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Effect of hydrogen chloride etching on carrier
recombination processes of indium phosphide

Xiaojun Su,®® Xulu Zeng,® Hynek Némec,® Xianshao Zou,® Wei Zhang,*?

Magnus T. Borgstrom

and Arkady Yartsev

Introduction of in situ HCl etching to an epitaxial growth process has been shown to suppress radial
growth and improve the morphology and optical properties of nanowires. In this paper, we investigate the
dynamics of photo-generated charge carriers in a series of indium phosphide nanowires grown with
varied HCl fluxes. Time resolved photo-induced luminescence, transient absorption and time resolved
terahertz spectroscopy were employed to investigate charge trapping and recombination processes in
the nanowires. Since the excitation photons generate charges predominantly in less than a half length of
the nanowires, we can selectively assess the charge carrier dynamics at their top and bottom. We found
that the photoluminescence decay is dominated by the decay of the mobile hole population due to
trapping, which is affected by the HCl etching. The hole trapping rate is in general faster at the top of the
nanowires than at the bottom. In contrast, electrons remain highly mobile until they recombine non-
radiatively with the trapped holes. The slowest hole trapping as well as the least efficient non-radiative
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1. Introduction

Semiconductor nanowires have received intense interest as
they have potential for application in photovoltaic cells,"®
nanolasers,”® light-emitting diodes,”? field-effect transistors,"***
sensors,">'® and photodetectors.'”'® Significant efforts have
been made for the manufacturing of high-quality materials,
which are needed for device applications.">* In situ etching
allows for control over the axial and radial nanowire growth
rate.>**® In situ etching of Indium Phosphide (InP) nanowires
by the use of Hydrogen Chloride (HCI) was found to suppress
radial growth and improve the morphology and photo-
luminescence (PL) of the nanowires.>>?” Furthermore, the HCI
etching influences the nanowire surface morphology and
reduces defect incorporation®*?® that occurs due to low temp-
erature parasitic radial growth.>* Although this may affect
carrier trapping and recombination processes together with
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recombination was recorded for etching using the HCl molar fraction of yyc = 5.4 x 107°.

the carrier mobility in the nanowires,'* the particular relation-
ship between HCI etching and charge carrier dynamics in the
nanowires is yet to be clarified.

In this study, we examine the charge carrier dynamics in
a series of in situ etched epitaxially grown InP nanowires.
For this, we employ a combination of several time-resolved
techniques:*>*° time-resolved terahertz spectroscopy (TRTS)
and photoluminescence (TRPL) as well as femtosecond-transi-
ent absorption (TA) spectroscopy. This overcomes the possible
limitations of each single technique and allows the obtaining
of conclusive results. More specifically, TRTS probes mainly
the population and mobility of the most mobile carriers, and
TRPL monitors radiative recombination and is sensitive to the
product of mobile electron and hole concentrations, whereas
TA is sensitive to both radiative and non-radiative recombina-
tion processes. Thus, the combination of TRPL and TA enables
us to distinguish between radiative and non-radiative recombi-
nation processes, the combination of TRTS and TRPL enables
us to separate the mobile electron and hole dynamics, and the
combination of TRTS and TA allows us to disentangle the tem-
poral evolution of charge mobility and dynamics from the
charge concentration. In this work, the results from TRPL, TA
and TRTS together lead to the conclusion that the PL quench-
ing represents the hole trapping process with a characteristic
time constant which is dependent on the HCI molar fraction
used. The recombination of the photogenerated charges is

This journal is © The Royal Society of Chemistry 2019
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thus predominantly non-radiative. We also find that the HCI
etching has almost no influence on the electron mobility over
the first 200 ps. Since the excitation photons in our experi-
ments are absorbed predominantly in the vicinity of the exci-
tation incidence side of the nanowire array, we can distinguish
charge carrier dynamics at the top and bottom of the nano-
wires: the hole trapping time is in general longer at the top of
the nanowires than at the bottom. The slowest hole trapping
and charge recombination in the entire series were observed
for nanowires grown in the presence of an HCI molar fraction
of 5.4 x107°.

2. Results and discussion

2.1. Nanowire morphology

InP nanowire arrays were grown on InP (111) B substrates by
the use of metal organic vapor phase epitaxy (MOVPE).*'* Six
1 x 1 em® InP nanowire arrays were grown with different molar
fractions of HCI (yucy) in the gas phase, ranging from 0 to
8.5 x 107>, see Table 1. The resulting arrays consist of nano-
wires with a diameter of D = 200 nm and a length of L =
2.0 pm in a hexagonal pitch of 500 nm (Fig. 1). For part of the
measurements, the nanowires were embedded in a colorless
First Contact (FC) polymer film (Photonic Cleaning
Technology LLC) and then removed from the native substrate
together with the polymer by a peel off procedure. The
polymer used is optically transparent and inert having an
optical refractive index of ~1.5, exhibiting no response to
either of the measurements. In particular, this procedure elim-
inates the otherwise dominating THz photoconductivity of the
bulk InP substrate, while basically maintaining the regular
structure of the nanowire array. Despite the upside-down rever-
sal during the embedding, we will stick to the convention that
the “bottom” side of the nanowire is where an InP nanowire
was attached to the InP substrate, while the “top” side is the
opposite one (ESI 1f). The morphology of the as-grown nano-
wires was investigated by electron microscopy (SEM and TEM).
The SEM images reveal that the nanowires without HCI
etching start kinking during the growth when the length of the
nanowires is approaching 1 pm and that the surface of the
nanowires is rather rough, indicating a large number of struc-

Table 1 InP nanowire arrays grown with different HCl molar fractions.
The bottom side is the side of the nanowire array that was next to the
InP substrate of the as-grown samples, and the opposite is the top side

Polymer-embedded

HCI molar fraction sample
_— As-grown

s (1077) sample Top Bottom
0 A1 T1 B1

2.3 A2 — —

3.9 A3 — —

5.4 A4 T4 B4

6.9 A5 — —

8.5 A6 T6 B6

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM images of the InP nanowires grown with different HCl
molar fractions. The images were recorded at an angle of 30° toward
the normal plane of the substrate.

tural defects. With increasing HCl molar fraction yycy, the
nanowire kinking gradually disappears with the increase of
the HCI molar fraction to 3.9 x 10~° (Fig. 1). The reason that
HCI reduces the kinking is twofold: (1) the effective ratio of In
and P atoms changes when HCI is introduced due to chlori-
nation of TMIn; (2) HCI affects the surface energy of the par-
ticle and leads to different vapor-liquid, vapor-solid and poss-
ibly liquid-solid interfacial energies, which may result in a
more stable particle on top of the nanowire.”®

2.2. Excitation beam propagation

We have calculated the light in-coupling in a periodic array of
nanowires embedded in the polymer using the finite element
method (COMSOL, Multi-physics),>*° see Fig. 2. For the exci-
tation at 800 nm, the absorption length is about 0.25 um;
however, due to waveguiding, the initial excitation density is
concentrated to the interior of the nanowires, within ~0.5 pm
from the excitation side. The excitation pattern at 400 nm is
more complex. The penetration depth is within the tens of nm
range; the highest initial excitation density is thus at the very
top of the nanowire. More importantly, due to the waveguiding
in the nanowire arrays, the major part of the excitation density
distributes around the surface of the nanowire (this effect is
only hardly seen as the slightly lighter colour in the right side
of the corresponding quarter-segment in Fig. 2).

After excitation, one has to consider the diffusion of mobile
carriers that homogenize the carrier density over the nano-
wires on long time scales. The impact of these processes can
be estimated from the ambipolar diffusion length Ly, = (Dat)"?,
where D, = 2D.Dy/(D. + Dy) = 10 cm® s~ ' is the ambipolar
diffusion coefficient of InP.>” We obtain, e.g., Lp = 100 nm in
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Fig. 2 Distribution of the excitation density (number of photons
absorbed in a unit volume) shown for a quarter segment of a nanowire
induced by 800 and 400 nm polarized light pulses. Excitation density is
calculated in an array of nanowires embedded in the completely trans-
parent polymer matrix. The graph shows a cumulative fraction of the
radiation absorbed up to the given depth. The selected quantiles are
emphasized by white curves. For the employed excitation wavelengths
of 400 and 800 nm, ~80% of the radiation is absorbed within approxi-
mately a half-length of the nanowire.

10 ps; 320 nm in 100 ps and 1000 nm in 1 ns. This has two
important implications: (i) charges are distributed rather
homogeneously across the nanowire in about ten picoseconds
(the diffusion coefficient for lateral diffusion in InP nanowires
is close to the bulk one®”) and (ii) diffusion is too slow to
cause homogenization of the carrier density along the nano-
wire on a nanosecond time scale (the diffusion along the
nanowire is in fact even slower than that in the bulk, due to
the presence of stacking faults)."**® Furthermore, as will be
shown below, photogenerated holes are trapped on the time
scale of a few hundreds of ps, which essentially prevents
further ambipolar diffusion.
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The homogenization across the nanowire implies that a
good estimate of the charge density at short times (10-300 ps)
is an integral over the circular cross-section, which is a func-
tion of the nanowire length (Fig. 2). Despite the completely
different initial excitation profiles, we see that these homogen-
ized profiles are almost the same, with the majority of exci-
tation densities concentrated in the top half of the nanowire.
By exciting the nanowire array from the top and the bottom, it
is thus possible to selectively study the carrier dynamics at
different locations of the nanowire.

2.3. TRPL dynamics

All the as-grown InP nanowire arrays under 400 nm excitation
display a PL emission peak at ~1.34 eV, which is very close to
the Zinc Blende InP band-gap.*>*° To examine the effect of
the HCI etching on carrier recombination dynamics, we ana-
lyzed the kinetics of the spectrally integrated TRPL in both
the as-grown nanowires and the nanowires embedded in the
polymer matrix (Fig. 3). The PL decay is qualitatively similar
in both types of samples: this suggests that the nanowire
photo-physics is nearly unaffected by the presence of the
polymer. The PL decay is the slowest for the nanowires grown
in the presence of a HCI molar fraction of yjc = 5.4 X 1077,
whereas it speeds up as the HCl molar fraction becomes
more distant from this optimum value (the PL decay time
obtained by fitting of the kinetics shown in Fig. 3(a) is given
in ESI 27).

Conventionally, radiative recombination of mobile charge
carriers in semiconductors is considered as a bimolecular
(second order) process. A non-radiative process of Auger
recombination leads to a third-order component in the decay
of charge concentration. Furthermore, mobile charges can be
trapped by surface states, impurities and defects, which
would prevent their radiative recombination and will appear

(b)
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o
-
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(a) Spectrally integrated PL kinetics of InP nanowire arrays grown with different HCl molar fractions A1-A6 after photoexcitation at 400 nm.

The excitation photon flux was 9 x 10 photons per cm? per pulse. (b) Spectrally integrated PL kinetics of InP nanowire arrays embedded in the
polymer, after photoexcitation at 780 nm of the top (T) and bottom (B) of the nanowire arrays. The labelling is according to Table 1. Symbols:
measurements. Closed and open symbols correspond to the kinetics for the Top or the Bottom of the nanowire arrays, respectively. Lines: fits by bi-
exponential decay functions; the fitting parameters can be found in Tables ST1 and ST2 in ESI 2.1
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Fig. 4 Spectrally integrated TRPL decays of the as-grown InP nanowires with HCl molar fractions of (a) yuci = 0 (A1), (b) 5.4 x 107> (A4) and
(c) 8.5 x 107> (A6) during the nanowire growth under excitation at 400 nm at the indicated excitation densities. Symbols: measurements (the intensities
are normalized by the excitation power). Lines: fits by bi-exponential decay functions; the fitting parameters can be found in Table ST3 in ESI 2.1

as a first order process in PL decay. The distinction between
these processes can be achieved via the variation of the exci-
tation density by changing the excitation fluence. In this
study, decreasing the excitation fluence two times causes only
marginal changes in the TRPL kinetics (Fig. 4). This implies
that the second and third order processes are negligible at
the employed excitation levels: for example, when the exci-
tation is increased two times the radiative recombination if
dominant should increase PL decay rates by a factor of 2 (and
even by a factor of 4 in the case of dominant Auger recombi-
nation). We thus conclude that charge trapping—which is a
first order, intensity-independent process—is dominating the
PL decay.

The only exception is the nanowire grown with yuc =
5.4 x 107>, for which the decay becomes slightly faster at
higher excitation intensity (as shown in Fig. 4(b)), suggesting a
possible minor contribution of the radiative second-order
recombination. This decay channel may be visible due to the
slower charge trapping rate in these nanowires (about ten
times slower TRPL decay judged by the 1/e amplitude
decrease).

We note here that in contrast to the expected single expo-
nential decay for TRPL dynamics being dominated by a charge
trapping, we always observe essentially bi-exponential PL
decays (see Tables ST1 and ST2 in ESI 27). This type of exci-
tation-independent dynamics may be associated with a distri-
bution of trapping rates. The bi-exponential decay together
with a considerable difference between the slow and fast decay
constants thus indicates the presence of trap states of two
different characteristics, responsible for fast and slow charge
trapping.

In the discussion so far, we neglected the role of an unin-
tentional doping concentration Ny,*" which would lead to an
enhanced recombination. To justify this approach, we esti-
mated the density of photogenerated charges with the
assumption that all absorbed photons are converted into
electrons and holes. As the absorption of the polymer is neg-

This journal is © The Royal Society of Chemistry 2019

ligible, the excitation is entirely absorbed by the nanowires>®
and the mean concentrations of the photo-generated charges
averaged over the entire volume of nanowires are 7 x 10'® and
1.4 x 10"7 em™, respectively, in the TRPL experiments for the
excitation fluences from Fig. 4. Furthermore, the excitation
generates more than half of the charges in the first quarter of
nanowires, and therefore the characteristic charge concen-
tration is about 2 times higher than the averaged values given
above. The concentration of photogenerated charges is thus
considerably higher than the unintentional doping concen-
tration N,, which is expected at the level of ~10'® cm™.*>*3
There is thus no need to further revise the interpretation of
the TRPL results.

As shown in Fig. 3(b), the TRPL decay does not depend on
the excitation orientation of samples T4 and B4. We associate
this observation with the uniform trap density along the nano-
wires. In contrast, the PL decay rate depends on the excitation
orientation for other HCI fluxes, suggesting that in those cases
the traps are distributed unevenly along the nanowire length.
Thus, based on the TRPL results, we identify an optimum ¢
= 5.4 x 10~° within the available set of nanowires that leads to
the lowest and homogeneously distributed density of traps.

Since radiative recombination and consequently the PL
emission depend on the product of mobile electron and hole
concentrations,**** both electron and hole trapping may influ-
ence the PL decay. Hence, based solely on TRPL measure-
ments, we cannot a priori distinguish whether electrons or
holes or both are trapped.

2.4. THz photoconductivity kinetics

In InP, TRTS probes electrons selectively, as their mobility is
considerably higher than that of the holes due to the differ-
ence in effective masses.*’*® We first verified that the normal-
ized transient THz transmittance kinetics are intensity-inde-
pendent even under excitation fluences of 2.1 x 10'* and
4.6 x 10" photons per cm” per pulse, which are significantly
higher than those in TRPL measurements, but which are

Nanoscale, 2019, 11, 18550-18558 | 18553
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Fig. 5 Normalized transient THz transmittance kinetics of the selected InP nanowire arrays embedded in the polymer, excited at 800 nm with the
flux of 4.6 x 102 photons per cm? per pulse. (a) Excitation from the bottom side. (b) Comparison of the signal upon excitation from the top and
bottom sides of the sample prepared without HCl etching. Symbols: measurements. Lines: bi-exponential fits. The fitting parameters can be found

in Tables ST4 and ST5 in ESI 3 and 4.}

required to obtain a measurable signal in TRTS (ESI 31). We
can thus rule out the bimolecular and Auger recombination at
these excitations and thus correlate the TRTS measurements
with the conclusions based on the TRPL results.

Similar to the case of PL, the decay of the THz signal is the
slowest for sample B4 and it becomes faster for the other HCI
molar fractions. The transient THz transmittance decay in the
etched nanowires is nearly independent of the excitation direc-
tion (ESI 47); nevertheless in nanowires grown without the
presence of HCI the decay is faster when excited from the top
(T1) than from the bottom (B1) as shown in Fig. 5(b). We corre-
late this difference with the nanowire morphology. According
to the SEM images (Fig. 1), the nanowires grown without
etching have a highly irregular shape on the top side, which
may lead to different transient THz photoconductivity from
that in the rest of the nanowires. The faster decay of the THz
kinetics measured when exciting from the top side of the
nanowires most probably indicates that charges photo-gener-
ated in the irregularly grown part are more rapidly trapped as
compared to the rest of the nanowire.

From the TRTS measurements, we can extract the photo-
conductivity of the series of InP nanowires and estimate the
charge mobility 4 via dividing the measured (effective) conduc-
tivity Ao by the number of photo-generated charge carriers
eNex. at early delay time (ESI 5f). We found that at very
low excitation fluence at 400 nm the charge mobility is
~2200 cm® V™' 57 and that the HCI etching has a negligible
influence on this value, see Fig. 6. This value is comparable
with the electron mobility but is much higher than the
reported hole mobility in InP.>®* We thus prove that the THz
photoconductivity is dominated by electrons. The dependence
of THz photoconductivity decay on HCI etching appears to be
less pronounced with excitation at 400 nm compared to that at
800 nm, as shown in Fig. 5, which may be related to the differ-
ence in excitation density distribution at two excitation
wavelengths.

18554 | Nanoscale, 2019, 11, 18550-18558
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Fig. 6 Evolution of THz photoconductivity normalized by initial charge
density under the excitation at 400 nm with the density of 2.3 x 10
photons per cm? per pulse.

The simple mobility estimate based just on the expression
Ao/(eNex) has to be considered very cautiously as it is—strictly
speaking—valid only in bulk materials. The normalized
effective conductivity is generally dependent on excitation
density in heterogeneous systems (Fig. 6) and the primary
reason is the effect of depolarization fields, which are inher-
ently induced in non-percolated heterogeneous systems.*’
According to the developed formalism and in relation to the
photoconductivity measurements in this study, only the value
at the lowest excitation intensities represents the true mobility
of charges.

2.5. Transient absorption and synthesis of results

TA reveals the decay of the overall photo-generated charge
carrier population in the material, due to both radiative and
non-radiative recombination and is in general insensitive to
the charge mobility.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Comparison of transient THz transmittance, TRPL and TA (all normalized to the peak value) in InP nanowires B4. Symbols: measurements.

Solid lines represent the exponential fits; see the fitting parameters in Table ST6 in ESI 6.1 (b) Scheme of charge carrier recombination processes in
HCl in situ etched InP nanowires. Double curved lines represent the photoexcitation and emission processes; dark yellow curved lines represent the
carrier trapping processes; dotted curved lines represent the charge relaxation processes; ‘NR’ represents the nonradiative recombination process;

straight horizontal lines represent the trap states.

The kinetics of TA and the other two time-resolved tech-
niques for the nanowires grown under optimal conditions
(¥1c1 = 5.4 x 107°) are shown in Fig. 7(a). The TA decays negligi-
bly slower than the transient THz transmittance, whereas the
decay of PL is obviously the fastest. The same behaviour was
also observed in the other samples (ESI 67). The longest decay
(TA and TRPL) is interpreted as recombination dynamics,
occurring on a nanosecond time scale. Further, if a significant
part of photo-generated charges recombines radiatively, in TA
we have to observe the same kinetics as in TRPL, with the
amplitude proportional to the part of charges recombining
radiatively. As TA kinetics do not display any pronounced
decay components identical to the dynamics of TRPL, we have
to conclude that non-radiative recombination is the dominant
channel of the overall recombination of photo-generated
charges. This conclusion is also supported by the value of the
absolute PL quantum yield (QY) of ~5 x 10™* as measured by
the use of an integrating sphere (see the Experimental
section). Fig. 7(a) thus implies that most photo-charges remain
in the nanowires long after the radiative recombination decay
is over and therefore recombine non-radiatively. From THz
photoconductivity measurements, we concluded that the long-
lived mobile charges are electrons. TRTS and TA kinetics are
largely similar, and thus we conclude that the mobility of elec-
trons does not change on the nanosecond time scale.
Consequently, TRPL dynamics is dominated by the hole trap-
ping. It is interesting to note that the HCI etching affects the
non-radiative recombination rate qualitatively similar to the
hole trapping, namely, that the TRTS and TA decay rates follow
a similar trend to TRPL regarding the HCI etching condition,
and the scheme of the charge carrier recombination processes
is shown in Fig. 7(b).

We now return to the weak but pronounced excitation
dependence observed in TRPL for the yyc = 5.4 x 107°

This journal is © The Royal Society of Chemistry 2019

sample, as shown in Fig. 4(b). From TRTS data, in ESI
Fig. S3,T we find that the photo-generated electron concen-
tration in these nanowires does not undergo any substantial
decay due to bimolecular or Auger recombination up to an
excitation fluence of ~10'> photons per cm” per pulse. The
observed dependence in TRPL measurements is thus related
entirely to the hole trapping dynamics. Since the fast PL
decay component nearly vanishes at the elevated intensity, we
associate that dynamics with trap filling:*° traps become fully
occupied at higher excitation intensities, thus closing the fast
trapping channel. Now, assuming that in the nanowires
grown with yyc) = 5.4 x 107° excited at 400 nm with 4.5 x 10""
photons per cm” per pulse the fast trapping channel is satu-
rated, we can estimate the density of the fast trap states. For
the average distance between the fast trapping states, we get
~24 nm if the traps are distributed in the nanowire volume
(trap density of ~7 x 10'® em™?) and ~15 nm (trap density of
~4 x 10" cm™) if the traps are located at the nanowire
surface. As we did not see any trapping saturation in the
other nanowires, we infer that the trap density in those nano-
wires is higher.

To further identify the nature of the hole traps, we analyzed
the crystal structure and the surface quality (or the surface
axial roughness as defined in ESI 7%) of the nanowires A1, A4
and A6 by transmission electron microscopy (TEM), as shown
in Fig. 8. SAED patterns of the nanowires grown at yyc values
of 0, 5.4 x 107> and 8.5 x 107> are provided in ESI 8. There
appear to be less stacking faults at the top of the nanowires
than at the bottom, see Table ST7 in ESI 7.1 However, the PL
quenching (dominated by the hole trapping) is more pro-
nounced at the top side of the nanowires. Furthermore, the
stacking fault density is the lowest in the bottom of the nano-
wires grown without etching, whereas the PL decay in these
nanowires is the fastest. Therefore, we argue that there is no
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Fig. 8 TEM images of the InP nanowire with HCl etching of yuc = 0
(A1), yuci = 5.4 x 107> (A4) and yuc = 8.5 x 107> (A6) at the top and
bottom of the nanowires. The top position was chosen away from the
neck region and the bottom — away from the nanowire break region.

direct correlation between the stacking faults and the hole
trapping in these nanowires.

Further we examined the surface of nanowire grown with
different yyuc values and observe a pronounced reduction of
the surface defect density at a yyc; value of 5.4 x 10™°; some
surface defects on the bottom of the nanowires A6 and surface
defects all over the nanowires grown without HCI etching are
observed (see the method of quantification and the result in
Table ST7 in ESI 77). In particular, we observe a single obvious
irregularity on the nanowire surface over ~20 and ~30 nm
spans in ESI Fig. S7-1(a) and (b), respectively, in agreement
with the estimation of 15 nm for the average distance between
traps.

Summarizing the analysis of the TEM data, we conclude
that not-stacking faults, but surface related defects are
essential for the hole trapping.

In this study, we demonstrate a pronounced reduction of
carrier trapping of InP nanowire when regulating the InP
nanowire growth by HCI etching. Our observation of the predo-
minantly non-radiative recombination of photogenerated
charges even at the optimal HCI etching indicates that surface
passivation could be developed, thus allowing further improve-
ments of prospective nanowire-based devices. It is important
to note though that the optimization of carrier recombination
has to be appropriately characterized via a thorough examin-
ation of the charge carrier dynamics and via absolute measure-
ments of the photoluminescence quantum yield (or both)
rather than by means of a relative increase of the PL intensity.

3. Experimental
3.1. InP nanowire growth

InP: Zn (111) B substrates were prepared by depositing Au par-
ticles in hexagonal arrays of holes with a diameter of 200 nm

18556 | Nanoscale, 2019, 11, 18550-18558

View Article Online

Nanoscale

and a pitch of 500 nm by the use of nanoimprint lithography
(NIL),*® metal evaporation and lift-off. The Au particles have a
thickness of approximately 65 nm. The samples were grown in
a low-pressure (100 mbar) metal organic vapor phase epitaxy
(MOVPE) system (Aixtron 200/4) using Hydrogen (H,) as a
carrier gas with a total flow of 13 I min™". The sample was first
heated to 280 °C for 1 min as a pre-anneal nucleation step for
pattern preservation with trimethylindium (TMIn) and PHj;
molar fractions of 8.9 x 107> and 6.92 x 107>, respectively.
These samples were then heated to an elevated temperature of
550 °C for 10 minutes in the mixed PH3/H, atmosphere to
desorb surface oxides. After this step, the temperature was set
to 440 °C, and the growth was initiated by introducing tri-
methylindium (TMIn) and phosphine (PH;) at molar fractions
of yrmm = 7.4 x 107 and Jpm, = 6.92 X 107 to nucleate the
nanowires. For samples grown with different HCl molar frac-
tions of yyci =0, 2.3 X 107°, 3.9 x 107%, 5.4 X 10>, 6.9 x 107>,
8.5 x 107>, Hydrogen Chloride (HCI) was introduced after a
15 s nucleation step to eliminate any radial growth. The nano-
wire length was in situ monitored by using reflectance spec-
troscopy. When the nanowire length reached 2 pm, the growth
was finished by switching off the TMIn and HCI supply simul-
taneously while cooling down the reactor in a PH3/H,
atmosphere.

3.2. Time-resolved photoluminescence (TRPL)
measurements

TRPL was measured using a setup described in ref. 51. A Ti:
Sapphire fs oscillator (~100 fs, Spectra-Physics, Tsunami) at
~780 nm or a frequency-doubled (400 nm) s-polarized (per-
pendicular to the nanowire axis) light was used for exci-
tation. For the as-grown nanowires, the incident angle of the
excitation beam was close to the Brewster angle (~70°), and
the samples were kept in N,. For the nanowires embedded in
the FC film, the light propagates along the nanowire axis. PL
was collected by two quartz plano-convex lenses and focused
on the input slit of a spectrograph (Chromex). The output of
the spectrograph was sent into the streak camera
(Hamamatsu C6860). Efforts were made to maintain the
alignment of the experimental set-up the same for all the
samples studied. The measurements were performed at room
temperature.

3.3. Time-resolved terahertz spectroscopy (TRTS)

The terahertz setup was driven by a regenerative amplifier
(Spitfire Pro XP, Spectra Physics) delivering 80 fs laser pulses
with a central wavelength of 800 nm and a repetition rate of 1
kHz. The laser beam was split into three parts. The first
branch (400 pJ per pulse) served for generation of intense
THz pulses by tilted wave front optical rectification in a
MgO: LiNbO; crystal. The second—much weaker—part was
used for electro-optical sampling of the THz pulses in a 1 mm
thick (110) ZnTe crystal. The third beam was employed for
sample excitation: using either the fundamental (800 nm) or
second harmonic (400 nm). Neutral density filters were used
to attenuate the excitation intensity. The setup was purged

This journal is © The Royal Society of Chemistry 2019
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with dry nitrogen to eliminate water vapor absorption. The
measurements were performed at room temperature.

3.4. Time resolved transient absorption (TA) spectroscopy

TA signals were measured using a setup described in ref. 52,
driven by a regeneratively amplified, mode-locked Yb:KGW
(Ytterbium-doped potassium gadolinium tungstate) based
femtosecond laser system (Pharos, Light conversion) operating
at 1030 nm and delivering pulses of 200 fs at a repetition rate
of 2 kHz. This laser is used to pump two non-collinearly
optical parametric amplifiers (NOPAs, Orpheus-N, Light
Conversion). One of them was used to generate pump pulses
centred at 540 nm with a pulse duration of 35 fs. The second
NOPA was used to generate probe pulses of about 40 fs dur-
ation in the spectral region from 900 nm to 930 nm for differ-
ential absorption measurements. The probe was time delayed
with respect to the pump by a mechanical delay stage. The
measurements were performed at room temperature.

3.5. Absolute PL quantum yield (QY) measurement

We have measured the absolute PL quantum yield (QY) in the
as-grown InP nanowire array by the integrating sphere method.
We used a CW laser (780 nm) to excite the sample, an integrat-
ing sphere (HORIBA, Quanta-¢, F3029) for collection of the
residual excitation light and the overall PL and a spectrometer
(AvaSpec-ULS2048-USB2-UA-50) to detect the PL output. We
have calculated the PL QY via accounting for the numbers of
emitted and absorbed photons. Correction for the predomi-
nant out-coupling of the PL by the substrate has been per-
formed according to ref. 53 and resulted in a factor of 4.5 for
the given geometry of the nanowire arrays. At the excitation
flux equivalent to ~10 suns, we have obtained QY to be
~4 x 10~* for the as-grown InP nanowires with ygc; = 3.9 x 107>,
The measurements were performed at room temperature.

3.6. Electron microscopy

Scanning electron microscopy (SEM) was performed using a
Zeiss LEO 1560 setup equipped with a field emission electron
emitter and operated at 10 kV. For transmission electron
microscopy (TEM) measurements, nanowires were mechani-
cally transferred onto lacey carbon film covered Cu-grids and
investigated using a JEOL-3000F transmission electron micro-
scope operated with a field emission gun at 300 kV.

4. Conclusions

We employed a combination of time resolved terahertz spec-
troscopy, time resolved photoluminescence and transient
absorption spectroscopy to investigate carrier dynamics in InP
nanowires grown under different HCI etching conditions. We
conclude that photo-generated charge carriers in these nano-
wires recombine predominantly non-radiatively on nano-
second time scales. Hole trapping is a much faster process
that is dependent on HCI etching flux, reaching its lowest
value at the HCl molar faction of 5.4 x 107>, In contrast to

This journal is © The Royal Society of Chemistry 2019
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holes, photo-generated electrons remain highly mobile until
they recombine non-radiatively with the trapped holes. We
observe that the hole trapping at the top of the nanowires is
more efficient than that at the bottom, whereas electron
dynamics is less sensitive to the position where they are gener-
ated. The hole traps are found to be mainly related to surface
defects.
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