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We study the carrier localization in InN/Ing oGag ;N multiple-quantum-wells (MQWs) and bulk
InN by means of temperature-dependent photoluminescence and pump-probe measurements at
1.55 um. The S-shaped thermal evolution of the emission energy of the InN film is attributed to
carrier localization at structural defects with an average localization energy of ~12meV. Carrier
localization is enhanced in the MQWs due to well/barrier thickness and ternary alloy composition
fluctuations, leading to a localization energy above 35 meV and longer carrier relaxation time. As
a result, the luminescence efficiency in the MQWs is improved by a factor of five over bulk InN.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742157]

The extension of the operation wavelength of
[I-nitrides to the near-infrared (NIR) range is possible
thanks to the growth of high-quality InN films displaying a
bandgap energy close to 0.65eV (1.9 um) at room tempera-
ture (RT). The particular optical and electronic properties of
this semiconductor have rendered it a subject of extensive
research aimed at the development of devices for photovol-
taics, optoelectronics (laser diodes and detectors), high-
speed electronics, opto-chemical sensing, and terahertz
applications.! Furthermore, thanks to the close-to-resonant
behavior at 1.5 yum and saturable absorption of InN with re-
covery times in the picosecond range,” this semiconductor
has emerged as a promising choice for all-optical signal
processing applications in optical communication networks.

From this point of view, low-dimensional InN-based
structures such as multi-quantum-wells (MQWs)>~ or quan-
tum dots (QDs)G’7 can improve the efficiency of NIR devices
by tuning their operation wavelength through bandgap engi-
neering. Furthermore, the improved carrier confinement
should lead to an enhanced linear and nonlinear optical
response at resonant wavelengths. In this sense, strong
absorption saturation has been recently demonstrated in
high-In content InN/InGaN MQWs at 1.55 um.® In this pa-
per, we investigate the carrier localization in InN/InGaN
MQW structures by means of temperature-dependent photo-
luminescence (PL) measurements and pump-probe spectros-
copy at 1.55 um. Our results show that a fivefold increase in
luminescence efficiency can be obtained in these nanostruc-
tures compared to bulk InN. This is consistent with the ob-
servation of a longer carrier lifetime in the MQW structure
over the bulk material.

The samples under study were grown by plasma-assisted
molecular-beam epitaxy (PAMBE) on 10-um-thick GaN-on-
sapphire templates. The substrate temperature during growth
was 450°C and the N-limited growth rate was fixed at
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280nm/h. The MQW structure, designed to have a quasi-
resonant interband transition at 1.55 um, consists of 41 peri-
ods of InN/Ing oGay ; N QWs with well and barrier thickness
of 4.5nm and 7 nm, respectively. The growth of the MQW
structure starts with an InN layer (4.5nm) at the substrate/
MQW interface, which assures the relaxation of at least 90%
of the lattice mismatch at the first interface, as verified in situ
by reflective high-energy electron diffraction and ex situ by
x-ray diffraction.’ A reference sample consisting of a 1-um-
thick InN layer was grown for comparison. The InN film was
deposited on top of a buffer layer consisting of 10 periods of
InN/Ing ;Gap3 N (4.5nm/7nm). Atomic force microscopy
images (2 x 2 um? scanning area) display flat surfaces with
atomic terraces leading to a root-mean-square roughness
~0.5nm for both InN and MQW samples.'®

A fine structural analysis of the samples was carried out
by transmission electron microscopy (TEM). The TEM anal-
ysis of the InN sample shows that the InN/Ing ;Gag 3N buffer
layer helps to reduce the threading dislocations, which are
mostly of edge and mixed type [Fig. 1(a)]. The fluctuations

FIG. 1. Dark field (g=0002) TEM micrograph of (a) the 1-pm-thick InN
reference sample and (b) the InN/Ing 9Gag ; N MQW.
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in strain induced by the QWs probably force many disloca-
tions to bend, forming segments of misfit dislocations at the
interfaces. Moreover, they may react and annihilate when
bending towards or backwards the growth direction. Indeed,
no other types of defects such as partial dislocations or stack-
ing faults were seen in the layers,'' and no ordering was
observed to take place in the InGaN layers. As shown in Fig.
1(b), the investigated InN/Ing¢Gag ;N MQW sample is ho-
mogeneous, with the InN QWs exhibiting lighter contrast in
this dark field image.

The optical properties were first investigated by
temperature-dependent PL measurements. PL. was excited by
a continuous-wave Ar' laser (1=488nm) focused onto a
3 um diameter spot, and the emission was collected into a
spectrometer equipped with an InAs detector. The low-
temperature (7= 5 K) PL spectra of the InN and MQW sam-
ples are presented in the inset of Fig. 2(a). In both samples,
the PL emission remains in the NIR range peaking at
~1.7 um (0.72-0.73 eV) with a similar linewidth (full width
at half maximum: FWHM ~ 84 -86meV). The evolution of
the normalized integrated PL intensity as a function of tem-
perature is presented in Fig. 2(a). The PL intensity of the
MQW structure drops approximately by a factor of 3 from
T=5K to RT, whereas it drops by a factor of 30 for the InN
sample. From these values, a luminescence efficiency at RT
(defined as the ratio between the PL intensity at RT and at
low temperature) of ~16% and ~3% is obtained for the
MQW and InN samples, respectively. The thermal stability
of the luminescence is thus strongly improved by the low-
dimensional carrier confinement, as already reported in InN/
GaN and InGaN/GaN QD and QW structures.®1?

The thermal evolution of the PL emission is character-
ized by the intensity quenching due to the activation of non-
radiative recombination processes, and also by the energy
shift and broadening of the PL. For the analyzed samples,
the measured thermal extinction of the PL intensity, /(T), can
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FIG. 2. (a) Thermal evolution of the integrated PL emission of the analyzed
InN and MQW samples emitting at ~1.7 um. Solid lines are fits to Eq. (1).
Inset: Low temperature (7= 5 K) PL spectra of both samples. The superim-
posed oscillations are due to Fabry-Perot interference associated to the
nitride epilayer thickness. It is worth saying that the thickness of the InN
sample is much higher than the MQWs. (b) Band diagram of the InN/
IngoGapg; N MQW calculated using the nextnano3 effective-mass
Schrédinger-Poisson solver, assuming a residual doping level of 10'” cm ™.
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TABLE I. Activation and localization energies estimated for both InN and
MQW samples.

Ippvs. T Epyvs. T
Sample E,; (meV) E > (meV) E),. (meV)
InN 8+3 72*9 12+2
MQWs 29*0.7 36 -4 >35

be reproduced considering two nonradiative recombination
channels: "

I(T = 0K)
I(T) =
( ) 1 +aje” al/kBT + aze_EaZ/kBT7

ey

where E,; and E,, are the activation energies of the proc-
esses related with the thermal quenching, kg7 is the thermal
energy, and a; and a, are fitting constants. The agreement of
experimental data to Eq. (1) is illustrated in Fig. 2(a), and
Table I summarizes the activation energies obtained for the
InN and MQW samples.

To go deeper in the interpretation of these activation
energies, the evolution of the PL emission energy with the
temperature is compared to the Varshni equation for InN as
illustrated in Fig. 3(a). Regarding the InN sample, the lowest
activation energy FE,; =8 =3meV obtained from the
integrated intensity of the PL is in good agreement with the
carrier localization energy E;,.~ 12 *=2meV (reported in
Table I) estimated from the difference between the projected
PL emission energy at low temperature using the Varshni
equation and the experimental value. This localization is
associated with defect-related potential fluctuations, as
observed by other authors.®'# Furthermore, the localization
energy corresponds to the expected value in a sample with a
residual carrier concentration in the range of no~ 10" cm—>."*

Regarding the MQW sample, the evolution of the PL
peak energy with temperature presents a strong deviation
from the expected one in bulk InN described by the Varshni
equation, as shown in Fig. 3(b). The observed blue shift of
the MQWs emission peak energy compared to Varshni
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FIG. 3. Temperature dependence of the PL peak energy from (a) the InN
film and (b) the MQW structure. Dashed lines indicate the theoretical evolu-
tion of the bandgap with temperature following Varshni equation, using the
parameters reported in Ref. 10.
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equation points out a carrier localization energy E,;,. above
35meV. The potential fluctuations responsible for this local-
ization can be related to variations in the QW thickness (a
fluctuation of =2 ML leads to a change in the PL energy of
*20meV) or to alloy fluctuations in the InGaN barriers,
which induce a certain degree of lateral confinement,
enhanced by the intense piezoelectric field in InGaN
alloys."” Indeed, looking at the band diagram in Fig. 2(b),
the internal electric field in the QWs is not fully screened for
a residual doping of 10 em 3, although theoretical calcula-
tions (not shown) predict a decrease by almost a factor of 2
when increasing the doping level from 10"cm™ to
10 cm 2,

The PL emission linewidth of the InN film follows the
predicted broadening with temperature of kzT. This relation-
ship is followed by the emission of the MQW sample for
temperatures below 200K. For higher temperatures, the
FWHM strongly increases up to ~138 meV at RT. This
behaviour can be explained by assuming two very close dis-
tributions of potential minima, whose emission merges into a
single one for temperatures above 200 K.

The interband relaxation time of the InN and MQW sam-
ples was measured using the degenerate pump-probe tech-
nique at RT. The pump and probe pulses were produced by a
femtosecond laser source emitting at 1.55 um (repetition
rate = 100 MHz, pulse width=100 fs). The peak intensity
was 0.35 GW/cm? for the pump and 10 times weaker for the
probe. More details about the setup can be found in Ref. 16.
Figure 4 shows the detected differential probe signal versus
the pump-probe time delay for both samples. For the InN
sample, the measured decay cannot be well fitted with a
single-exponential function, as already observed by other
authors,'”™'? revealing the coexistence of various carrier
relaxation paths. In order to investigate the origin of these dif-
ferent processes, power-dependent measurements were per-
formed, showing that the initial relaxation time constant
decreases from 30 to 13 ps when the excitation carrier density
increases from n,,.~4.3 x 10" to 3.8 x 10"” cm > (inset of
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FIG. 4. Normalized differential detected probe signal as a function of the
pump-probe time delay in both InN and MQW samples for a pump peak in-
tensity of 0.35GW/cm?”. Inset: Dependence of the initial relaxation rate
1/t;,; on the total electron density, which includes contributions from both
background doping (np) and photogeneration (n,,.). The values of n,,. are
calculated taking into account the absorption coefficient and saturation in-
tensity of the samples.
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Fig. 4), which is in the same order that the residual carrier
concentration of the layers, 1o~ 10"’ cm . Since the role of
radiative recombination is considered to be negligible in the
picosecond scale,” the observed relaxation should be domi-
nated by a nonradiative recombination process, such as Au-
ger. In the case of a degenerate system under high excitation
(Mexe > Np), the Auger recombination rate (1/T4,e.,) follows a
linear dependence on carrier density (1).*° The solid line
in the inset of Fig. 4 is the linear fit t0 1/7;,; = Ajetecs
+ Cauger 1, Whete Ageroer ~ (14£5)x 1077 57" is the
defect-related non-radiative recombination rate and Cyyger
~(13+02)x107% em® s7! is the Auger coefficient. The
value of Cyyyg,r 18 slightly higher than the one obtained by
Tsai et al. of 2.5x107'% cm? s in InN films grown by
MBE on Si(111)"7 pumping at 780nm (1.59 eV). The second
nonradiative relaxation mechanism, associated to the slower
decay occurring at longer delays (t~70 = 7 ps, consistent
with the obtained value of A..), is attributed to the recom-
bination of the carriers via defects in the structure.

Regarding the MQW structure, a single-exponential
decay with a longer defect-related carrier relaxation time
T~ 125 = 10 ps is obtained (Fig. 4) for low pump peak inten-
sities (0.35 GW/cm?). However, when increasing the pump
intensity, and thus the photogenerated carrier concentration,
the decay becomes non-exponential. An estimation of the
initial relaxation rate (1/7;,;) as a function of the total elec-
tron density is depicted in the inset of Fig. 4. The change in
the slope of 1/t;,; vs the total electron density is assigned to
the activation of many—body phenomena.

In summary, the thermal behaviour of the PL emission
from InN/IngoGay N MQWs was analyzed and compared
with a 1-um-thick InN layer. The S-shape described by the
PL energy peak as a function of the temperature in the InN
film indicates carrier thermal delocalization from local
potential minima related to structural defects, with an aver-
age localization energy of 12 meV. In the case of the MQWs,
the localization energy increases above 35 meV, being attrib-
uted to potential fluctuations in the QWs due to layer thick-
ness and/or alloy fluctuations. At the same time, longer
carrier relaxation time ~125 ps is obtained from pump-probe
measurements at 1.55 um for the MQW sample, as expected
from the strong carrier localization present in the structure.
This enhanced localization leads to an increase of the lumi-
nescence efficiency in the InN/InGaN MQW up to five times
compared to the one obtained for bulk InN.
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