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Influence of the AllnN Thickness on the Photovoltaic
Characteristics of AlinN on Si Solar Cells Deposited by
RF Sputtering

Rodrigo Blasco,* Ardntzazu Nunez-Cascajero, Marco Jiménez-Rodriguez,
Daniel Montero, Louis Grenet, Javier Olea, Fernando B. Naranjo, and
Sirona Valdueza-Felip

1. Introduction
The influence of the AlinN thickness (65-145 nm) on the photovoltaic

characteristics of In-rich n-Al,In;_,N (x ~0.38-0.42) on p-Si(111) heterojunc-
tions deposited by radio frequency sputtering has been reported. All samples

Phase separation effect are a current
problem when synthesizing In-rich AllInN
alloys by molecular beam epitaxy!'™ or

show a closely packed columnar morphology with a root mean-squared metalorganic vapor phase epitaxy.*>! How-

surface roughness below 3.7 nm and an apparent optical bandgap energy of ever, the radio-frequency (RF) sputtering
. 6-14 ps

~2.0 eV. Dark current density—voltage curves of the solar cell devices based technique®™* allows the deposition of low-

cost, large-area, and single phase nano-
crystalline AlInN layers, also permitting
the low temperature deposition on both

on the developed AlinN/Si(111) heterojunction reveal shunt and series
resistances in the range of 1.3-5.0kQ and 7.7-16.2 Q depending on the

AlInN thickness, respectively. Their photovoltaic performance shows an crystalline and amorphous substrates. It is
enhancement with the AlInN thickness, with an increase of the short circuit hence an easy technology to be scaled up to
current and conversion efficiency from 16 to 19mAcm 2 and from 1.8 to industry.

It could be possible to optimize a solar
cell at a desired range of the solar
spectrum by just tuning the direct
bandgap of AlInN which varies from

2.5% under one-sun AM1.5G illumination. At the same time, the open circuit
voltage and the fill factor remain at ~0.34-0.40V and ~~30-37%, respectively.
These effects are due to the enhanced optical transmittance of the AlinN

layer in the wavelength range in which the maximum of the Si spectral InN in the near infrared (0.7eVI™) to
photoresponse occurs, in agreement with the increased responsivity of the AIN in the ultraviolet (6.2eV!'®) only
devices at 950 nm of 450 mAW . These results demonstrate the feasibility of ~ changing the alloy composition. Besides,

the thermal stability and radiation hard-
ness of III-nitrides could also improve the
properties of the silicon-based heterojunc-
tions in space applications. In this sense,
the possibility of including an n-type
AlInN deposited by RF sputtering on
p-type silicon for solar cell applications emerges as an

using In-rich AlinN alloys deposited by radio frequency sputtering as n-type
layer of AllnN/p-type Si heterojunction solar cells.

R. Blasco, Dr. A. Niifiez-Cascajero, M. Jiménez-Rodriguez, interesting topic. Liu et all”) demonstrated a conversion
Prof. F. B. Naranjo, Dr. S. Valdueza-Felip efficiency of 1.1% in Al ,7Ing 73N on Si(100) devices with an
LPJh‘?tO”'FS EFgA'lneff'”g Group open circuit voltage Vo =0.27V, a short circuit current density
niversity of Alcaia . Jee=14mAcm ™2, and a fill factor FF=29%, leading to a
28871 Alcal4 de Henares, Spain . ;
E-mail: rodrigo.blasco@uah.es conversion efficiency of 1.1% under one sun AM 1.5G
D. Montero, Dr. J. Olea illumination with 90nm of AlInN using a mixture of argon
Thin Film and Microelectronics Group and nitrogen for the deposition of the nitride layer. However, no
University Complutense of Madrid spectral photoresponse of the device was reported in
28040 Madrid, Spain ref. 71,
L. Grenet In this work, we study the structural, morphological, and
gg :-'érenoble optical properties of Al,In; ,N (x=0.38-0.42) layers deposited
University Grenoble Alpes under pure nitrogen atmosphere on Si(111) as a function of the
38000 Grenoble, France AlInN thickness ranging from 65 to 145nm. The AlInN
The ORCID identification number(s) for the author(s) of this article tthkI.leSS is a crucial pa.l'ameter forh tl‘}e light Collectlorhl process
can be found under https://doi.org/10.1002/pssa.201800494. affecting the photovoltaic characteristics of the heterojunctions
due to the high absorption coefficient of the nitride layer in the
DOI: 10.1002/pssa.201800494 vis/UV wavelength range.
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2. Experimental Section

The Al In;_,N layers were deposited on p-doped (1.5 x 10"~
1.5x10cm™) 500um thick Si(111) substrates with a
resistivity of 10-1000Q-cm using a reactive RF sputtering,
equipped with 2-inch confocal magnetron cathodes of pure In
(99.995%) and Al (99.999%), and pure nitrogen (99.9999%) was
used as reactive gas. Substrates were chemically cleaned in
organic solvents before being loaded in the deposition chamber
where they were outgassed for 30min at 550°C. Prior
deposition, targets and substrate were cleaned using a soft
plasma etching with pure Ar (99.9999%) in the sputtering
chamber. AlInN layers were deposited with a nitrogen flow of
14 sccm at a sputtering pressure of 0.47 Pa. The Al and In RF
powers were fixed at 150 and 40 W, respectively. Samples were
deposited at a substrate temperature of 550°C. Under these
growth conditions, the AlInN layer presents an n-type carrier
concentration of n ~2.7 x 102 cm ™3, as previously evaluated by
Hall Effect measurements in samples with a thickness of 455 nm
deposited under the same growth conditions on sapphire.'*!” A
set of samples with AlInN thickness ranging from 65 to 145 nm
(samples D1-D4 in Table 1) was deposited.

The alloy mole fraction, crystalline orientation, and mosaicity
of the layers were obtained from high-resolution X-ray
diffraction (HRXRD) measurements. To analyze the surface
morphology an atomic force microscope (AFM) in tapping mode
was used. A field-emission scanning electron microscope
(FESEM) was employed to estimate the layer thickness and
morphology. The optical properties were analyzed in AlInN
layers simultaneously deposited on sapphire substrates under
the same growth conditions. In these samples, the AlInN
bandgap energy was estimated from transmittance measure-
ments performed at normal incidence in the 400-1700 nm
wavelength range using an optical spectrum analyzer.

Samples were processed into /1 x 1cm? devices to evaluate
the photovoltaic performance of the heterojunction, as shown in
Figure 1(a) and (b). One hundred nanometer thick Al layers were
deposited by RF sputtering as top and bottom contacts to
n-AlInN and p-silicon, respectively, using a shadow mask for the
top contact. The former present ohmic behavior was deposited,
while the latter was annealed at 450°C during 3 min under
nitrogen atmosphere to ensure an ohmic behavior. N- and
p-contact resistivity of 241 and 5.5+1.5Q-cm’ were,
respectively, obtained from transmission line method
measurements.

Devices were characterized by current density—voltage (J-V)
curves carried out in dark and under standard illumination at

a) Al 100 nm
n-Al,In, N
p-Silicon
(111)
Annealed
T — 7| 100 nm

Figure 1. a) Sketch of the AlInN on Si heterojunctions. b) Top-view image
of a representative processed device with a ~1x 1cm? area.

25°C. Dark measurements were recorded with a four-point
probe station, whereas measurements under illumination were
performed in a solar simulator with a AM1.5G spectrum
(100mWcm™2). The spectral response of the devices in the
400-1100 nm range was measured at zero bias using a 250 W
halogen lamp coupled to a monochromator. These results were
calibrated using the response of the cell to a GaN-based laser
diode emitting at 405 nm with a known output power to obtain
the device responsivity.

3. Results and Discussion

The structural quality of the Al,In; ,N films as a function of
their thickness was evaluated with HRXRD measurements.
Figure 2 shows the diffractograms corresponding to the 20/w
scans of the layers. Only the diffraction peaks related to the Si
(111) and the AlInN (0002) are observed independently of the
AlInN thickness, pointing out non-parasitic orientations of the
nitride films, with the absence of the typical multiple peaks
measured in layers with phase separation. From the angle value
of (0002) diffraction peak of AlInN, we estimate an Al mole
fraction of x ~0.38-0.43 assuming fully relaxed layers and
applying the Vegard’s law to the estimated c-parameter of the
layer. We assume fully relaxed layers taking into account
previous studies performed by our group and presented in
ref. ', The applicability of the Vegard’s law has been previously
demonstrated by our group in similar samples grown on
sapphirel’”! an error in the estimation of Al content below 3%.

Table 1. Electrical characteristics of the AlInN on Si heterojunctions versus the AlinN thickness. The area of the devices was estimated taking

into account the area of the top contact (<0.13 cm?).

Dark One sun AM 1.5G
Sample  Thickness [nm]  Area [cm?] Ry [kQ] R, [Q]  Jo[MAcm™? Voo [V Jo [MAcm™?  FF[%]  Efficiency [%] R at 950nm [mAW ]
D1 65 0.54 1.6 9.0 0.031 0.34 16.00 32.95 1.80 360
D2 90 0.62 1.3 8.9 0.035 0.35 15.62 33.80 1.84 -
D3 100 0.73 5.0 16.2 0.004 0.40 15.50 30.14 1.86 445
D4 145 0.52 33 7.7 0.012 0.34 18.79 37.76 2.45 470
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Figure 2. 26/w scans of the AlinN on Si(111) structures as a function of
the AlInN thickness.

The rocking curve analysis around the AlInN (0002) diffraction
peak reveals a decrease of the full width at half maximum from
10° to 7° when increasing the AlInN thickness. These results are
similar to those obtained for layers with 90 and 450 nm grown in
similar conditions in which a value of 7° and 5° are obtained,
respectively.

FESEM images depicted in Figure 3 show a closely packed
columnar morphology in all samples with a thickness of 65, 90,
100, and 145nm for samples D1-D4, respectively. From the
2 x 2 um? atomic force microscopy images of the AlInN surface,
we obtain a root mean square (rms) surface roughness from 3.7
to 0.9nm independently of the layer thickness.

Transmittance spectra of the AlInN on sapphire samples
deposited under the same run are shown in Figure 4. It can be
observed that the transmittance spectrum is influenced by
the AlInN thickness, leading to a possible underestimation in
the calculation of the bandgap energy. From the spectra of
sample D4 with 145 nm of AlInN, we deduce an apparent optical
bandgap energy of ~2.0 eV, in accordance with the one obtained
in 455-nm thick AlInN on sapphire grown under the same
deposition conditions.!"”)

Figure 5(a) shows the J-V characteristics of the developed
devices based on the analyzed heterojunctions under dark
conditions showing a rectifying behavior. From these curves, we
estimated the saturation current density (Jo), series and shunt
resistances (R, Rqy) as summarized in Table 1. The best values
are obtained for sample D4 with the lowest R, and a relatively
high Rg,. Even though sample D3 has a higher Ry,, the high
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Figure 3. FESEM images of the AlInN on Si(117) structures with an AllnN
thickness with (a) 65nm, (b) 90nm, (c) 100 nm, and (d) 145 nm.

value of the dark current density ], is probably the responsible of
the average poorer performance of this sample compared to D4.
The improvement of the electrical parameters can be explained
from the layer relaxation, which is happening as the layer
thickness increases.!'® The density of defects decreases with the
accommodation of the layer causing a reduction of the electrical
loses. The obtained values are in the same order of magnitude
than the ones reported by Liu et al.l¥ of R;=7 Q and Ry, = 5kQ
for AlInN on Si(100) heterojunctions deposited by RF sputtering.
On the other hand, an ideality factor of n ~3-8 is obtained for all
devices.

The values of V,, Js., FF and conversion efficiency estimated
from J-V measurements under 1 sun AM1.5G illumination
[Figure 5(b)] are summarized in Table 1. Comparing the four
devices, the variations of V,. from 0.34 to 0.40V, independently

"0—
05 115
IS
Sosel 103
£ 3
n [
© 0.4 S
[ 05®
I
0.2} [

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 4. Normalized transmittance spectra of the AlinN on sapphire
layers (left) and the solar spectrum of one sun AM 1.5G (right).
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Figure 5. Current density—voltage curves of the AlinN on Si heterojunctions (a) in the dark (log scale) and (b) under 1 sun AM1.5G illumination. Inset:

zoom of the fourth quadrant.

of the AlInN thickness, can be due to the variations of the Al
mole fraction in the AlInN layers and the differences of Ry in the
devices. On the other hand, the FF varies for all devices between
30 and 38%. However, the J,. increases with the AlInN thickness
from ~15.5 to 18.79 mA cm 2, leading to an improvement of the
conversion efficiency from 1.8 to 2.45%. This positive evolution
of the J. and the conversion efficiency with the AlInN thickness
can be due to the improved transmittance of sample D4 in the
700-1000 nm spectral range, as observed in Figure 4, compared
to their counterparts. We recall that the maximum responsivity
of a standard Si-based photodetector is found in this wavelength
range.

For a better understanding of these results, we have measured
the responsivity of the devices, as illustrated in Figure 6. The
spectral response of the samples covers the visible to near-
infrared spectral range, with a peak associated to the silicon
photodetection. Peak responsivity values are 360mAW™' at
930nm, 445mAW " at 850nm, and 470mA W' at 950 nm for
samples D1, D3, and D4, respectively. However, if we compare
the responsivity of devices D3 and D4, we observe an improved
responsivity in the 500-700 nm wavelength range for D3, and in
the 850-1000 nm range for D4. These results are in agreement
with the increased transmittance of the AlInN layer for each

500 — . . . T .

400

300

200

100

Responsivity (mA/W)

700 800 900 1000
Wavelength (nm)

500 600 1100

Figure 6. Responsivity of the AllnN on Si heterojunctions.
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sample at the referred wavelength range (see Figure 6). This
effect is attributed to the Fabry-Pérot interference pattern
induced by the layer-substrate and layer-air interfaces, increasing
the amount of light reaching the bottom Si layer and hence the
contribution to carrier photogeneration. In the case of sample
D1, the reduced transmittance of the AlInN layer leads to a
reduced responsivity and conversion efficiency of the device.

4, Conclusion

The effect of the AlInN thickness (65-145nm) on the material
and photovoltaic characteristics of AlInN on Si(111) hetero-
junction solar cells were analyzed. The structural, morphologi-
cal, and optical properties of the Al,In; ,N (x =0.38-0.42) layers
were not strongly affected by the layer thickness, obtaining
closely packed columnar films with a rms surface roughness in
the range of ~1-4nm and an apparent optical bandgap energy
~2.0eV. However, the photovoltaic performance of the hetero-
junctions improved with the thickness of the AlInN. Namely
the conversion efficiency improves from 1.80 to 2.45% and the
responsivity from 360 to 470mAW ™' at 950nm due to the
enhanced transmittance of the AlInN layer in the wavelength
range in which the maximum of the Si spectral photoresponse
occurs. These results highlight the importance of the proper
design of the transparency of AlInN to improve the device
efficiency.
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