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4.2 Intensity
4.2.1 As grown measurements

Figure 18 shows how the integrated intensity per second is dependent on the power density
on the sample. This result is also highly dependent upon where the focus of the beam is
and how many nanowires are actually exposed to the beam as pointed out in section 3.6.
Since this is averaged from at least four separate measurements, the results are comparable
to some degree. However, it is not possible to compare accurately because of the nature of
the measurement. Because of this, only the order of magnitude can be used a comparison.
It is clear from the figure that there is some variation, even accounting for uncertainties.
The sample with random growth shows an higher integrated intensity for all but the highest
two power densities measured. Furthermore, all samples show a similar trend and increase
in Le for increased excitation power density. Other than the random growth sample, no
sample shows an uncharacteristically high or low Le. SC549 has a higher integrated inten-
sity per second than SC542, this is logical since they are grown in the same way, and the
major difference between them is the yield.
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Figure 18: Logarithmic plot showing the average integrated intensity per second (Le) on
the as grown samples as a function of power density subjected to the sample, taken as
the average of at least 4 different measurements at different locations on the substrate.
Measurements were done at 12K.
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4.2.2 Single nanowire measurements

Comparing the as grown measurements to the single nanowire measurements, Le is lower,
this is as expected since the as grown measurements include several NWs, and potentially
some 2D structure at the substrate. It should also be noted that the random growth sample
shows a lower Le compared to the as grown measurements once it is measured as single
nanowires. SC490R stills hows a stronger emission for low power densities, however, for
the as grown measurements the integrated intensity per second from SC490R was 10 times
larger than most other samples at low intensites. Where as in the single NW measurements
it is 2 times larger. This likely has a great deal to do with the 2D film no longer being
measured. Again the samples show little variance and behave in the same manner.
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Figure 19: Logarithmic plot showing the average integrated intensity per second (Le) for
single nanowires as a function of power density subjected to the sample, taken as the
average of at least 10 different measurements from at least 10 nanowires. Measurements
were done at 12K.
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4.3 Energy levels
4.3.1 As grown measurements

In figures 20 and 21 the as grown engery levels are presented for two different power
densities. Only SC490 and SC490R show something that could be interpreted as the free
exciton peak from the measured samples. SC343 which is the reference sample shows a
clear free exciton peak. SC542 and SC549 are very similar nanowires as pointed out in
chapter 3.2. This is reflected in their emission energy level which is very similar at just
under 1.5 eV. For the reference sample, SC343, the free exciton emission can be seen at the
high power density in figure 21. There is no clear answer as to why the emission peaks are
located where they are. There does seem to be some correlation between growth rate and
energy level in the case of SC535 compared to the rest. This sample was grown slower
with the lowest As flux and also has a peak at the lowest energy, at just under 1.45 eV.
For the higher As fluxes, there does not appear to be any correlation between As flux and
energy level since SC506 has a lower energy level than SC532. Furthermore, the shell
temperature growth does not appear to affect the energy level. For the axial insert it is hard
to give any result since there is not enough different samples measured.

Figure 22 shows behavior that falls outside of the norm, where the focus is on any
peaks observed between 1.4 and 1.55 eV. These high energy peaks, especially those around
1.84 eV have been observed in previous samples. However, for all the samples presented
in this study, SC542 was the only sample with noticeable emission in this region. The
highest power density did not get measure any emission in this region, however, for this
measurement the filter (VIII) discussed in chapter 3.4 was used. Since the emission from
the high energy peaks was not strong compared to the bright peak at 1.49 it is likely that it
was there, but not captured.
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Figure 20: A representative measurement for each sample measured is shown at a power
density of 565 W/cm2. The vertical dashed line is where the 1.515 eV free exciton peak
can be found if it is present. The intensity per second is shown as normalized to the highest
intensity per second for each separate graph. The integrated intensity per second is also
presented in the legend for each graph. Measurements were done at 12K.
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Figure 21: A representative measurement for each sample measured is shown at a power
density of 5.7 kW/cm2. The vertical dashed line is where the 1.515 eV free exciton peak
can be found if it is present. The intensity per second is shown as normalized to the highest
intensity per second for each separate graph. The integrated intensity per second is also
presented in the legend for each graph. Measurements were done at 12K.
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Figure 22: High intensity peaks observed from SC542, this can only be seen for this
sample. However, previous growths using the same setup with similar parameters have
also observed these peaks. This graphs in this plot is normalized to the highest value in
the whole range, even what is outside of this observed window. This is done because the
highest power density did not show any noticable emission in this region, while the second
highest power density at 5.7kW/cm2 shows some exication in this region, it is lower than
what was measured for 565 W/cm2. Measurements were done at 12K.
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4.3.2 Single nanowire measurements

From the as grown results, the variation when doing PL measurements is small compared
to the variation seen when analyzing the single nanowires. Because of this, more measure-
ments are done. In figure 23 and 24 representative results from both the unpatterned and
the patterned sample are presented. Thorugh all of the measurements done in this study,
from only the random growth on SC490R can the free exciton peak be observed. The
peaks at 565 W/cm2 are consistent as seen from the error bars. The error bars represent
the standard deviation of the peak location from measurements on 20 different NWs, this
is true from SC490 as well.

What is surprising is that SC490 shows a peak at 1.51 eV when measured as grown,
however for single nanowires this is not the case. No peaks could be observed above 1.48
eV in any of the measured NWs for this sample.
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Figure 23: A representative NW from SC490R, this figure shows the peaks found when
measuring the random growth sample. The intensity [a.u.] is plotted against the emission
energy [eV]. The dashed lines indicate two peaks that recur for the 20 NWs measured
from this sample. The error bars show the standard deviation of the peak position with
a power density of 565 W/cm2, i.e. the error bars are only valid for this power density.
Measurements were done at 12K.
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Figure 24: A representative NW from SC490, this figure shows the peaks found when
measuring the random patterned sample. The dashed lines indicate three peaks that recur
for the 20 NWs measured from this sample. The error bars show the standard deviation of
the peak position with a power density of 565 W/cm2, i.e. the error bars are only valid for
this power density. Measurements were done at 12K.
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5 Discussion

5.1 Growth
The aim of this study was to optimize growth conditions to achieve a good yield and get a
good PL spectrum when measuring the grown sample. There were three main parameters
that were changed in an effort to accomplish this; the As flux, the shell growth tempera-
ture, and whether there should be an axial insert or not. Prior to this study the growth had
been optimized to give a good yield with uniform long (5+ µm) nanowires. SC490 was
grown under these conditions as a starting point. From table 2 it is clear that the patterned
growth of SC490 satisfied the previous criteria. The yield at 75.5 % is high, additionally
the NWs were long at 5.6 µm and there was only a slight hourglass shape with the base
and top of the nanowires almost identical in thickness. From a growth perspective this is
a successful sample because of these criteria. SC490R which is the unpatterned sample
grown at the same time as SC490 shows completely different characteristics, as it should.
Because of the random growth conditions, nucleation could occur at any point on the wafer
and thin-film growth is inevitable. If the goal had been to optimize growth conditions for
unpatterned sample the uniformity could have been increased drastically with more stand-
ing NWs. This has been done previously. However, for the random growth, the goal was
to try to understand where the energy peaks in PL measurements come from. The length
and thickness is on average thinner than the patterned samples and highly variable. The
reason for this is the parasitic 2D thin-film growth. This takes a away a lot of material
that could otherwise have gone to the nanowires. Since the thin-film grows in grains, as
seen in figure 16b, these will grow at an uneven pace depending on the angles of its facets
and the structure around them. There is little merit to comparing the physical properties of
SC490R to the rest, however, it is still useful for the PL discussion.

After measuring SC490 with the PL setup new samples were grown. The first change
introduced was to increase the As flux. Since the As flux is the controlling element in
regards to growth rate, this means that it is a faster grown nanowire than SC490. SC506
was grown with a higher As flux, with all other growth parameters kept to the same values
except for the patterning process. The choice of patterning process was not done inten-
tionally, but based on availability. This adds another parameter of uncertainty. Because
of this uncertainty it is hard to draw conclusions as to why the yield reduced to 37.4 % as
observed for SC506, however, the pattern is a likely candidate. Looking at the physical
characteristics from these nanowires, the thickness sticks out. Both at the base and top,
SC506 is over 50 % thicker than SC490. This can be attributed to the pattern, since no
other samples come close to this thickness and SC506 was the only sample grown on a
new type of NIL pattern. These patterns proved to be faulty in that the hole size was larger
than intended, which further helps explain the thickness discrepancy. The larger holes can
also help explain the yield. Since larger holes changes how the droplets nucleate. In figure
17b the SEM image from SC506 shows that it has large grains where nanowires are miss-
ing. A possible explanation is that two or more droplets nucleate in the same hole which
leads them to grow into each other.

SC532 which was the attempt at regrowing SC343 was grown on the same NIL sub-
strate as used to grow SC343. Furthermore, this sample was grown with both a higher shell
temperature and an axial insert. With a total of three parameters changed in comparison to
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SC490 it is difficult to state specific reasons for the observed physical properties or why
they differ.

SC535 is the only anti-tapered NW growth in this study. These are also the only NWs
grown with a As flux lower than 3.1E-6. Compared to SC490 only one parameter has
been intentionally changed. However, as mentioned earlier in chapter 4.1 the oxidation
buildup is also a factor. To combat the oxidation a longer HF etch was performed before
growth commenced. The yield is lower than for SC490, however, at 56.3 % the yield is
acceptable. It is highly likely that the anti-tapering stems from the low As flux. In the
SEM image in figure 17d the anti-tapering, as well as the solidified droplet, can be seen
for some NWs. This sample had a very long growth time compared to other samples. This
is due to the low As flux which means a slower deposition. The NWs on SC535 are shorter
than SC490, this is likely due to the anti-tapering. Since there is a larger droplet, i.e. larger
area, it is necessary with more material to grow each new monolayer.

SC549 is identical to SC542, with the exception that the SC549 had been less exposed
to oxidation. The yield show how much of an effect native oxidation can have. The NW
length is the same for the two samples, while the thickness is different. However, the ratio
between the thickness at the base and the thickness at the top is 1 % different for the two
samples relative to SC549. Hole width is the reason the thickness is different between
the two samples, and this also impacts the yield. The SEM image of SC542 in figure 17e
shows similar grains in the holes as SC506 does. Compared to SC490 there is a higher As
flux as well as a higher shell growth temperature for SC542 and SC549. SC549 does not
show the same quality in terms of height and yield as SC549, there are also some visible
droplets in SC549. However, considering SC490 had minimal waiting time between pat-
terning and growth, the result for SC549 could have been even better if it had been less
exposed to oxidation.

5.2 Intensity
When discussing the intensity observed in the samples it is important to note that this is
the result that is most prone to errors. Not only have there been done various steps of
calibration, but where the focus of the beam is places also matters greatly. That being said,
there are some results that can be used to discuss the intensity.

As mentioned in chapter 4.2 the as grown measurements show a higher integrated
intensity per second than single nanowire measurements. However, both of these mea-
surements the results follow the same trends. From the random growth SC490R a higher
intensity can be observed at low power densities compared to the rest of the measurements.
This is despite the fact that the average dimensions for the random growth is smaller than
all other samples. Therefore, when exciting SC490R single nanowires there is less surface
area where excitation can occur. This might be a reason why, for higher power densities,
the other samples have a stronger intensity. Both SC 490R and SC490 emits stronger than
most other by at least one order of magnitude for low power densities in the as grown
measurements. For single NWs, although there are more measurements done, there is too
much variation to say if this is the case here as well. What can be gathered from figure 19
is that nanowires from the different growths showed on average a similar trend. Among
these measurements there were deviants, with either a very high or a very low integrated
intensity per second, but this cannot give any further information.
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The emitted intensity from SC343 is on par with the samples analyzed in this study.
While SC506 shows a strange behavior for the two highest power densities in the as grown
measurements. However, when looking at the single NW measurements there does not
seem to be any discrepancy between SC506 and SC490. That makes it plausible that it
was an error in the measurement, even though the as grown sample was measured at vari-
ous positions.

It is not possible to say anything about the effect of the shell growth temperature, or
the axial insert that some samples have based on the integrated intensity per second other
than that it does not appear to affect the emitted intensity noticeably.

5.3 Energy levels
Optimizing parameters for growth such that a free exciton emission could be found was
the goal of this study. SC343, shows this behaviour with a peak around 1.515 as seen in
figure 21. Additionally, SC343 has a decent yield at 59.3 % and with a length of 5.7 µm
have long NWs. From an eariler master thesis, measuring SC343 as both as grown and
single NWs [29] a free exciton emission was found for both. SC490 and SC490R showed
promising results when measured as grown. Both SC490R and SC490 has an energy peak
around 1.51 eV, which coincides well with the free exciton emission. However, when mea-
sured as single nanowires only SC490R showed a peak around 1.51. SC490 did not show
any measureable emission above 1.48 eV. Despite SC490R having a good PL spectrum, it
is a random growth sample. To create a device from NWs it is generally preffered, or even
necessary to have a patterned growth. Furthermore, the large variation in sizes from the
random growth makes them undesirable. This is why a good PL spectrum for patterned
growth was pursued.

It is difficult to pin down the reason why the free exciton emission present in the as
grown measurements were not found in single NW measurements for SC490. Some pos-
sible explanations are that the NWs not present, i.e. where the there is not grow a NW
in the hole, somehow contributed to this free exciton emission. This is however unlikely
since other growths with lower yield, and therefore more missing NWs does not show this
behavior. A second explanation that was throughly investigated was the chance that the
sample was not cooled properly. That the thermal contact between the TEM grid and cold
finger in the cryostat was poor. However, to rule out this possibility, the measurements
were repeated several times at different occasions with a complete shutdown, and reposi-
tioning of the TEM grid. Additionally, NWs from SC490 was distributed on a Si substrate
to ensure that the problem was not the cooling of the sample. All these additional mea-
surements corroborated what is seen in figure 24, it is highly unlikely that this is indeed
the reason for why there are no observed emission at 1.51 eV. A third and more likely
reason is that the emission observed in the as grown sample stems from a part of the NW
that is not dominating when measuring single NWs. As grown samples are measured from
the top down with the focus of the laser light somewhere along the nanowire. This means
that the highest power density can be at various heights for the as grown measurements.
Where on the nanowire the focus is cannot be controlled intentionally. Instead, if there is
any observed intensity at 1.51 the focus is done such that this peak is maximized. If there
is no peak around 1.51 the closest peak in terms of emission energy is maximized. Single
NWs are measured while laying down. Investigations were done to see if the laser could
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be focused on the base or the top of the NW. However, due to the spot size of the laser, it
did not make a meaningful difference on where on the nanowire the laser focus was aimed.
Furthermore, even if this could be done, it is in many cases not possible to say which end
is the top or the base because the wires are broken off. The three peaks observed for sin-
gle NWs in SC490 were consistent. In all the mesured NWs these were present when the
power density was 565 W/cm2. This means that these peaks are not random, and most
likely stem from stacking faults and type-II transitions.

For the other samples there was a great spread of where the strongest peak ended up
in terms of emission energy. It is very hard to draw any hard conclusion when looking at
figures 20 and 21, and comparing this to the key differences in growth parameters in table
1. As stated in chapter 4.3.1, SC535 which was grown with a much lower As flux, and
therefore slower growth rate, sticks out. This sample has a broad energy peak centered
around 1.45 eV. It is likely that the slow growth rate created stacking faults which is re-
sponsible for this low emission energy.

SC542 emitted at high energies for one of the measurements. This has also been ob-
served in previous samples. Although only one measurement showed this result, some-
thing that was done every time a new sample was measured was to scan across the surface
of the sample with the beam. While scanning across the real time results were observed,
and the focus adjusted randomly. This behavior was observed at several locations, how-
ever, it was not dominant for the majority of the sample. From previous samples it was
assumed that this occurs when growing the AlGaAs shell at high temperatures. This re-
sults supports that claim, however, since it was not found for any other samples it is again
difficult to be certain.

SC542 and SC549 were grown with the same parameters, which is reflected in figure
20 and 21. It is interesting to see that despite SC 542 being thicker and having a lower
yield, resulting in more 2D growth, it does not change the energy of the emitted signal.

Room temperature measurements were also performed, however, because the peaks at
low temperatures did not show any free exciton emission, these results does not give any
additional information. They have therefore not been inlcuded

5.4 Uncertainties
There is a large variety of errors during these measurements. The first starting with the fact
that the samples were grown on different patterned substrates, as well as time affecting the
oxide layer. This makes it very hard to optimize growth. If samples truly are to be grown
under the same conditions, there needs to be a batch growth, one after another with one
parameter varied at a time. Growing and then analyzing the results from the SEM images,
and PL spectra means there is too much time between each growth and the conditions will
have changed.

Another error source is the optical setup, which is highly sensitive to disturbances.
To be able to measure accurately for each sample it is necessary to optimize the setup.
This is done by adjusting mirrors. For each new temperature the focus of the beam needs
adjustment. In this process interpretation is needed. It is possible to focus the beam
on the silicon substrate and have resulting emission peaks at some place where they are
not expected for GaAs. In the same manner, the focus can be at different parts of the
NWs. The purpose of these measurements were to optimize the growth for free exciton
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emission. Therefore, for each new temperature measurement, the closest emission to 1.51
eV in terms of energy was maximized for intensity at this peak. The focusing can therefore
end up being done in a different manner for different locations/NWs.
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6 Conclusion and future outlook
Six different growth conditions have been analyzed in an effort to grow nanowires emitting
at an energy level close to the free exciton emission. This has not been achieved, and due
to a great variation in parameters between each sample it is hard to draw any conclusion.
E.g. the integrated intensity is not able to give much additional information because of the
variety of parameters changed between each sample. However, despite different sizes of
the NWs and different yield, SC542 and SC549 have a almost identical PL emission. This
is interesting to note for future growths. Furthermore, decreasing the As flux too much,
gives anti-tapered nanowires with a low emission peak. Energy peaks in all ranges from
1.45 eV to 1.51 eV have been observed for as grown measurements. However, the only
patterned sample that showed the peaks at 1.51 eV did not have these peaks when mea-
sured as individual nanowires. There seems to be no clear connection between the axial
insert and the energy levels observed, nor to the integrated intensity observed. The same is
true for the high temperature AlGaAs shell growth. This does not seem to have any clear
effect on the PL spectrum, other than potentially yielding high energy peaks at 1.85 eV.

Further growths should be done in stricter conditions, i.e. more identical conditions,
limiting parameters changed as well as reducing uncertainties.

For the future, doing a batch growth varying only one parameter at the time may give
additional insight into what affects the emitted energy levels as well as the yield. Addi-
tionally, doing TEM on these samples could give information on where stacking faults
are located, which could make it possible to avoid these faults. A third investigation that
would yield valuable information is cathodoluminescence (CL), this would give informa-
tion on where in each nanowire the different emission energies stem from. Using this in
conjunction with TEM results, would allow for an analysis on how stacking faults affect
the emitted signal. CL would also give information on which parts of the nanowire emits
strongest.
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