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Recombination dynamics in wurtzite InP nanowires
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We report time-resolved photoluminescence

investigations of as-grown wurtzite InP nanowires

(d,y=16 nm) on a (111) silicon substrate as a function of emission energy, temperature, and excitation fluence.
The observed luminescence transients are well described by a biexponential decay process, with
Trase~ 0.3—0.7 ns and 7, ~2-5 ns, which does not originate from band bending induced by surface states.
The trends associated with the decay characteristics instead point to size-dependent localization effects in the

narrow nanowires.
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I. INTRODUCTION

Semiconductor nanowires (NWs) have attracted great in-
terest in recent years both for basic studies of one-
dimensional physics and as building blocks for nanoscale
devices. Literature now exists for many III-V and II-VI ma-
terial systems and with various growth modes, such as laser-
assisted catalytic growth! and chemical beam epitaxy,’ as
well as some noncatalytic methods® such as selective-area
epitaxy.*> The vapor-liquid-solid (VLS) growth mechanism®
has been a popular mode of synthesis,”~!? in which gas-phase
reactants saturate a liquid metal catalyst and precipitate un-
derneath to form a crystalline solid. When grown on [111]-
oriented substrates, nanowires tend to vertically align, such
that they are unclad, freestanding structures with a lateral
dimension primarily determined by the size of the catalyst
metal droplet.

Much work has been dedicated to exploring the growth
window®!12 and optimizing the multitude of parameters in-
volved in any synthesis method, including the VLS growth
of InP nanowires that are the subject of this study. One strik-
ing feature of InP nanowires, as well as other typically zinc
blende III-V materials, is their ability to crystallize in the
wurtzite structure. Although bulk InP always occurs in a zinc

blende crystal structure, both zinc blende®”!3 and
wurtzite>*!4 crystal phases have been reported for InP nano-
wires, indeed sometimes simultaneously.“ Various

theoretical>!® and experimental®!!'# reports indicate a sub-
stantial blueshift of the emission energy of wurtzite InP com-
pared to zinc blende InP, although the range of reported val-
ues also significantly varies. These have involved wires with
diameters larger than twice the exciton Bohr radius
(~9 nm) in bulk InP, such that quantum confinement is not
a contributing factor.

In this paper, we report a systematic study of the recom-
bination dynamics of wurtzite InP NWs with an average di-
ameter of 16 nm as a function of emission energy, tempera-
ture, and excitation fluence. In III-V systems, time-resolved
photoluminescence (PL) has been used in the past to study
one-dimensional structures such as V-groove!”?" and
etched?' quantum wires as well as self-assembled quantum
dash structures,?? but few reports have mentioned the carrier
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dynamics in freestanding nanowires.>>} Other groups have
performed time-resolved measurements on II-VI nanowires
such as Zn0,?* ZnSe,> and CdS,* revealing complex re-
combination dynamics in these structures. The information
about carrier lifetimes extracted from such measurements is
extremely relevant for designing optoelectronic devices, as
well as of basic scientific interest, especially given the wurtz-
ite crystal structure of the InP nanowires. Furthermore, be-
cause the NWs are directly grown on (111) silicon, we can
directly perform photoluminescence characterization on the
as-grown samples without having to remove them from the
substrate. We therefore establish baseline characteristics of
the as-grown sample to ascertain how subsequent surface
treatment or fabrication steps alter the optical properties of
the nanowires, which one can expect to sensitively depend
on the surface modifications given the large surface-to-
volume ratio.

II. EXPERIMENTAL DETAILS

The InP nanowires used in this study are grown via the
VLS method in a metal-organic chemical vapor deposition
reactor. A solution of gold nanoparticles nominally 10 nm in
diameter is deposited onto a deoxidized (111) silicon wafer
and annealed at 640 °C in the reaction chamber for 3 min
under a flow of H,. The wafer platter is subsequently ramped
down to the growth temperature of 470 °C, and the metal-
organic reactants, TMIn (trimethylindium) and TBP (tertia-
rybutylphosphene) , are introduced with a V/III ratio of 61 as
determined from the mass-flow controllers at the input. After
3 min of growth, the temperature is decreased to ambient in
an H, environment. Further details about the growth are de-
scribed elsewhere.’

A scanning electron micrograph of a typical high-density
sample area is shown in Fig. 1, from which the vertical,
epitaxial growth from the substrate is evident. This picture
shows a region on the substrate with a density of ~150
nanowires/um?, although the coverage is inhomogeneous
and areas with low nanowire densities are also found. The
wires are typically =1 um in length, with an average diam-
eter of 16 nm (0=3.4 nm), which includes an ~2 nm thick
amorphous layer surrounding the nanowire itself. Transmis-
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FIG. 1. (Color online) 20°-tilted scanning electron microscopy
picture of the as-grown InP nanowires on a (111) Si substrate. The
m-PL measurements are performed without removing the wires
from the substrate.

sion electron microscope investigations have further revealed
that the nanowires crystallize in a wurtzite phase, which ex-
hibit extremely smooth sidewalls with no evidence of rota-
tional twins along the entire length. High-resolution trans-
mission electron microscopy (TEM) images also show an
AB rather than ABC stacking pattern, further confirming the
wurtzite structure.

Microphotoluminescence (u-PL) measurements are per-
formed for optical characterization of the InP nanowires. The
as-grown samples are mounted in a continuous-flow helium
cryostat, and an excitation beam from an argon-pumped Ti-
:sapphire laser is focused onto the sample through a
numerical aperture=0.4 microscope objective with a spot
size of ~3 um at low intensities. The laser provides
~150 fs pulses at 1.67 eV to the sample, with a repetition
rate of 82 MHz. The sample luminescence is collected by the
same microscope objective and passes through a 0.55 m
spectrometer to a nitrogen-cooled silicon charge-coupled de-
vice for time-integrated photoluminescence measurements.
Time-resolved measurements are achieved by the time-
correlated photon-counting method, where the detector is in-
stead a photomultiplier tube in conjunction with single-
photon-counting electronics, providing a timing resolution of
~100 ps. The spectral window for the time-resolved mea-
surements is 5 meV.

The PL characterization is performed on the as-grown
nanowire sample, without the wires being dispensed onto a
separate substrate before measurement. Still, contributions
from individual wires are discernable in the time-integrated
u-PL measurements at very low excitation intensities
(<10 W/cm?). These measurements extremely reveal nar-
row emission linewidths, typically 2—6 meV at low tempera-
tures, as shown in Fig. 2(a). This is much narrower than that
reported by other groups, in the range of 20-100 meV.>+7:13
Multiple factors may contribute to this comparatively small
linewidth. One is that the nanowires here are free of rota-
tional twins and polytyping that some groups have seen in
TEM investigations of InP nanowires.® However, ~20 meV
linewidths have also been reported in PL measurements on
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FIG. 2. (Color online) T=4 K. (a) Representative u-PL spec-
trum under low excitation conditions, showing narrow lumines-
cence lines from individual nanowires. (b) Inhomogeneously broad-
ened PL spectrum under high excitation conditions, representing the
ensemble of nanowires. Vertical lines indicate the detection energies
where transient measurements were performed.

pure wurtzite InP nanowires.* We believe that a primary rea-
son for the narrow linewidths may be the pristine surface
condition of the as-grown nanowires, which have never been
in contact with another surface agent and have not undergone
sonication or other potentially damaging dispensing proce-
dures. Further studies are necessary to clarify these points.
With higher excitation intensity, contributions from many
nanowires result in strong inhomogeneous broadening of the
photoluminescence peak, as shown in Fig. 2(b). The full
width at half maximum (FWHM) of the ensemble of nano-
wires here is 60 meV. For the time-resolved measurements,
maintaining constant excitation conditions with a reasonable
signal-to-noise ratio over a wide temperature range requires
stronger excitation conditions compared to the time-
integrated measurement. The ensemble emission intensity
linearly varies over the entire excitation range investigated in
either case. Although single-wire contributions are not vis-
ible with the 10 uJ/cm? excitation fluence used here, valu-
able information about the recombination dynamics is ob-
tained by performing time-resolved photoluminescence
measurements at different emission energies across the en-
semble. These are depicted in Fig. 2(b), with the vertical
lines indicating the energies where transient measurements
were performed. This spectral dependence is repeated at
various temperatures over a 4—110 K range in order to track
the thermal evolution of the recombination dynamics, and
the dependence on the excitation fluence is measured at 4 K.

III. RESULTS

Given the high surface-to-volume ratio of the nanowires,
we might reasonably expect a monoexponential decay with a
time scale determined by a fast nonradiative recombination

. S T | .
of the 51dewalls. Tgecay= Trad + Thonrad> 28 has. been seen in
quantum wire structures of various materials,”?'*’ which

means that Tgelcayzr_l when nonradiative decay domi-

nonrad
nates. However, the decay process is clearly not a simple
exponential, as demonstrated in the semilogarithmic plot in

Fig. 3(a) for a temperature of 20 K at various detection en-
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FIG. 3. (Color online) Time-resolved PL traces at (a) various
detection energies for 7=20 K and (b) various temperatures for a
detection energy of 1.476 eV. Traces are vertically offset for clarity.
The dots represent raw experimental data, and the solid lines are the
results of the Gaussian-biexponential convolution fitting.

ergies. The basic feature of the luminescence transient is in-
stead a distinct biexponential decay character. The fast time
scale has a value of ~400 ps, and the slow time scale varies
from ~2 to 5 ns depending on the emission energy and tem-
perature, as seen in Fig. 3(b). Because this fast decay is
almost comparable to the ~100 ps timing resolution of the
measurement system, we extract the values of the decay
times by a deconvolution procedure with the detection sys-
tem. Specifically, we model the system response as a Gauss-
ian rise time to the recorded decay curves and convolve this
with two exponential decay terms of the form A;e~"7. The
analytic expression for this convolution is then

(1) =yo+ 2 A; \/g( g) 727 g~ li=t0) 7

i=1,2 i

1 g fo—f
Xy l—erf| =|—+—] |,
N2\ 7 (oa

where o is the width of the Gaussian (~100 ps), y, accounts
for the noise floor, 7; (i=1,2) are the two decay times, and A;
are the prefactors giving the relative weight of each decay
process. This expression is used to fit the recorded traces
over several pulse repetitions, such that the extracted values
are implicitly averaged over a few cycles.

The convolution fitting procedure reproduces the ob-
served luminescence decay extremely well, as depicted by
the solid curves in Fig. 3. As is evident from these traces, the
higher-energy side of the ensemble exhibits a faster effective
decay time, either because of a greater contribution of the
fast process or because of faster time constants. We can dif-
ferentiate these factors by examining the trends associated
with the extracted A; and 7; values individually. Figure 4
shows the variation of the decay time across the detection
energies investigated over a temperature range of 4—-110 K.
At 4 K, the slow decay time 7y, decreases from 4.7 to 2.0
ns over the 70 meV range of detection energies, while the
fast decay time 7y, decreases by a similar factor from 0.7 to
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FIG. 4. (Color online) Spectral dependence of the two extracted
decay times, with solid symbols for the slow time scale and open
symbols for the fast time scale. 7, is not plotted for 7=20 K,
since it is independent of detection energy, with a value of
~400 ps.

0.3 ns over this energy range. However, the spectral variation
of the fast process is unique to the very low temperature
regime. By 20 K, 7, shows no variation with the detection
energy within the error of the measurement, and so is only
plotted for =4 K in Fig. 4. The constant value of about 400
ps for all energies suggests that thermally activated nonradi-
ative recombination determines the time scale of this fast
process for T=20 K. This correlates with observations from
an earlier study on InP nanowires synthesized under some-
what different growth conditions, which did not epitaxially
grow on the substrate.?® On the other hand, while the spectral
variation of 7,,, weakens with increasing temperature, it is
still observable at 110 K, the highest temperature investi-
gated here.

We can gain further insight into the recombination dy-
namics by noting how the relative weights of the two pro-
cesses change with emission energy, as shown in Fig. 5(a).
Plotted is the fractional contribution of the fast process to the
total decay, which is determined from the prefactors of the
fitting function: A,/ (A +Agow)- For T=20 K, the contri-
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FIG. 5. (Color online) Relative weight of the fast decay process
versus (a) detection energy and (b) temperature. The fast decay is
more important at higher emission energies and higher
temperatures.
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FIG. 6. Relative contribution of the slow (solid symbols) and the
fast (open symbols) processes to the total decay under different
excitation conditions. The decay at fluences of less than
0.3 uJ/cm? is monoexponential with the long decay time.

bution of the fast decay increases from about 15% at a de-
tection energy of 1.442 eV to about 50% at 1.512 eV. With
increasing temperature, this fast process increasingly be-
comes important across the spectrum, equally contributing to
the slow process even on the red side of the PL peak at 80 K.
The temperature dependence of the fractional contribution of
the fast decay is explicitly displayed in Fig. 5(b), with only
three detection energies shown for clarity. Evidently, the fast
decay process becomes increasingly significant at high emis-
sion energies and high temperatures. Nonradiative contribu-
tions to this process by 20 K in conjunction with its increas-
ing relative weight with temperature imply that the fast
decay plays a critical role in quenching of the PL intensity at
elevated temperatures.

The spectral and thermal dependences of the biexponen-
tial decay characteristics are performed under constant exci-
tation conditions, at a fluence of 10 wJ/ cm?, in order to
avoid complicating the results with a third variable. We sepa-
rately examine the role of the excitation conditions by mea-
suring the PL decay at the peak energy of the ensemble at 4
K by varying excitation fluence over 2 orders of magnitude.
Here, the key finding is that under very low excitation con-
ditions, the luminescence decay is monoexponential rather
than biexponential, with the time scale given by the slow
decay time. At a fluence of 0.3 wJ/cm?, the biexponential
character begins to appear. The absolute decay time values
vary little with excitation over the 0.06—12 uJ/cm? range
investigated. The slow decay time slightly decreases from
3.8 to 3.2 ns over this range, while the fast decay time re-
mains constant at 0.7 ns. The transition from a monoexpo-
nential to biexponential decay character is demonstrated in
Fig. 6 by comparing the relative weights of the slow and fast
processes. The fractional contribution of the fast process in-
creases from 0 below 0.3 uJ/cm? to about 15% at the high-
est fluence level of 12 uJ/cm?.

IV. DISCUSSION

The origin of the two exponential decay terms in the time-
resolved traces in InP nanowires has previously been as-
cribed to band bending due to a large density of surface
states on the nanowires.® This argument was originally for-
mulated to describe the strong blueshift seen with increasing
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FIG. 7. (Color online) (a) Spectrum showing four narrow emis-
sion lines (FWHM ~4-6 meV) taken with an excitation intensity
of 4.8 W/cm?. The thick solid line is the sum of the four Lorent-
zian functions used to fit the spectrum. (b) Change in the peak
position (1-4) as a function of excitation intensity from the lowest
excitation used, 3.2 W/cm?. All peaks redshift with increasing
excitation.

excitation intensity of the time-integrated PL peak of
p-doped InP nanowires.” With few photo- (or thermally) ex-
cited charge carriers, band bending effectively localizes one
carrier type at the surface and the other carrier type in the
center of the wire, resulting in spatially indirect recombina-
tion at a lower energy than the flat-band condition. With a
large number of photoexcited carriers, such as with strong
cw excitation or immediately after an excitation pulse, the
bands are flattened and recombination occurs at a compara-
tively higher energy. In this picture, a signature of the band-
bending phenomenon is a blueshift of the PL peak with in-
creasing excitation intensity. However, it is crucial to
differentiate between the behavior of the ensemble and the
behavior of individual nanowire peaks under increasing ex-
citation. Here, we do see a blueshift of the ensemble peak of
about 17 meV from low excitation conditions to the
10 uJ/cm? used in the measurements described above,
much smaller than the 70 meV/decade shift observed in
p-doped InP wires.” The narrow, single-wire peaks as in Fig.
2(a), in fact, show a slight redshift with increasing intensity
even under low excitation conditions, as would be expected
for band gap renormalization®® or from simple beam-induced
heating.

We can examine this in greater detail by tracking the peak
energy of single-wire luminescence peaks under varying cw
excitation (A=532 nm). Figure 7(a) shows four such peaks
measured with an excitation intensity of 4.8 W/ cm?, with
the primary peak having a FWHM of 4.3 meV. The four
features can be fit extremely well by a sum of four Lorentz-
ians, which are indicated by the thick solid line in Fig. 7(a).
Repeating this fitting for spectra taken under different exci-
tation intensities, the peak energy can be compared to its
position measured under the lowest excitation conditions,
=3.2 W/cm?. This shift is plotted for each peak in Fig. 7(b),
revealing a small but consistent decrease in peak energy with
increasing excitation intensity. The size of this redshift
ranges from ~3 to 5 meV over the range of intensities used
here, which likely only measurable because of the narrow
linewidths involved. The cw range of excitation densities
corresponds to purely monoexponential decay in the time-
resolved measurements.

These measurements clearly demonstrate that the shift of
the ensemble does not reflect the behavior of individual
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FIG. 8. (Color online) The effective decay time is larger for

redder emission energies than bluer ones, but consistently decreases
with temperature.

nanowires under increasing excitation. We believe that the
explanation for this apparent contradiction is quite simple:
band filling, rather than band bending. That is, the ensemble
exhibits a blueshift with increasing excitation because higher
subbands of the nanowires are directly observable in the lu-
minescence spectrum under strong photoexcitation. The
slight redshift associated with individual nanowire peaks is
masked by the increasing contribution of luminescence from
n>1 energy levels of the many nanowires involved in the
overall ensemble signal. Thus, while we associate the en-
semble blueshift with band filling, we must disassociate the
origin of the biexponential PL decay from earlier band-
bending arguments for the nanowires investigated in this
study.

On the other hand, biexponential PL decay characteristics
have been observed in quantum wire structures of both III-V
and II-VI materials to the describe dynamics>*?>?° of exci-
tons, which may account for the narrow luminescence peaks
observed. The exciton binding energy, which strongly de-
pends on the structure size and confinement potential, is well
known to be enhanced from the bulk value in quantum wells
and has been shown to have an even larger enhancement in
quantum wires with lateral dimensions of less than 50 nm.
This binding energy should be exceptionally large compared
to bulk InP'¢ for the nanowires investigated here, given that
the diameters are small and the surrounding material is air. In
the exciton picture, the fast and slow processes of the biex-
ponential decay can be associated with free and localized
excitons, respectively, and the relative weight of each decay
process depends on the ratio of the number excitons gener-
ated in a laser pulse to the number localization centers
present in the wire.”> The monoexponential behavior under
low excitation (=0.3 wJ/cm?) then corresponds to the local-
ized exciton lifetime. We can define an effective decay time,
plotted in Fig. 8, by writing Tgelcay=AfaslT;aLt+Aslow7';léw,
which is equivalent to the expression 7! =Nt_01tal(Nfree7}}1ee
+N10CT;,10), which is used to describe populations of free and
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localized excitons, where the total exciton density, N
=Njree+Nioe» 18 the sum of the component free and localized
exciton densities.’! This effective decay time, which implic-
itly includes nonradiative contributions through the A; and 7;
values, is plotted in Fig. 8. For a coarse estimate of the
localization energy, we can make a simple Arrhenius plot of
the integrated intensity of the ensemble, which yields a value
of 7.8 meV. Since this energy comes from the intensity
change of the whole distribution of nanowires, it should be
regarded as the average for all of the different wire sizes. We
note, however, that this localization energy is larger than the
collection bandwidth in the measurement, implying that for a
given detection energy, the slow and fast decay components
arise from distinct nanowires. Future measurements investi-
gating single nanowires should result in a clearer picture of
the relationship between the exciton localization energy and
emission energy or wire size.

V. CONCLUSION

In summary, we have performed a systematic study of the
recombination dynamics of the as-grown wurtzite InP nano-
wires depending on emission energy, temperature, and exci-
tation fluence. Time-integrated PL. measurements reveal line-
widths of a few meV, and corresponding transient
measurements point to a biexponential decay process, with a
fast time scale of 0.3-0.7 ns and a slow time scale ranging
from 2 to 4.7 ns at T=4 K. The fractional contribution of
each process to the total decay is determined from the de-
convolution fitting procedure, indicating a comparatively
small contribution of the fast decay at low (redder) emission
energies at low temperatures and a vanishing contribution
under low excitation conditions. The slight redshift associ-
ated with individual narrow luminescence peaks under in-
creasing excitation intensity is inconsistent with the band-
bending phenomenon described in other InP nanowire
studies, implying that the two-component decay has a differ-
ent origin. We propose that this may be due to exciton local-
ization effects, observed in a variety of III-V and II-VI quan-
tum wire structures and freestanding II-VI nanorods but not
reported in freestanding III-V nanowires. The decay times
observed in these as-grown nanowires may serve as a basis
of comparison for surface-treated nanowires, including both
passivation treatments and unintentional surface modification
by fabrication processing steps of nanowire-based devices.
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