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Abstract

Internal quantum efficiency (IQE) is an important figure of merit of semiconductors
for photoelectric applications, whereas photoluminescence (PL) as a direct and powerful
approach for clarifying carriers radiative recombination may serve as an efficacious tool
to determine the IQE. While InAs core/shell (¢/s) nanowires (NWs) are considered as
the promising solution to reduce the optoelectronic limitation of surface states and for
efficient quantum emission, the relationship between the IQE and shell coating remains
unclear. In this work, pumping power- and temperature-dependent mid-infrared PL

measurements are performed on a series samples of InAs ¢/s NWs with different shells



of InGaAs, AISb and GaSb, together with a bare InAs NWs sample as core reference.
Background carrier concentration is verified to be negligible in the PL process at 9
K, from which the IQE is successfully derived. Further analyses reveal that at 9 K
the Auger recombination dominates and the IQE drops with the shell coating due
mainly to the synergy of crystal quality deterioration in shell and particular radial
band alignment, while the IQE gets significantly improved by up to about 50% for
InGaAs shell coating at 40—140 K, and up to about 20% beyond 110 K for AISb shell
coating, but no enhancement below 260 K for GaSb shell coating because mainly of
the carriers leakage in type-III band alignment. The results indicate the potentiality
of the ¢/s NWs for high-temperature IQE improvement and the availability of the PL

analyses for clarifying the shell coating effects on the optoelectronic properties.
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Introduction

InAs nanowires (NWs) are promising for high-performance nanoscale infrared photoelectric
applications of, e.g., laser diode,! solar cell,? and photodetector.® Considered as the poten-
tial solution for the key difficulty that the high-density surface dislocations hinder the the
optoelectronic properties of InAs NWs, InAs core/shell (¢/s) NWs have recently attracted in-
tensive research interests, of which the radiative recombination behavior is widely concerned
yet to be further clarified.*”

Photoluminescence (PL) spectroscopy has been demonstrated as an efficient routine for
characterizing the radiative recombination properties of nano semiconductors, as its intensity

reflects directly the amount of emitting photons.® ! Significant enhancement of PL emission



has been verified in InAs/InP(As) ¢/s NWs, in contrast to the InAs NWs without shell. #712
As the effective absorption rate of pumping light and the number of photo-generated car-
riers as well are usually influenced by the NW distribution and NW geometry of the NW
arrays, > 15 direct comparison of PL intensity is unfair between different NWs samples, unless
the NW samples with very similar density and morphology. This limitation can be relaxed if
the concept of internal quantum efficiency (IQE) is employed, which serves as an important
figure of merit of semiconductors for photoelectric applications and is defined as the ratio of
the photon emission rate to the total electron-hole pair recombination rate.?'%!” Therefore,
IQE may provide a pathway for comparing the radiative recombination properties of the

InAs ¢/s NWs coated with different shells.
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Figure 1: Schematic band structures of InAs ¢/s NWs with type-I (a), type-II (b) and type-
IIT (c) band alignments. Solid-arrows for the radiative recombinations and dash-arrow for
the transport of carriers in broken-gap structure.

As reported, InAs ¢/s NWs with different shells of, e.g., InP,!® GaAs, ¥ AISb® and GaSb?°
had been synthesized. The c¢/s band alignment differs with the shell material, and hence
determines carriers wave-function distributions and radiative recombination rate. The radial
band alignments of InAs ¢/s NWs are typically classified into three types as schematically
shown in Fig.1.2! In principle, the type-I band alignment allows merely the radiative re-
combination in the core of NW, while the type-II alignment may allow additional spatially-
separated radiative transition between the electron in the core and the hole in the shell,

because the conduction-band edge and valence-band edges (CBE and VBE) of the shell are



respectively higher than those of the core. A broken-gap structure, i.e., type-III band align-
ment, 2! will occur when the CBE of the core is below the VBE of the shell, in which radiative
recombination is possible merely in the core, together with considerable leakage of the photo-
generated carriers via radial transport.?? In addition, lattice mismatch between the core and
shell may bring strain, promote nonradiative rate due to crystal quality degradation and
extra dislocations,?® which will competes with the shell effect of surface passivation. As a
result, the questions call for answers that how the radial band alignment and crystal quality
affect the optoelectronic performance of, and what correlation between the IQE and different
shells will be in the InAs ¢/s NWs?

We in this work select the InAs ¢/s NWs samples with InGaAs, AISb and GaSb shells as
the representatives of the type-1, type-II and type-III radial band alignments, respectively.
The IQEs of these samples and a bare InAs NWs sample as core reference are derived with
pumping power- and temperature-dependent PL experiments. Quantitative PL spectral
analyses show that although the IQE declines with shell coating at very low temperature,
a shell-induced enhancement shows up of up to 50% in the InAs/InGaAs c¢/s NWs in a
temperature range of 40—140 K and of up to 20% in InAs/AISb ¢/s NWs above 110 K.
The results indicate potential advantages of the shell-coated InAs NWs for superiors high-

temperature optoelectronic performance.

Experimental Details

The InAs/(InGaAs, AlSb, GaSb) c¢/s NWs samples were grown directly on n-type Si(111)
substrates by molecular-beam epitaxy (MBE). Indium droplets acting as the nucleation site
to prompt the InAs core growth was pre-calibrated prior to the NW growth. A substrate
temperature range of around 420 — 460°C and an As, equivalent beam pressure of around
(6 —9) x 107°% mbar were used for the InAs core growth. After the growth of the InAs

core NWs, the deposition was followed of InGaAs, AISb and GaSb shells, respectively. The



Ga content of the InGaAs shell is about 0.7 — 0.8 as estimated by energy dispersive x-ray
spectroscopy.

A step-scan Fourier-transform infrared (ssFTIR) spectrometer-based modulated PL tech-
nique was employed for the mid-infrared PL measurements.?* A 532-nm continuous-wave
laser was selected as the pumping source, its output was first accurately power-controlled by
a laser power controller and then modulated by a mechanical chopper for optical pumping. A
liquid-nitrogen cooled InSb detector was used for the PL signal detection and a lock-in ampli-
fier for demodulation and amplification. The NWs samples were mounted on the cold finger
of a closed-cycle compressor for temperature control. For the pumping power-dependent PL
measurements, the samples’ temperature was set at 9 K, while for temperature-dependent
PL measurements the pumping power was set at 80 mW. More details about the modulated

mid-infrared PL method and its advantages as well can be found elsewhere. 10:25-3!

Results and Discussions

Figure 2 depicts the scanning electron microscope (SEM) images together with corresponding
single NW annular dark field (ADF) images of the InAs c¢/s NWs with InGaAs, AlSb and
GaSh shells.

The ¢/s NWs are obviously bent, due to the non-uniform strain introduced by the
shell.??33 The morphology distortion of the InAs/InGaAs c¢/s NWs as shown in Fig.2(a)
is most serious, because of the largest c¢/s lattice mismatch. Meanwhile, the large lattice
mismatch leads to the misfit dislocations in shell as demonstrated by the ADF image around
the InAs/InGaAs interface in Fig.2(b). The InAs/AISb c¢/s NWs manifest quite smooth
surface morphology [Fig. 2(c)| whereas the InAs/GaSb ¢/s NWs exhibit rough NW surface
morphology, as shown in the Fig.2(d), which indicating the presence of significant disorder
of crystal direction. The core diameters/shell thicknesses of the InAs/InGaAs, InAs/AlISb
and InAs/GaSb ¢/s NWs are estimated as 46 nm/13 nm, 56 nm/5.6 nm and 121 nm/75



Figure 2: (a) Scanning electron microscope (SEM) and corresponding annular dark field
(ADF, in the insert) images of the InAs/InGaAs c¢/s NWs. (b) ADF image around the
InAs/InGaAs interface showing the significant misfit dislocations. (c¢) and (d) similar as (a),
for the InAs/AlSb and InAs/GaSb c¢/s NWs, respectively.

nm, respectively. The InAs/InGaAs c¢/s NWs remain the type-I radial band alignment as
the strain is insufficient for changing the band alignment,?! while the InAs/GaSb c¢/s NWs
maintain the type-III radial band alignment due to the insufficient core and/or shell quan-

34

tum confinement.** For comparison, a bare InAs NWs sample with the zinc-blend /wurtzite

(ZB/WZ) polytypic structure was used as the core reference. %

To inspect the radiative recombination properties, modulated PL measurements were
carried out with the ssFTIR spectrometer-based technique,?* by which the disturbance of
environmental thermal emission was fully eliminated and weak mid-infrared PL signal was
detectable. %36 Representative PL spectra are illustrated in Fig. 3 for different NWs samples
at a temperature of 9 K under pumping powers of 10 mW and 320 mW, respectively.

The PL spectrum of the core reference sample under the low pumping can be decomposed
into one dominant Gaussian-Lorentzian3” feature that corresponding to the ZB conduction
band-to-WZ valence band type-II transition, together with two weak features located at the
low- and high-energy sides, which are ascribed to impurity-related and W7 bandgap transi-

tions, respectively.1%3® This assignment is supported by the fact that at high pumping power
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Figure 3: PL spectra and curve fittings of the (a) core reference, (b) InAs/InGaAs, (c)
InAs/AlISb and (d) InAs/GaSb ¢/s NWs samples at 9 K under pumping powers of 10 and
320 mW, respectively. Arrow in (d) indicates atmospheric disturbance on the PL spectra.

the impurity-related transition is negligible and the type-II transition blueshifts considerably.

The InAs/InGaAs and InAs/AlSb ¢/s NWs samples exhibit a single Gaussian-Lorentzian
PL feature, which also blueshifts obviously as the pumping power increases and is therefore
ascribed to the type-II transition as well. In the InAs/InGaAs ¢/s NWs the type-II transition
is attributed to the ZB/WZ polytypic structure, while in the InAs/AlSb ¢/s NWs both the
polytypic structure and the type-II radial band alignment are likely responsible. The possible
reason for that the PL energy of the InAs/InGaAs c¢/s NWs is slightly higher than that of
the core reference could be the compressive strain effect of the shell on the core.?® Also, the
larger PL linewidth of the InAs/InGaAs c¢/s NWs accords qualitatively with more serious
distortion of NW morphology.

Differing obviously from the NWs above, the InAs/GaSb ¢/s NWs sample exhibits two
separated PL features at about 380 and 467 meV, respectively. These two features do hardly

shift with pumping power and the high-energy-feature (HEF') energy is close to the band gap



of WZ InAs.?%% In consequence, the HEF is preliminarily assigned to the WZ InAs band-
edge transition. The large PL linewidth of the HEF implies significant potential fluctuation,
which agrees with the crystal disorder. The presence of the WZ InAs is a result of the GaSb-
shell induced change to the InAs surface free energy.?® Meanwhile, the low-energy-feature
(LEF) is possibly associated with impurities and/or defects, due to the degradation of the
crystal structure.

The assignments of type-II transitions are further affirmed by the evolution of the PL
energies with pumping power, as plotted in Fig4(a). Except for the LEF and HEF of the
InAs/GaSb ¢/s NWs which maintain nearly unchanged, the PL features of the core reference,
and the InAs/InGaAs and InAs/AlISb ¢/s NWs blueshift as the pumping power increases,

and all the blueshifts follow quite well the equation

E = Ey+ kP'?, (1)

for the band bending effect of the recombination of spatially separated carriers,*! where £,
is the PL energy without band bending effect, P is the pumping power, and k is a coefficient.
The derived Ey and k are 399 meV and 2.56 meV,/mW'/3 for the core reference, 414 meV
and 1.76 meV/mW'/3 for the InAs/InGaAs, and 388 meV and 2.33 meV/mW'/3 for the
InAs/AlSb ¢/s NWs samples, respectively. The reasonable fittings with Eq. (1) confirm the
rationality of the PL features’ classification.

Figure 4(b) plots the PL efficiencies against pumping power for the PL features of different
NWs samples. The PL efficiency 7 is defined as n = I/P, the ratio of the PL integral
intensity (/) to pumping power (P).%? For comparison, the PL efficiencies at a pumping
power of 10 mW are normalized to unity. Clearly, the PL efficiencies decrease monotonously
as pumping power increases, which reveals the Auger recombination dominating the PL
process.®® In addition, for the InAs/GaSb c¢/s NWs sample, the PL efficiencies of the LEF

and HEF evolve almost synchronously, which hints the defects/impurities being not photo-
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Figure 4: Evolutions of PL energy (a) and PL efficiency (b) with pumping power for different
NWs samples. Solid lines in (a) represent the fits with Eq. (1), whereas dashed lines serve as
guides to the eyes. PL efficiencies in (b) at a pumping power of 10 mW are normalized to
unity for comparison.

excited exhaustedly during the power-dependent PL measurements. The LEF and HEF of
the InAs/GaSb ¢/s NWs sample manifest a similar radiative recombination behavior, and
can therefore be reasonably taken as an ensemble in an integral intensity analysis.

The relationship between the pumping power and the PL integral intensity can be de-

scribed with the ABC model, which takes the form4

aP = A(0n)+ B(ng + 6n)* + C(ng + 6n)*on, (2)

where ng is the density of the background carriers, dn is the density of the photo-generated
carriers, « is a coefficient for the pumping efficiency, and A, B and C represent the coefficients

of nonradiative, radiative and Auger recombinations, respectively. The PL integral intensity



can be expressed as,*

I = BB(ng+dn)?, (3)

where [ is a coefficient depending on the collection efficiency of the PL signal.

As Auger recombination dominates, Eq.(2) can be simplified as aP ~ C(ng + dn)?*in.
For the two extreme cases: (i) if ng > on, then ng + dn ~ ng and P  dn, so the PL
efficiency n oc P~1; (ii) if on > ng, then ng + dn =~ on and P o< (0n)3, and hence n o
P~1/3. Accordingly, fitting the evolution of the PL efficiency with 1 oc P? will disclose the
relationship between ng and dn, and the results are depicted in Fig4(b) as solid lines, with
v = —0.27, —0.35, —0.39 and —0.32 for the core reference, InAs/InGaAs, InAs/AlSb and
InAs/GaSh ¢/s NWs samples, respectively. These v values are all close to —1/3, and approve
the validity of dn > ny for the NWs.

With such a prerequisite, the IQE of the NWs is derived,!” and Eq. (2) is rewritten with

Eq. (3) as,

P =al'? +bI +cI*?, (4)

where a = A/a/BB, b = 1/af and ¢ = C/ay/(SB)3. The values of a, b and ¢ can be
deduced by fitting the evolution of square root of the PL integral intensity with the pumping

power. The IQE is hence described by,!7

B(on)?
A(on) + B(dn)? + C(on)?
bl

Y SNy Y E TP (5)

IQE

Figure5(a) depicts the P-I'/? fittings by Eq.(4) for different NWs samples. All the
PL features in one spectrum are taken as an ensemble and integrated to integral intensity.

The fittings are achieved with good consistency and the IQEs are derived for different NWs

10
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Figure 5: (a) Pumping power versus square root of PL integral intensity, and (b) derived
IQE as a function of pumping power for different NWs samples.

samples at various pumping powers as plotted in Fig. 5(b).

Due to the dominant Auger recombination, the IQEs of the NWs are lower than 50%
and decline monotonously as the pumping power increases. The IQE are about 50%, 41%,
28% and 16%, respectively, for the core reference, InAs/InGaAs, InAs/AlISb and InAs/GaSh
c/s NWs samples with a pumping power of 10 mW, and fall down to about 29%, 18%,
11% and 6%, respectively, when the pumping power rises to 320 mW. In addition, the
IQE drops in turn after the InGaAs, AISb and GaSb shell coating. This conflicts with
the prospective result that shell coating passivates the surface dislocation and enhances
radiative recombination. %% As a possible reason, the joint effects of the following issues
could be considered: (i) the surface-related nonradiative channels are hardly activated at
a low temperature of 9 K; (ii) the ¢/s lattice mismatch lowers the NW crystal quality and
induces extra dislocations;%0 (iii) the stacking faults density may be enhanced due to the

variation of surface free energy;® and (iv) the type-II radial band alignment in InAs/AlISb

11



¢/s NWs reduces the overlapping of carrier wavefunction around the c/s interface?” whereas

the photo-generated carriers leak in the InAs/GaSb ¢/s NWs due to the type-III radial band

alignment. 22
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Figure 6: PL spectra of the core reference (a) and the InAs/GaSb ¢/s NWs (b) samples at
several representative temperatures.

To active the nonradiative recombination channels, the temperature of the samples was
elevated during the PL measurements. A mediate pumping power of 80 mW was selected, at
which the 9-K IQEs of the core reference, InAs/InGaAs, InAs/AISb and InAs/GaSb ¢/s NWs
are about 40%, 26%, 17% and 9%, respectively. Fig.6(a) and (b) depict the representative
temperature-dependent PL spectra of the core reference and InAs/GaSb ¢/s NWs samples,
respectively. The PL intensity of the core reference exhibits a dramatic attenuation as
temperature rises, while the LEF of the InAs/GaSb ¢/s NWs diminishes and merges into
HEF and the HEF dominates at temperatures above 80 K.

The IQEs at different temperatures are deduced from the temperature-dependent PL

integral intensity and the 9-K IQE, with an assumption of temperature-insensitive absorption

12



efficiency, 449

IQE(T) =

TOK) x IQE(9K), (6)

and the results are illustrated in Fig. 7(a) for the NWs samples. The IQEs decline exponen-
tially as temperature increases, but different samples manifest different decline velocity. For
example, the IQE of the InAs/InGaAs ¢/s NWs is lower than that of the core reference at 9
K, but is obviously higher in a temperature range of 40—140 K. As the IQE is proportional to
the PL integral intensity as describe by Eq. (6), the evolution of IQE with temperature can
be fitted for identifying the possible thermal-induced nonradiative recombination channels

with, 10:29,50

1
L+ S g elhet?

IQE(T) o (7)

where E; is the quenching energy of the jth nonradiative channel, §; represents the nonra-
diative coefficient and is proportional to the ratio of nonradiative to radiative recombination
probabilities, and kp is the Boltzmann constant. While single nonradiative channel is not
sufficient for fitting the IQE evolution, two channels fits the temperature range above 25 K
quite well, at which dislocation-related channels dominate the nonradiative recombination.

The corresponding §; and F; are derived and summarized in Table 1.

Table 1: ¢; and E; derived from the IQE evolution with temperature for the InAs NW core
reference and the ¢/s NWs with InGaAs, AISb and GaSb shells, respectively.

Core Ref. InGaAs shell AlSb shell GaSb shell

& 12.2 29.9 11.5 16.8
E, (meV) 87 18.7 12.1 12.4

& 1102 1732 346 468
E, (meV)  45.0 60.9 415 41.9

Since the IQE is derived with an approach of ensemble integral intensity, the thermal-

induced IQE quenching is ascribed to the nonradiative channels related to the dislocations

13
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Figure 7: IQEs of different NWs samples (a) and IQE ratios of the ¢/s NWs to the core
reference (b) as a function of temperature. Solid lines in (a) for the fittings of Eq. (7).

rather than the carriers transfer in the NWs. 15! In comparison with the core reference NWs,
the InAs/InGaAs ¢/s NWs manifests quite larger activation energies £ for the both channels,
the latter may hint the thermal-quenching of the IQE to be more difficult.?® Nevertheless,
such expectation is possibly strangled by the dramatic enhancement of the nonradiative
coefficient §;, which is associated with the density of nonradiative impurities introduced by
the degradation of crystal quality. The first nonradiative channel could be ascribed to the
c/s misfit dislocations, as the dramatic increased &, about 2.5-fold to that of core reference,
agrees well with the significant misfit dislocations in shell as indicated in the interface ADF
image [Fig.2(b)|]. The competition between the activation energy and the nonradiative
coefficient may result in a superior IQE in the ¢/s NWs within a narrow temperature range.
This hints the importance of maintaining good crystal quality for high IQE in the type-I
radial band alignment ¢/s NWs.

For the InAs/AlSb and InAs/GaSb c¢/s NWs samples the effects of shell coating on &; and

14



E, are relatively weak, because the c/s lattice mismatch is negligible and hence the misfit
dislocation impact is inferior. The obviously smaller & together with the almost-unchanged
E5 hints the second nonradiative channel being possibly correlated with the InAs NW surface
passivation®” and also indicates a reduced density of ¢/s interface nonradiative impurities.
These suggest a more temperature-insensitive IQE, and hence a potential advantage of high-
temperature IQE if the temperature-insensitive performance makes up the inherent low-
temperature IQE shortage for the ¢/s NWs with type-IT and type-11I radial band alignments,
even though the low-temperature IQE is lower than that of the core reference due to the
spatially separation of carrier wave-function®” and/or photo-generated carriers leakage.*?
For further direct comparison, the IQE ratio of the ¢/s NWs to the core reference is
depicted as a function of temperature in Fig.7(b). At low temperatures, the surface non-
radiative channels are hardly thermal-activated in the InAs NWs. The shell coating effect
on the reduction of the surface dislocation is weak, and the IQE ratios are less than 100%.
As temperature rises, the temperature-insensitive nature of the IQE leads to an increase to
the IQE ratio. For the InAs/InGaAs ¢/s NWs sample, an IQE ratio of up to 150% shows
up in a temperature range of 40—140 K, despite of the morphology deterioration, indicating
undoubtedly an improvement to the optical emission performance. At higher temperatures
the IQE ratio falls back as the c¢/s strain-induced nonradiative dislocations are thermally
activated and play a dominant role. For the InAs/AlISb c¢/s NWs sample, the IQE ratio in-
creases monotonously, exceeds 100% at about 110 K, and goes up to 120% at a temperature
of 260 K, suggesting the AISb shell coating as a potentially effective approach for promoting
high-temperature optoelectronic properties. The IQE enhancement agrees with the fact that
the InAs/AISb NW photodetector manifests the quite lower dark current than the bare InAs
NW detector does.® For the InAs/GaSb c¢/s NWs sample, although the IQE ratio rises up
with temperature, the type-III radial band alignment results in carrier leakage,?? and hence
the low IQE at low temperature is hardly redeemed at high temperatures. This means the

GaSb shell coating may fall short of improvement to the optoelectronic performance.
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Summary

To summarize, we in this work conduct pumping power- and temperature-dependent mid-
infrared PL analyses on a bare InAs NWs sample as core reference and the InAs c¢/s NWs
samples with, respectively, InGaAs, AISb and GaSb shells. With a verified prerequisite that
the contribution is negligible of background carriers to the PL intensity, the low-temperature
IQEs of the NWs samples are derived from the relation of the PL integral intensity to the
pumping power. The IQE drops with the shell coating, which is ascribed to the joint effect
of the degradation of crystal quality due to the ¢/s lattice mismatch, the reduction of carrier
transition efficiency due to the type-II radial band alignment, and the leakage of photo-
generated carriers in the type-III band alignment.

In comparison with the bare core reference, the c¢/s NWs with InGaAs shell coating
exhibits a larger quenching activation energy and nonradiative coefficient, which results in
a considerable IQE improvement in a temperature range of 40—140 K. For the ¢/s NWs
with AlSb and GaSb shells, the shell coating reduces the surficial nonradiative dislocations,
and leads the IQE to be temperature-insensitive. The c¢/s NWs with AlISb shell coating
manifests an improved IQE at temperatures above 110 K, but that with GaSb shell coating
doesn’t because of the broken-gap type-III radial band alignment and the resultant carriers
leakage. These results deepen the understanding of the shell coating effects on InAs NWs,
suggest appropriate shells for optimizing optoelectronic performance, reveal the potentiality
of the type-I and -II ¢/s NWs for acquiring temperature-insensitive IQE, and demonstrate the
pumping power- and temperature-dependent mid-infrared PL spectroscopy as an efficacious

approach for IQE analysis in narrow-gap NWs.
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(Left) 9-K PL spectra of bare InAs NWs and InAs
core/shell NWs with different shells; (Right) IQE
ratio of core/shell NWs to bare NWs as a function
of temperature.
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