,Ga;_,N/GaN quantum wells
(QWs) have properties that make them an attractive alterna-
tive to commonly used polar QWs for light emitting device
applications. First, they have a good In uptake allowing fab-
rication of devices emitting in the green and green-yellow
spectral regions.'™ Second, the intrinsic electric field across
the QWs caused by the difference of spontaneous and piezo-
electric polarizations in the well and barrier layers is reduced
by about six times.” This field reduction is expected to
reduce the radiative recombination time and decrease the
detrimental impact of the nonradiative and Auger recombi-
nation. So far, however, no thorough experimental investiga-
tions of carrier recombination that would confirm this
theoretical prediction have been performed. The only study
was limited to a QW structure emitting at ~530 nm.°

Apart from the intrinsic electric field, another effect,
namely, the carrier localization, may affect the recombination
times. This has been evidenced for ternary nitride QWs of dif-
ferent crystallographic orientations.°™'' The localization may
reduce or increase the nonradiative recombination rate via
correlation or anticorrelation of the localization sites and
defects. It may also affect the radiative rate by confining elec-
trons and holes together into small localization regions or, on
the contrary, separating them by localization at different sites.

In this work, we examine the recombination properties
of (2021) plane In,Ga,_,N/GaN QWs with alloy composi-
tion varying in a wide range, 0.11 <x < 0.36. Such an
approach allows an exploration of general trends of carrier
recombination in (2021) plane QWs. The influence of the
intrinsic electric field and the localization is assessed.

The studied QW structures were grown by metal organic
chemical vapor deposition on low (~10°cm™?) dislocation
density bulk (2021) plane GaN substrates provided by
Mitsubishi Chemical Corporation. The structures consisted
of a 1 um undoped GaN template layer, a 3nm thick
In,Ga; N QW, and a 10nm GaN cap layer. Indium content
in the QWs of the studied structures was 0.11, 0.25, 0.31,
0.34, 0.35, and 0.36. Details of the growth procedure are
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described in Ref. 12. Photoluminescence (PL) spectra of all
the samples had nearly Gaussian shape with room tempera-
ture peak wavelengths between 419 and 545nm.'*> The PL
peak linewidths were between 14 nm (100 meV) for x=0.11
and 40 nm (170 meV) for x ~0.35.12

Carrier recombination was studied by means of time-
resolved PL. For QWs with relatively short PL decay times,
PL dynamics were measured using a frequency doubled
pulsed Ti:sapphire laser (150 fs pulse duration, 390 nm central
wavelength, 76 MHz pulse repetition frequency) and a spec-
trometer—streak camera system with 5 ps resolution. For
measurements of long decay times, the pulse repetition fre-
quency was reduced to 4 MHz with the help of a pulse picker
based on an acousto-optic modulator. In the latter case, PL
transients were recorded using band-pass filters and a time-
correlated single photon counter with a resolution of 50 ps.
The sample temperature was varied between 4 K and 300K
with the help of a closed cycle He cryostat. The 390 nm wave-
length excitation generated carriers only in the QWs. The av-
erage pulse power was varied between 1.3 and 130 pJ, which,
taking into account the excitation spot size and optical con-
stants of GaN and InGaN, corresponds to photoexcited carrier
densities between 1x 10'°cm 2 and 1 x 10"?cm 2. Within
this excitation range, the PL dynamics did not show any major
dependence on the carrier density. Since focus of this paper is
on the dependence of the radiative recombination on the QW
alloy composition, the presented results are limited to the car-
rier density of 1 x 10" cm ™2,

Figure 1 shows 4K spectrally integrated PL transients
for QWs with low, intermediate, and high In content. With
an increased InN molar fraction, the PL decay, which, in
general, is not single exponential, slows down.

Measurements with the streak camera system allow
evaluating spectral changes occurring during the PL decay.
In the experiments, no spectral shifts were observed. At low
temperatures, when the radiative recombination is dominat-
ing, this indicates inhibited carrier transfer between localized
sites; possibly, due to potential barriers between the

© 2015 AIP Publishing LLC
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FIG. 1. Normalized 4K PL transients for QWs with different InN molar
fractions.

sites.'*'* At high temperatures, at which the nonradiative
recombination is prevailing (see below), the lack of the spec-
tral shift shows that distribution of nonradiative recombina-
tion centers is spatially uniform, which is in line with the
near-field PL data.'?

PL decay times were evaluated by fitting transients with
a model of a stretched exponential. The model describes the
PL decay as Ip (1) o Ipexp [—(t/reff)/j], where 7. is an
effective decay time and f is the stretching parameter. In the
model, the deviation from a single-exponential stems from
the contribution of electrons and holes that are localized at
separate potential minima and have varying transfer times
into the same site for a rapid recombination.'” More recent
models®'® that emphasize a strong carrier localization in
InGaN QWs have proposed a non-exponential PL decay
shape that is supposed to be universal for all ternary nitride
QWs. However, these models could not adequately fit all our
data, probably due to the large contribution of the extended
states, and, therefore, were not applied.

The fits for the 11% In QW PL transients measured at
different temperatures provide f§ values in the interval from
0.8 to 0.9 indicating a weak deviation from the single expo-
nential decay and a weak contribution of localization. This is
consistent with the narrow PL linewidth and the small local-
ization parameter value determined from the near-field PL
scans.'? For the larger In content QWs, the stretching factor
obtained at different temperatures reduces to 0.3-0.5, show-
ing an increased contribution of the localized carriers.

Effective radiative and nonradiative recombination times
were determined from the transient peak and effective PL
decay time values. In this approach'”'® it is assumed that at
4K the nonradiative recombination is negligible during the
first few tens of ps until PL starts decaying, so that the tran-
sient peak value is not affected by the nonradiative recombi-
nation or trapping. This assumption is much weaker and
should result in a smaller error than the supposition of the
100% internal quantum efficiency (IQE) often used in estima-
tions of the recombination time. The 100% IQE implies a neg-
ligible nonradiative recombination during the whole time of
the carrier recombination, which is often not correct.

The derived radiative and nonradiative lifetimes are effec-
tive values, representing corresponding averaged recombination
processes.'” The effective nonradiative lifetime describes the

Appl. Phys. Lett. 107, 211109 (2015)

nonradiative recombination averaged over the probed QW vol-
ume. The effective radiative time convolutes the times of the
rapid radiative recombination of carriers located at the same
site and the slow recombination of spatially separated carriers,
which may include different processes, as discussed below.

The temperature dependence of the PL decay time as
well as the radiative and the nonradiative recombination
times are gathered in Fig. 2. Both recombination times
increase with the InN molar fraction. To understand the
strong radiative lifetime dependence on the QW alloy com-
position, several effects were considered. First, the composi-
tion dependence of the intrinsic electric field was addressed.
The field across the QWs and its influence on the electron
and hole wave function overlap were calculated for QWs
with flat interfaces using a one-dimensional Schrodinger and
Poisson equation solver. The calculations show that the
wave function overlap in the 36% In QW is only 10%
smaller than in the 11% In QW (0.81 vs. 0.89). A larger
wave function separation is prevented by the small QW
width. Clearly, this small difference in the overlap cannot
explain the large variation of the recombination times. Thus,
the difference in the recombination times should have its ori-
gin in different properties of the carrier localization.

As mentioned above, the PL spectra broaden with an
increased In content.'> For the 11% QW, the near-field PL
linewidth is determined by the homogeneous broadening and
the random cation distribution in the alloy. For the higher In
content QWs, the inhomogeneous broadening, induced by
1-10nm scale band potential fluctuations, becomes important.

The carrier localization at the band potential fluctuations
may affect the radiative lifetimes in several ways. If an

4 T T T T T T 10 T T T T
(a) 1% In (b) * 25%In
5 . | 8- . 1
A 6 ° A
2 . . ° AA
° 44 ot i
.1 w4 ‘:MAAAA.... o° |
" C = : :_ 2 --.-..I..- u®
\2/ O T T T T O T T T T T T T
© 0 100 200 300 0 100 200 300
E Temperature (K) Temperature (K)
50 T T T T T T T
(c) 34% In 1 409 (d) "
40 - . o
* 30 -
0 My . - o
l: R A 201 ! :
20+ ] d
mad ] o] i
104 amse, e
"ui 04 =7 _
O T T T

0 100 200 300 10 20 30 40
Temperature (K) In percentage

FIG. 2. Effective PL decay times (squares) and effective radiative (triangles)
and nonradiative (dots) lifetimes for 11% (a), 25% (b), and 34% (c) In QWs.
Part (d) shows 4K (squares) and 300K (dots) radiative time dependence on
the InN molar fraction.
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electron and a hole are localized in the same potential mini-
mum of a size exceeding the exciton Bohr radius (~3 nm),
and there is an in-plane electric field in the QW, the recombi-
nation time might be increased by the spatial carrier separa-
tion within the localization site. Alternatively, the radiative
lifetime may be increased by the separate electron and hole
localization at different sites.

A (2021) plane QW with flat interfaces and a uniform
alloy composition does not contain an in-plane component of
the electric field. Spatial variations of the electric field might
arise because of a partial strain relaxation or due to a non-
planarity of the QW interfaces. Since the width of the studied
QW:s is well below the critical thickness even for x = 0.36,%°
no strain relaxation is expected. Hence, we will concentrate
on the properties of the interfaces.

High-angle annular dark field (HADF) transmission
electron microscopy imaging of a 3nm thick (2021)
Ing.24Gag 76N QW showed the presence of interfacial (1010)
and (1011) nano-facets with a period of up to 4 nm.*' With
the help of the Comsol software package, we evaluated the
influence that the interfacial faceting might have on the
intrinsic electric field. In the simulations, interfaces with an
ideal zigzag shape were considered (Fig. 3). Material param-
eters were taken from Ref. 22. Gauss equation was solved
considering different discontinuities of the spontaneous
polarization at the nanofacets. The polarization difference
arises from the symmetry properties of the unit cell (e.g.,
there is no polarization discontinuity across an unstrained
(1010) nonpolar plane). The elastic strain of the QW was
calculated using the generalized Hook’s law for the (2021)
plane with an angle 0 =75° with respect to the ¢ plane fol-
lowing Ref. 23. Charges induced by the piezoelectric effect
were calculated for the real 6 values of the nanofacets.

The simulations show that nanofaceting of the QW
interfaces has a profound influence on the properties of the
intrinsic field. The field is no longer perpendicular to the
interfaces, but has a complex pattern with a non-negligible
in-plane component. The magnitude of this component
varies across the QW width with its amplitude reaching ~0.1
of the dominating perpendicular component. The in-plane
field component oscillates with the undulation period (inset

buffer GaN

Distance along QW

FIG. 3. Electric field distribution in a QW with zigzag nanofacet interfaces.
The inset shows variation of the in-plane field component along the dashed
line in the main plot.
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to Fig. 3). Its amplitude values at a distance of 1/4 of the
well width from an equivalent flat interface are between 17
and 51kV/cm for the wells with the In content of 0.11 and
0.36, respectively.

The nanofacet planes and their period should not depend
on the alloy composition. However, it is not known how
strongly the nanofaceting is pronounced for different QWs.
The HADF images are published only for x = 0.24.>' They
show that the faceting may be different for top and bottom
QW interfaces and may be diffused, possibly, due to the
intermixing. This prevents an exact estimation of the in-
plane electric fields in real QWs. A qualitative evaluation of
the importance of the non-planar interfaces for different
alloy compositions can be made on the basis of the PL line-
width. The nanofaceting of the QW interfaces should con-
tribute to the inhomogeneous broadening of the PL linewidth
via well width variations. The PL linewidth for the 11% In
QW has a negligible inhomogeneous broadening;'? conse-
quently, the nanofaceting for this QW should be minor. On
the other hand, the inhomogeneous broadening in the high In
content QWs is quite large. It is not clear which fraction of
this broadening should be assigned to the well width varia-
tions and to the alloy composition fluctuations. Nevertheless,
it is likely that the nanofaceting is more pronounced in the
high In content QWs than in those with a low In percentage.
This would make the difference in the in-plane field compo-
nent for QWs of the different compositions even larger than
the calculated values presented above.

The oscillating nature of the in-plane field with a small
period of about 4nm shows that this field cannot markedly
affect the radiative lifetime of an electron hole pair localized
at the same site. For a large site of ~10nm, several periods
of the oscillating field would average its influence on the
wave functions. For smaller localization sites of 3—4 nm, the
situation would resemble the case of the carrier confinement
by the QW barriers in the growth direction, only with a
much shallower confinement potential and a smaller electric
field. To account for the 30-fold difference in the radiative
times for the 11% In and ~35% In QWs, the wave function
overlap should differ by about v/30 ~ 5.5 times. Clearly, the
carrier separation by the in-plane field in the same localiza-
tion site cannot account for such a difference.

Thus, the most likely mechanism leading to the long
recombination times in the high In content QWs is the elec-
tron and hole localization at different sites. Several previous
studies suggested that such localization is important;9’10’]6
however, the underlying mechanism was never discussed.
The presence of the in-plane electric field could just be the
reason of the electron and hole separation prior to their trap-
ping to the localization sites. The in-plane field affects pho-
toexcited carrier motion in the QW plane, where it is not
restricted by the barriers. An order of magnitude estimation
using a capture time from barriers into a QW of 300 fs
(Ref. 24), an electron mobility in the QW of 300 cm?/(Vs)
(Ref. 25) and an in-plane electric field of 10 kV/cm produces
an electron transport distance of ~10nm, which is similar to
a likely distance between the localization sites.

An indirect argument for the relevance of the in-plane
field can be found in the recombination data of nonpolar
InGaN QWs with no interface faceting and a negligible in-
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plane field. Despite that the localization potentials in m-plane
QWs are deeper than in semipolar QWs,'? the radiative
recombination times are shorter, 0.5-2 ns.'® Thus, the recom-
bining electron hole pairs are either in the extended states or
in the same localized states; i.e., no electron and hole separa-
tion into different localization sites occurs.

For an electron and a hole localized at separate sites, the
recombination can either be spatially indirect or proceed via
the electron transfer into the hole localization site. The trans-
fer may take place via tunneling, thermionic emission, and
by the combination of the two (Fowler-Nordheim tunneling).
Using an analogy of the donor-acceptor pair recombination,
it was proposed that the tunneling rate is determined by the
distance r between the localized electron and the hole, and
the exciton Bohr radius a as 1/7,, o exp (—r%/a?).'® With
increasing In content, the PL linewidth and the localization
depth increase. Hence, one could expect that the density of
the localization sites increases, and the distance between
them decreases. According to the model, this would lead to
shorter tunneling times in the high In content QWs, which is
opposite to the experimental observations. Thus, the tunnel-
ing is not a likely process in our case. The inefficiency of the
tunneling process allows setting the distance between the
localization sites at least 3—5 nm.

On the other hand, the composition dependence of the
radiative lifetimes correlates with the depth of the localiza-
tion potentials hinting at the relevance of the thermal effects.
The thermionic emission and thermally assisted tunneling
rates depend on the localization energy (up to the mobility
edge) AE as o exp [~AE/(kT)].*® Thus, a weakly localized
electron has a higher probability to be thermally emitted
from its localization sites and find a hole for a rapid recombi-
nation. Unfortunately, since several important parameters,
such as the fraction of carriers that recombine from the
extended and the localized states, and the energy separation
between the localized states and the mobility edge are not
known, a quantitative modelling of this process without ad-
justable parameters cannot be performed.

The relevance of separate electron and hole localization
and thermal carrier excitation into less confined states is fur-
ther demonstrated by the temperature dependence of the
radiative recombination time (Figs. 2(a) and 2(c)) and the
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FIG. 4. Temperature dependence of normalized time- and spectrally inte-
grated PL intensity for 11% and 36% In QWs.
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integrated PL intensity (Fig. 4). For the low In content QW,
the PL intensity starts to decrease at ~60K because of the
nonradiative recombination. For the QWs with x~0.35, the
PL intensity in the interval from 4K to 120K increases by
about 10%. This increase can be assigned to the increase of
the radiative recombination rate because of the thermal car-
rier excitation to the sites with a weaker localization. With
the shorter radiative lifetimes, the influence of the nonradia-
tive recombination would become smaller, leading to the
increased integrated PL intensity.

The nonradiative recombination time increases with the
In content as well. In homoepitaxial QW structures with a
low dislocation density, point defects, impurities, and their
complexes are the primary recombination centers.”’ The
concentration of the common C and O impurities shows no
major dependence on the growth conditions for semipolar
planes.”® The density of the point defects (Ga and N vacan-
cies) is not expected to become lower with the increased In
content. Thus, the increase of the nonradiative lifetime with
the In percentage is likely to be determined by the carrier
localization. Carriers localized at deep potential minima are
less mobile and stay longer in the bands before being cap-
tured by the nonradiative recombination centers.

In summary, semipolar (2021) plane InGaN QWs of vary-
ing alloy composition were studied by time-resolved PL. The
experiments revealed a very large difference in effective radia-
tive lifetimes, from sub-ns for x = 0.11 to about 30ns for
x ~ 0.35. This effect is attributed to the different properties of
the carrier localization. In the low In content QWs, recombina-
tion in the extended states with short recombination times is
prevailing. In the QWs with a high In percentage, the lifetimes
are increased by localization of electrons and holes at different
sites. The zigzag shape of the QW interfaces and the resulting
in-plane electric field are proposed as the reason for this sepa-
rate localization. Thus, one of the advantages of the semipolar
QWs, namely, the increased rate of the radiative recombination
due to the reduced vertical electric field, might be overshad-
owed by the effect of the separate electron and hole localiza-
tion. Reduction of the band potential variations via improved
growth technology seems to be critical in fulfilling the intrinsic
potential of InGaN QWs with (2021) crystallographic orienta-
tion for light emitting devices for the green spectral region.

The research at KTH was performed within the frame of
Linnaeus Excellence Center for Advanced Optics and
Photonics (ADOPT) and was financially supported by the
Swedish Energy Agency (Contract No. 36652-1).
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