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Abstract — 1In this study, a novel mesa design of GaAs single
junction solar cells were implemented with a passivation layer
deposited by an atomic layer deposition (ALD) system. With the
addition of a colloidal quantum dot layer to enable the luminescent
downshifting effect, we are able to demonstrate an enhancement
of the short-circuit current density as high as 33.75%. The power
conversion efficiency of such devices can also be increased by
22.37% in the best case. Further analysis showed the nearly size-
independent dark current density among various ALD-passivated
devices.

I. INTRODUCTION

In the advances of artificial intelligence (Al), the power-
demanding data centers have become a necessity in each
network architecture. With looming high power consumption,
a green energy strategy will be needed to curb down the energy
we spent to transmit data. Among all the current technologies,
semiconductor-based solar cells have been treated as the major
player for the future development. While the power conversion
efficiency (PCE) of such devices has improved a lot in the past
decades [1], incremental enhancements are still much
welcomed because of the eventual cost-saving in the long-term
operation. In order to achieve this, researchers have shown
several prominent methods: tandem cell designs, heterogeneous
integration of different materials (such as perovskite and Si [2]),
optical designs (such as luminescent solar concentrators [3]).
These designs helped to promote the semiconductor based
photovoltaic devices to one of the most successful green
technologies today. One of the potential solutions to further
improve the PCE should be the incorporation of the novel
photonic materials, such as colloidal quantum dots (CQDs) [4-
6], which can provide high quantum yields, and their capability
to be photon-sensitive is quite remarkable. Although it is not an
easy job to have an electrically driven photonic devices out of
these CQDs, an heterogeneously integrated scheme is
potentially viable by utilizing the luminescent downshifting
(LDS) effect [7]. To incorporate LDS effect, one might need to
re-assess the device layout design which might place different
influences on the CQD-induced carrier generation. In our
earlier study, we reported enhancement of a series of
photovoltaic devices by placing the CQD layers inside the
device [4, 7]. In this paper, we will reveal our latest progress in
this direction and further analyze the results by different
passivation layers of the devices’ sidewalls. As one might feel
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interested, the passivation of the sidewalls can directly affect
the dark current density of the devices and thus the fill factor
and the open-circuit voltage accordingly. Our devices possess
mesa with various different shapes, which could greatly change
the traditional thinking of square or circular shape mesas.
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Fig. 1. The device and CQD layer layouts for (a)square; (b)hollowed
square; (c)cross-shape; (d)U-shape.
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II. EXPERIMENTAL SETUP

In this section, we will discuss our fabrication processes and
steps of integration. The wafers were purchased from the
external vendors (Visual Photonics Epitaxy Co. Ltd., Taiwan).
The epitaxial structure is a single junction GaAs-based pn
photodiode with a reduced doping region for the main photon-
absorption section. The wafer would go through the regular
cleaning process and the photolithography steps to be patterned
into different shapes of mesas. The mesa can be dry-etched by
an inductively coupled plasma (ICP) system with the mixed
BCls, Cly, and Ar gases and the etch depth is 1.4 um. After dry-
etch, two different types of passivation measures were taken: (a)
a 44nm atomic layer deposited (ALD) Al,O; and a 44nm
PECVD SiO; layer; (b) an 88nm PECVD SiO2 layer. The
choice of dielectric thickness corresponds to the potential anti-
reflection (AR) coating effect we need for the maximum
reception of solar energy for each device. Four different shapes
were carried out in this set of experiments: square, hollowed
square, cross-shape and U-shape, as shown in Fig. 1. The CQD
layer were formed by quantum-dot-photoresist (QDPR). The
active material of CQD is CdSe/ZnS core-shell structure
purchased from Unique Materials Co., Taiwan. The photoresist
was purchased from Advanced Echem Materials Company
Limited, Taiwan. The detailed process steps to pattern the
QDPR can be found in our previous work [8], and the
corresponding location of each QDPR pattern can also be seen
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in Fig. 1. After the devices were fabricated, the normal
photovoltaic properties were firstly measured and recorded.
The short-circuit current (L), the open-circuit voltage (Voc),
and the fill factor, the external quantum efficiency (EQE) were
all recorded in order to make the comparison later.

III. RESULTS AND DISCUSSIONS
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Fig. 2. Example of readable plot using different colors and line
styles for clarity.
TABLE I
SUMMARY OF PHOTOVOLTAIC CHARACTERISTICS OF NOVEL SOLAR
CELLS WITH AND WITHOUT CQD LAYERS

Type of Square Hollowed Cross U-shape
Square
mesa/ No No No
CQD [NoQD| QD QD QD QD QD QD QD
Voe (V) | 1.00 | 0.96 [ 0.98 1 0.95 [ 0.99 | 0.93 | 0.99 | 0.96
JSC
(mA/om?) 14.48 |17.59(14.53|15.67|14.77]19.70| 14.66 | 19.61
PCE(%) | 11.98 [13.48|11.29]12.17|11.91]|14.20[11.63]14.23

Fig. 2 shows our photovoltaic J-V characteristics among
various shapes of devices and Table I shows the detailed
numbers of the device’s photovoltaic characteristics. The
increased J. can be observed when CQD layers were put down
to the devices and as high as 33.75 % of increase can be
recorded. One important feature that we need to address is the
maintenance of the V. after the CQD deployment. Because the
material can generate electron-hole pairs after the light
excitation, which was observed before [7], it is always a
concern whether this CQD layer will affect the device
electronically. We can prevent this from happening if proper
isolation layer, which is the SiO, layer in our case, was
deposited beforehand. All the devices kept high V. (>0.9 Volts)
in this study and the fill factors varied between 0.75 and 0.82,
which can be further improved by reducing shunt resistance of
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the devices. Meanwhile, the power conversion efficiencies
(PCEs) of the devices with CQD layers also experienced great
enhancement. As high as 22.37 % of PCE increase can be seen
in the U-shape devices between CQD and non-CQD samples.

The reverse current density is a good indicator of a diode
whether any leakage path exists inside the device. With the
device’s large mesa, certain defects in bulk region and in the
peripheral (i.e. the sidewalls) region can both contribute to this
reverse current density. Therefore, this current density could
then be expressed as the following formula [9-11]:

P

]0=]b+ZX]p (1)
, where J,, and J,, are the bulk and peripheral saturation current
density, respectively. When we plot this Jo against the P/A ratio,
we would expect certain tendency developed among different
sizes of devices. In Fig. 3, we put together the PECVD- and
ALD-coated device’s results and saw very different J,. In Eq.
(1), the P/A ratio can be used as the variable and then the slope
ofthe Jo vs. P/A ratio can be viewed as J,, while the bulk current
density Jy, is the intercept from the linear regression of the data.
The fitted numerical J, is 3.54x10® A/cm for the PECVD case,
while J, becomes 3.97x10° A/cm for the ALD case. A ten-
times reduction in the peripheral recombination current can be
deduced from this experiment. At the same time, the Jb values
for PECVD- and ALD-coated samples are 2.29x10°¢ A/cm2
and 2.16x10° A/cm2, respectively. The similar Jb values in
both cases indicate that both chips shared the similar bulk

condition, as we expected.
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Fig. 3. The reverse biased diode current measured in the ALD devices
(in green symbols). The blue dashed lines are the linear fitting of the
PECVD’s cases.

Another analysis can be made in the EQE spectrum. If we
divided the CQD-embedded EQE by the no-CQD EQE, we will
get the results in Fig. 4. The extraordinary enhancement in
efficiency can be observed, and we also marked a baseline
(dashed) which could be the divide between the AR effect and
the LDS effect [12]. As we could expect, the AR effect becomes
more dominant at longer wavelength range (such as A>650nm,
when the CQD stops absorbing and becomes completely
refractive.) Meanwhile, we believe that the optical coating on
our sample should be further improved because the AR effect
can be as high as 5 times and this number is quite large
compared to our previous study[12]. Further analysis will be
needed by characterizing the surface reflectivity to clarify the
AR effect and to exclude it from the LDS effect completely.
The reason why we saw such a high multiplication of EQE or
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Jsc in the CQD-coated devices could be attributed to the design
of our QDPR patterns. The QDPR pattern does not overlap with
the semiconductor mesa of the non-traditional device and this
situation can help to collect extra solar photons from the CQD
layer while the semiconductor solar cell itself was affected very
little. Therefore, any CQD photons, which are generated by
solar photons from the LDS effect, can be viewed as the
addition to the original photovoltaic response.
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Fig. 4. The EQE enhancement of (a) a square device and (b) a U-shape
device.

IV. CONCLUSION

In summary, we demonstrated a detailed study targeting to
utilize the LDS effect in the CQD color conversion layer. The
layout of the device and the CQD layer are designed to alleviate
the potential heat generation issue that could be harmful for the
CQD material’s long-term performance. The current results
showed significant enhancement in both the EQE and the short-
circuit current density in the photovoltaic measurement. This
encouraging result by combining the ALD passivation and the
CQD LDS layer can lead us to the next generation of the
semiconductor based solar cells.
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