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Abstract: Carrier transfer in vertically-coupled InAs/GaAs quantum dot (QD) pairs is investigated.
Photoluminescence (PL) and PL excitation spectra measured at low temperature indicate that
the PL peak intensity ratio between the emission from the two sets of QDs—i.e., the relative
population of carriers between the two layers of QDs—changes with increasing excitation intensity.
Temperature-dependent PL reveals unexpected non-monotonic variations in the peak wavelength
and linewidth of the seed layer of QDs with temperature. The PL intensity ratio exhibits a “W”
behavior with respect to the temperature due to the interplay between temperature and excitation
intensity on the inter-layer carrier transfer.
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1. Introduction

Self-assembled InAs/GaAs quantum dots (QDs) have attracted enormous attention over the
past two decades due to their unique characteristics and huge potential for device applications [1-5].
In particular, the vertically-stacked InAs/GaAs QDs have been widely applied as a promising structure
in many optoelectronic devices, including emitters, infrared detectors, and photovoltaics, as well
as devices for optical computations [6-11]. As a good example, coupling two layers of vertically
aligned QDs to fabricate artificial QD-molecules not only opens a new way to investigate quantum
phenomena over a wide range of configurations, but also provides an approach to implementing
quantum entangled states [12-15]. Such bilayer QD structures enable flexible manipulation of the
quantum coupling between two layers of QDs, independently controlling the QD density, size, and
uniformity. These advantages make the bilayer InAs/GaAs QD structures an interesting choice for QD
device applications [16-18].

Despite such significant potential for device applications, it is very important to understand how
the QD pairs are coupled, and how their proximity may affect their optical and carrier transfer
properties. Yet studies of the energy transfer properties are indispensable when attempting to
understand the performance of optoelectronic devices based on bilayer InAs/GaAs QD structures.
In our previous work, we have successfully manipulated the quantum coupling between InAs QD
pairs by inserting a thin Aly5GagsAs barrier [19]. The effect of the thin AlysGagsAs barrier on
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the carrier transfer between the dots of a vertically-aligned QD pair has been carefully studied by
comparing the optical performance of samples with and without the Aly5Gag5As barrier. In this work,
we further enrich the understanding of carrier transfer in such bilayer QDs. The interplay between
excitation and temperature on carrier transfer inside the vertically-aligned InAs/GaAs quantum dot
pairs is investigated.

2. Experiments

The investigated bilayer QD structure consists of two layers of InAs QDs separated by a
hybrid GaAs/Aly5Gags5As/GaAs spacer. The sample was grown on a semi-insulated GaAs (001)
substrate by solid source molecular beam epitaxy (MBE) with an As4 beam equivalent pressure of
6.0 x 107° Torr [19]. After a 500 nm GaAs buffer layer was grown at 600 °C, the substrate temperature
was lowered to 530 °C, and two monolayers (MLs) of InAs were deposited with a growth rate
of 0.013 ML/s to form the seed layer QDs (SQDs). After a 10 s growth interruption, the hybrid
GaAs/Aly5Gag5As/GaAs spacer was deposited, consisting of (in order): 10 MLs of GaAs, 15 MLs of
Alg5GapsAs, and 10 MLs of GaAs. These three layers on the top of the SQDs acted as a wider band
gap barrier. Then, the substrate temperature was raised to 600 °C, and the sample was annealed for
8 min. After that, the substrate temperature was lowered to 530 °C again, and 2.6 ML of InAs were
deposited to form the top layer QDs (TQDs). The TQDs were capped by 20 nm of GaAs at 530 °C, and
then an additional 60 nm of GaAs at 600 °C.

The cross-sectional Transmission Electron Microscopy (XTEM) and photoluminescence (PL)
measurements were implemented after the sample was cooled down and removed from the
MBE growth chamber. For PL study, the sample was mounted in a closed-cycle cryostat with
temperature variable from 8 K to 300 K. The sample was excited by a continuous-wave laser
operated at A = 532 nm with excitation intensity between 1 and 10°® mW/cm?. The PL signal was
detected by a liquid nitrogen cooled CCD detector array attached to a 50 cm Acton spectrometer.
Time-resolved photoluminescence (TRPL) was measured by a PicoHarp 300 (PicoQuant, Berlin,
Germany) time-correlated-single-photon-counting (TCSPC) system with a super-continuum laser
as the excitation. For reference, an uncapped SQD sample and an uncapped TQD sample were grown
under the same conditions for morphology characterization by atomic force microscope (AFM).

3. Results and Discussion

As shown by the AFM images in Figure 1a,b, the uncapped SQDs have an areal density of
5.7 x 10° cm~2, an average height of 11.7 nm, and an average diameter of 68.5 nm, while the uncapped
TQDs have an areal density of 5.5 x 10° cm~2, an average height of 19.3 nm, and an average diameter
of 83.0 nm. No large incoherent islands or defects were observed on the surface, indicating good
sample quality for both QD layers. From the AFM images, we found that both layers of QDs had an
equal areal density, indicating the possibility that the QDs were vertically aligned into pairs.

The XTEM in Figure 1c confirms that the SQDs and TQDs were vertically correlated into QD pairs
through the thin GaAs/AlGaAs/GaAs hybrid-spacer. Such a thin spacer will lead to strong electronic
coupling, and hence inter-layer carrier transfer from the small SQDs to the large TQDs. The carrier
tunneling for similar bilayer InAs QD structures have been well studied. By using a modified form
of the semiclassical Wentzel-Kramers—Brillouin (WKB) approximation, the carrier tunneling time is
estimated to depend on the barrier thickness and potential height [19-21]. In addition, as the effective
mass of the holes is much larger than the electrons, it is expected that carrier tunneling in the InAs
bilayer QD structures is primarily performed by the electrons. This electron tunneling is shown
schematically in the band diagram of the bilayer QD structure in Figure le.

Vertical carrier transfer is first detected by PL measured at low temperature (T = 8 K), with a laser
excitation intensity as low as 3 mW/cm? to avoid the appearance of excited QD states. The spectrum
in Figure 1d shows a discrete double-peak profile. The peak at Et = 1127 nm is attributed to the
electron-hole ground state transition from the TQDs, while the peak at Eg = 1075 nm is assigned to the
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SQDs. Although the SQDs and TQDs have the same areal density, and therefore should have similar
PL intensities, we observed a distinct PL intensity difference caused by carrier transfer from the SQDs
to the TQDs. This is driven by the difference in energies of the two QD systems. The high-energy
electrons in the ground state of the SQDs tend to tunnel to the lower energy ground state of the TQDs.
From PL, we see that this energy difference between Et and Eg is ~53.5 meV (about 52 nm in PL
wavelength), which is likely due to the different QD dimensions. The full-width-at-half-maximum
(FWHM) is 17.2 nm for the TQD peak, but 33.2 nm for the SQD peak. This indicates that the top layer
of QDs have a significantly more uniform size distribution in comparison with the SQDs.
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Figure 1. (a) A1 um x 1 um atomic force microscopy (AFM) image of the seed layer quantum
dots (SQDs); (b) A 1 um x 1 um AFM image of the top layer QDs (TQDs); (c) Cross-sectional
transmission electron microscopy (XTEM) image of one QD pair structure; (d) Low temperature
(8 K) photoluminescence (PL) spectrum obtained with a laser excitation intensity of 3 mW/ cm?;
(e) The band diagram of the QD pair structure with a 10 nm GaAs/AlGaAs/GaAs hybrid spacer.
FWHM: full-width-at-half-maximum.

Figure 2a plots the PL spectra measured as a function of laser excitation intensity at T = 8 K.
Each spectrum is normalized with respect to the maximum TQD peak intensity and shifted up
for clarity. When the excitation intensity is above ~3 x 10> mW /cm?, one additional PL peak at
A ~1095 nm—attributed to the first excited state of TQDs—arises in the PL spectra. Then, as excitation
intensity increases further, the excited states of TQDs become more prominent. Finally, the PL signals
from the two QD systems fuse together into a very broad feature, where we cannot clearly distinguish
the Eg emission from the SQDs. To further investigate the appearance of the excited states, the evolution
of the FWHM for the SQDs and TQDs is plotted in Figure 2b. An obvious increase in the FWHM of
the SQDs is observed when the laser excitation intensity increases past ~3 x 10°> mW/cm?, which is
very similar to the power at which the first excited state from the TQDs start to influence the SQD
spectra, as seen in Figure 2a. Therefore, the excitation intensity was subsequently kept to less than
3 x 10> mW/cm? to avoid the effect of the excited states in the vertical carrier transfer study.

From the PL spectra in Figure 2a, the integrated PL intensities are extracted and plotted in
Figure 2c in the low excitation regime to avoid influence from the excited states of QDs. The integrated
PL intensity of the ground state emission of InAs QDs can be described by Ip;, = 7P%, where Ipy,
is the integrated PL intensity, P is the laser excitation intensity, and # and « are fitting coefficients
which define a power law [22,23]. In fitting the experimental data, we find the coefficient « to be
approximately equal to unity in both cases, indicating that the main contributing mechanism is the
exciton recombination, while carrier losses due to nonradiative recombination are small for both
samples. In particular, the slope 7 is closely related to the PL efficiency. We obtain # = 0.035 for the
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TQDs and 7 = 0.023 for the SQDs. The larger y value of the TQDs indicates that they have a better
carrier collection efficiency than the SQDs in the low excitation regime, due to carrier transfer from
SQDs to TQDs in this vertically-coupled QD pair structure.

It is also evident from Figure 2a that as the laser excitation increases, the SQD peak intensity
increases faster than the TQD intensity. In Figure 2d, the PL peak intensity ratio (R = SQD/TQD%)
demonstrates this clearly, as it grows throughout the entire excitation intensity range. Although we
suppose that all QDs have the same carrier capture probability from the GaAs matrix, at very low
excitation intensity, the large TQDs have an added channel to receive carriers through tunneling from
the smaller SQDs. However, as the laser intensity increases, the larger TQDs begin to saturate, turning
off the tunneling channel and allowing the small SQDs to keep more carriers, such that the emission
from the SQDs increases quickly. It is easy to understand from the observation in Figure 2d that the
strength of carrier transfer depends on the population of both TQDs and SQDs. There must be both
carriers in the SQDs to transfer and available states in the TQDs to populate through the transfer.
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Figure 2. (a) Normalized PL spectra measured at low temperature (T = 8 K) as a function of the
laser excitation intensity; (b) Linewidth (FWHM) of the TQDs and SQDs PL band; (c¢) Integrated PL
intensity as a function of the laser excitation intensity; (d) PL intensity ratio of the SQDs and TQDs
(R =SQDs/TQDs%) as a function of the laser excitation intensity.

For a broader characterization of the carrier transfer between SQDs and TQDs, PL excitation (PLE)
spectra are measured by using a Super-Continuum laser with a constant output power of 0.1 mW at
each wavelength. As shown in Figure 3a, the detection is set at the TQD peak wavelength. The PLE
spectrum reveals a clear excitation resonance at 820 nm, which is assigned to bulk GaAs, and also
resonances at 852 nm and 918 nm, assigned to the heavy hole and light hole absorption of the wetting
layer, respectively. Finally, the PLE spectrum shows a pronounced excitation resonance at the SQD
peak (~1065 nm). As the first excited state of the TQDs overlaps with the ground state of the SQDs, the
observed excitation resonance at ~1065 nm in the PLE spectrum could be a combined contribution of
carriers from the first excited state of TQDs and from the ground state of SQDs to the TQD ground
states. However, the observed excitation resonance in Figure 3a is much stronger than similar results
reported from PLE measurements of single layers of QDs [18,24,25]. This leads to the conclusion that
there is a significant transfer of carriers from the SQDs to the TQDs in our QD pair structure [19].
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We further investigate this carrier transfer by measuring PL spectra with different excitation laser
wavelengths and intensities. Figure 3b shows that—independent of excitation wavelength—the PL
peak intensity ratio, R, increases as the excitation intensity increases. For example, the inset shows
the spectra measured with a laser wavelength of 819 nm and laser excitation intensities of 3 W/cm?,
0.3 W/cm?, and 0.03 W/cm?. Here, the spectra are normalized to the TQD peak intensity, and it is
clear that the SQD is growing in relative intensity. This demonstrates that the TQD ground states
responsible for this emission are saturating as a result of increasing the excitation intensity. In other
words, the TQD ground states available for carriers to transfer into decrease with increasing excitation
intensity. Thus, the SQD peak along with the ratio, R, increase as the TQD peak saturates. This is
apparently true for all excitation wavelengths studied. In addition, there is an enhancement of this
ratio, R, for excitation around A = 750 nm. This is most likely due to the enhanced absorption of the
excitation laser as its wavelength approaches the GaAs band edge. The enhanced absorption generates
more carriers inside the GaAs barrier, which consequently saturates the TQD emission faster. However,
R remains nearly constant throughout the wetting layer (excitation laser wavelength A = 860 nm) and
sub-wetting layer (excitation laser wavelength A = 875 nm) regions. Therefore, the change in R reflects
the carrier transfer from the SQDs to the TQDs, and the dependence on the laser wavelength and the
laser power (i.e., the carrier injection level).
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Figure 3. (a) One PL spectrum and one PL excitation (PLE) spectrum with detection at the TQD
maximum measured at the low temperature of 8 K. The excitation laser was optimized for PLE
measurement at the SQD PL resonance wavelength; (b) The PL peak intensity ratio R (SQD/TQD100%)
as a function of the excitation laser wavelength. Note that the trendlines between data points are added
as guides to the eyes only. The inset shows the low temperature PL spectra measured with a laser
wavelength of A = 819 nm at different excitation intensity.

Figure 4a,b shows the temperature-dependent PL spectra from 8 K to 300 K, with laser excitation
intensities fixed at 1000 mW/cm? and 100 mW /cm?, respectively. For convenience, the PL spectrum at
each temperature is normalized to the TQD maxima. The PL peak wavelength, FWHM, integrated
intensity, and intensity ratio R are extracted and plotted as functions of temperature in Figure 4c,
respectively, and will be discussed separately below.

Figure 4c shows that both SQD and TQD PL peaks shift (~90 nm) towards longer wavelengths by
increasing the temperature from 8 K to 300 K for both high and low power excitation. For the TQDs, the
peak wavelength smoothly shifts towards the red as a result of the good QD homogeneity localizing
the carriers inside the QDs. The red shift of the TQDs closely follows the well-known Varshni’s
law, E(T) = Eg — («T?)/(T + B), where Ej is the energy gap at T = 0 K, and the fitting parameters
are o =4.58 x 10~%eV/K and B =243 K [23,26,27]. However, the temperature dependence of the
SQD peak exhibits a rapid red-shift in the temperature range from ~100 K to ~200 K for both high
and low excitation powers. It is likely that this rapid red-shift is caused by the thermal activation
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of carriers from the SQDs and carrier transfer to the TQDs at increased temperature. Meanwhile,
the starting temperature and shift-rates of this rapid red-shift are different at high and low excitation
powers, demonstrating that the degree of temperature-induced variation of carrier transfer is also
excitation power-dependent.
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Figure 4. Normalized PL spectra as a function of temperature measured with a laser excitation intensity
of (a) 1000 mW/cm? and (b) 100 mW /cm?; (c) The PL peak wavelength; (d) the FWHM; (e) the
integrated PL intensity; and (f) the PL intensity ratio as functions of temperature for the SQDs and
TQDs, respectively.

Figure 4d shows the variation of the FWHM for excitation intensities of both 1000 mW /cm? and
100 mW /cm?. The FWHM of TQDs remains mostly stable through the entire temperature range for
both powers, reaffirming the good homogeneity of the TQDs. Similar to the emission energy, though,
we find a rapid change in the FWHM through the same temperature range. Here, there is a broadening
from ~40 nm to ~60 nm for the SQDs for both high and low excitation. However, the onset temperature
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at which the broadening begins is ~50 K higher for the high power excitation than for the low power.
Again, this indicates an interplay between the temperature and excitation intensity.

Figure 4e shows the variation of the integrated PL intensity as a function of temperature for both
TQDs and SQDs under excitation intensities of 1000 mW /cm? and 100 mW /cm?2. The integrated PL
intensity slowly decreases with temperature through the low temperature range (<100 K) for both
powers, then finally decays rapidly at higher temperatures. Similar to Figure 2c, we see that the
intensities from both populations of QDs are very similar, which is a direct reflection of their densities
being the same. However, the subtle differences between the populations—which can be seen in some
of the plots of the FWHMs—are much easier to see in plotting the PL intensity ratios, R, as functions
of temperature, which reflect the relative equilibrium populations between the SQDs and the TQDs.
This is plotted in Figure 4f. A special “W” behavior is observed for both excitation intensities. Taking
the higher power excitation, 1000 mW/ cm?, as an example, when <30 K, the PL intensity ratio, R,
decreases with increasing temperature. After that, R increases from 30 K to 120 K, then slowly decreases
again until T = 260 K, and finally grows slightly to room temperature. Again, these features appear
higher in temperature for the high power excitation than for the low power. These “W” behaviors of
the PL intensity ratio show that the population of carriers inside the QDs is strongly dependent on
both the temperature and the excitation powers.

In summary of the observations in Figure 4, it can be seen that the peak wavelength, as well
as the FWHM of SQDs and the PL peak intensity and the intensity ratio, R, have distinct variations
in the middle temperature range (100 K-200 K). The performance of this QD-pair sample at low
temperatures (<100 K) can be explained by carrier thermal activation and redistribution within the
same QD layer [23,28]. In this process, there is very little loss of carriers from the system; therefore, it
generally shows a change in the FWHM, but not the integrated PL intensity. It is clear, however, that
this process can change the relative carrier populations, and subsequently the carrier tunneling rate
between the QDs of the coupled bilayer QD structure. As a result, we observe that the PL intensity
ratio decreases at first and then increases, forming one half of the “W” behavior in Figure 4f.

The prominent variations in the middle temperature range (>100 K) can be understood by
considering that the PL emission from both the TQDs and the SQDs begins to decrease rapidly due to
carrier thermal quenching. In this process, both TQDs and SQDs lose carriers to nonradiative centers
due to phonon scattering. It is well known that this carrier thermal quenching is strongly dependent
on the QD dimensions or the discrete energy levels in the QDs. We observe that the peak wavelength
and the FWHM behave differently for TQDs and SQDs in the middle temperature range. Of course,
the relative population between the TQDs and SQDs vary as the temperature increases. As a result, we
observe the second half of the “W” behavior in Figure 4f. The “W” behavior indicates that the coupled
bilayer QD structure has different thermal quenching properties than a single layer of InAs QDs.
The inter-layer carrier transfer from SQDs to TQDs is a function of the temperature. Furthermore, there
is an interplay between the temperature and excitation, as can be seen by the different temperature
dependent “W” profiles obtained by changing the excitation intensity for the same bilayer QD sample.

4. Conclusions

In summary, we have studied the optical properties of a coupled bilayer InAs/GaAs QD structure.
PL measurements with different excitation intensities and wavelengths at low temperature show that
the carrier transfer between dot pairs is strongly dependent on the carrier injection from the excitation
laser. The temperature-dependent PL—in consideration of the emission wavelength, peak position,
FWHM, and intensity ratio—indicate that the carrier transfer inside this bilayer QD structure depends
on temperature and excitation intensity. This result demonstrates that there is a clear interplay between
temperature and injection on the vertical transfer of carriers between the SQD layer and the TQD layer.
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