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Abstract — GalnP is a material commonly employed for the top
subcells of different multijunction solar cells architectures. In this
study, the performance of GalnP top cells has been improved by
increasing the energy band gap with the use of Sb as a surfactant
during the MOVPE growth of the structures. The optimization of
the appropriate Sb molar flow was done by Reflectance
Anisotropy Spectroscopy. Different characterization techniques
have been employed to assess the effect of Sb on the morphology,
microstructure and optoelectronic properties of the resulting
GalnP grown with different Sb/P ratios. Finally, the performance
of several GalnP subcells with different order parameters has been
assessed.
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1. INTRODUCTION

A certain diversity of multijunction solar cell (MJSC)
architectures has already demonstrated a great potential for
ultra-high efficiency (i.e. upright metamorphic [1], inverted
metamorphic [2], MJISCs using bifacial epigrowth [3], MISCs
using wafer bonding [4], [5]). However, such diversity mostly
affects the middle and/or bottom cell composition and structure,
remaining GalnP as the material of choice for the top cell (TC).
Therefore, being able to maximize the performance of GalnP
top cells is a need for almost all multijunction solar cell
approaches. In this optimization context, addressing the
ordering phenomena exhibited by GalnP, appears as a
fundamental issue to be tackled.

GalnP, as many other III-V ternaries, shows CuPt ordering in
the group III sublattice. CuPt-type ordering describes a
superlattice of alternating GalnP atomic layers with structure
Ga0.5(1-7)In0.5(1+x)P/Ga0.5(1+7)In0.5(1-5)P, where # is
defined as the order parameter. For a completely disordered
GalnP material #=0, whereas for a completely ordered material
n=1. So far, only experimental values as high as #=0.6 have
been reported for GalnP grown in MOVPE [6, 7].

The degree of order modulates, among others, the energy
bandgap (E;) of the alloy [8]. In order to increase the conversion
efficiency of a MJSC, the energy band gap of the GalnP TC
should be increased as much as possible [9] or, in other words,
to have a disordered GaIlnP TC. In fact, as much as a 160 meV
increase in E, (at low T) has been reported after decreasing the
ordering degree [10]. In order to control the degree of order,
either epitaxial growth parameters (such as growth temperature,

growth rate, V/III ratio, doping level, wafer off cut) [11-15] are
changed, or surfactants are employed during the epitaxial
growth [16].

In MOVPE growth, three different elements have been
identified so far as surfactants on GalnP, namely, Te, Bi and
Sb. However, Sb is the best candidate to be used during the
growth of a GalnP-based solar cell [16], since Te is a n-type
dopant on GalnP with a strong memory effect [17] and Bi
deteriorates the surface morphology and might form
compounds such as BiAs and BiP [18]. In addition, Sb is
isoelectronic with P (i.e., it will not affect the Fermi level
position) and the incorporation of Sb in the solid is low, namely
around 1-10'® cm [19]. As an important drawback, if excessive
Sb is used, the resulting GalnP layer will exhibit composition
modulation and a triple period order which, in turn, notably
lowers the value of Eg [18, 20]. In this paper, we first assess the
effect of Sb on the morphology, structure and bandgap of single
GalnP layers. Subsequently, we employ different Sb flows
during the growth of GalnP solar cells and analyze the spectral
response of the resulting devices.

II. EXPERIMENTAL

Samples were grown in a horizontal commercial MOVPE
reactor (Aixtron AIX200/4) equipped with an in situ RA
spectrometer (Lay Tec EpiRAS 200). We used Ge (100)
substrates with 6° misorientation towards [011] direction, TESb
was used as the Sb precursor, and growth temperature was
675°C.

Sb flow was optimized with the use of specific calibration
structures consisting of a GalnP nucleation layer (3 65 nm thick)
on a Ge substrate followed by a 1.1 pm thick, Zn-doped, GalnP
layer where different specific molar flows of Sb were
introduced. These calibration structures were characterized by
means of photoluminescence (PL), atomic force microscopy
(AFM), and transmission electron microscopy (TEM)
measurements. PL. was performed at room temperature by
exciting the GalnP layers with a 532 nm laser. For the AFM,
Digital Instruments-Multimode IIla microscope working in
tapping mode was used and the resulting AFM scans were
processed using a free software tool [20]. For the TEM
characterization, samples were thinned down to electron
transparency using a Focus Ion Beam (FIB) lift out technique
and then a JEOL 2100 and an aberration corrected Titan FEI



operated a 200kV for conventional TEM and high resolution
analyses, respectively.

GalnP solar cells on Ge substrates were also grown. The
detailed semiconductor structure can be found in Ref [21]. In
essence, the GalnP solar cell consists of an n-type emitter doped
with Si (~1-10"® em™) and p-type base doped with Zn (~1-107
cm?). As the photogeneration of carriers in our solar cell
configuration takes mainly place in the TC-base, disordering of
the TC-base is mandatory. Therefore, the study of the use of Sb
was done mainly on the p-type GalnP layers.

The effective change in the energy bandgap was evaluated
with External Quantum Efficiency (EQE) measurements. EQE
set-up is based on a Xenon lamp used as a white light source,
together with a Horiba Jobin Yvon monochromator (TRIAX
180) and a filter wheel. The monochromatic light was chopped
at a frequency of 481 Hz. A current preamplifier (SR570) was
used to convert the output currents into voltage that was
measured by a two channel lock-in amplifier (Anfatec 203).

IT1. RESULTS

A. In situ calibration of the Sb/P molar flow ratio to disorder
GalnP

The first step to control the degree of order of GalnP with Sb
is thus to precisely determine the Sb molar flow that has to be
introduced during the growth of GalnP in the reactor chamber
to achieve a desired order parameter [16]. In our case, this was
calibrated in situ with RAS. Since it is intended that Sb acts as
a surfactant —and thus it does not significantly incorporate into
the semiconductor lattice—, its molar flow should be rather low.
Additionally, the appropriate molar flow lies within a given
range to get the desired surfactant effect (i.e., to get a disordered
GalnP layer). Below this range no effect is expected, whereas
above, the previously commented triple period ordering is
induced .

The Sb molar flow that should be applied varies from the
different reactor conditions, reactor geometry, growth T and
V/III ratio [16, 22, 23, 24]. Here, we have employed RAS to
determine the adequate molar flow that is necessary to get Sb
as a surfactant. For this purpose, a GalnP layer was grown on a
Ge substrate. Once the growth was finished, the sample was
kept at growth temperature under a constant PH; molar flow,
and then a certain Sb molar flow was introduced in the reactor
chamber and, after some stabilization time, the RAS spectra of
the Sb-exposed surfaces were taken. This process was repeated
for different Sb/P ratios. Fig. 1 shows how the RAS signal at
3 eV is affected by varying the Sb/P ratio. According to the
results shown in Fig. 1, the adequate Sb/P range that potentially
will modulate the order parameter of GalnP grown at 675°C
was found to be in a range between 411 to 1720 ppm [25].
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Fig. 1. 1In situ RA spectra of a GalnP surface under different ratios
of Sb/P taken at 675°C.

B. Characterization of the properties of GalnP:Sb layers

Once it was identified the appropriate range of Sb/P ratio to
be used, several GalnP layers were grown within the range
determined by RAS.

Preliminary PL measurements performed at RT on both n-
type and p-type test GalnP layers (Fig. 2(a)) indicated that the
n-type GalnP emitter was almost disordered (peak at 1.89 eV)
while p-type GalnP was still partly ordered (peak at 1.82eV)
In addition, from the layers grown with different Sb/P ratios, it
can be observed (Fig. 2(b)) how the peak position shifts to
higher energies as the amount of Sb is also increased, ranging
from 1.819 eV up to 1.884 eV. Such high E, value (low
ordering) is compared to the PL peak transition (Fig. 2(a))
obtained for the n-type Si doped GalnP emitter described
before. These PL results confirm the suitability of RAS to
determine the adequate Sb/P ratios for a given reactor and
growth conditions.

The morphology of the layers is also affected by the use of
Sb. Fig. 3 shows 4x4 pm AFM topography scans (both with the
same Z scale) of two GalnP samples with different Sb molar
flows. For the sample shown in Fig. 3(a) an Sb/P ratio of 411
ppm was used, while for the sample in Fig. 3(b) was 1721 ppm.
The RMS roughness values are 2.54 and 1.82 nim, respectively.
In addition, samples were analyzed by TEM. The high quality
of the samples is illustrated in bright field images (Fig. 4(a)).
Selected area diffraction patterns (SAED) in cross section along
the [110] zone axis of the samples were also recorded. For the
sample grown with no Sb (Fig. 4(b)) the presence of extra
diffraction spots —indicating the presence of a superlattice—
are clearly observable. As long as the Sb/P ratio is increased,
they become less bright until they are not detectable anymore
in the diffraction pattern (Fig. 4(c)). This observation confirms
the results obtained with PL in Fig. 2(b).
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Fig. 2. (a) Normalized PL measurements at RT of two different test

GalnP layers grown under the same conditions of the TC base (red)
and TC emitter (black). Fig. 2. (b) Normalized PL. measurements at RT
of GaInP TC base layers with different amounts of Sb.
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Fig. 3.  AFM images for GalnP layers with Sb/P ratio of 411 ppm
(a) and 1721 ppm (b).
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Fig. 4. a) Bright field image of one GalnP calibration sample. Fig.
4. (b) Transmission diffraction patterns along the [110] zone axis of

the GalnP layers grown with no Sb and with an Sb/P ratio of 1720 ppm
(c).

1E18 p—yr—r—v—r—T1——1—r—1——1—r7

1E17 9

Hole cancentralion {cm™)

0 300 600 900 1200 1500 1800
SbIP (ppm)

Fig. 5. Hole concentration versus different Sh/P ratios.

Another important fact that must be also taken into account
for the final solar cell devices, is that the Zn incorporation is
enhanced as the Sb/P ratio is increased [16, 26]. Doping
concentration was measured for the different GalnP layers
confirming this effect (Fig. 5). It can be seen how the
concentration is increased by a factor of 4 for the Sb/P ratio
range explored.

C. Characterization of GalnP top cells with different order
degree

Once the use of Sb has been optimized to obtain GalnP layers
with different degree of order, an assessment of the use of Sb
on the performance of GalnP solar cells has been carried out.
Several GalnP solar cells have been grown using different Sb/P
ratios in the top cell base.
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Fig. 6. EQE measurements of GalnP solar cells with different Sb/P
ratios.

Fig. 6 shows the EQE of the resulting cells with different
Sb/P ratios. Notice that no antireflection coating layers (ARC)
were deposited. As can be observed, the cut-off wavelength of
the cell is effectively decreased with the use of Sb, which is
indicative of the achievement of higher band gaps. The
difference observed in the values of the EQEs are due to the
change in the effective doping of the base (Fig. 5),which has
not been correctly counterbalanced by reducing the dopant
flow. According to these results, adequate Zn incorporation in
the base should be achieved in order to realize a more realistic
comparison of the EQE results. This work is currently on going.

In addition, an increase of 60 mV in the open circuit voltage
(Vo) of the devices grown with Sb has been achieved.
Obviously, this increase in V. depends on the initial degree of
order before Sb introduction. According to our simulations, this
V.. increase could imply an efficiency increase of 0.75%
absolute in a lattice-matched GalnP/Ga(In)As/Ge triple
junction solar cell.



Moreover, further experiments are ongoing to ascertain the
changes in the spectral response of the GalnP TC when
different amounts of Sb are also introduced during the growth
of the Si-doped GalnP emitter that is already largely disordered.

IV. SUMMARY

In this work an effective change in the band gap GalnP solar
cell has been demonstrated by the use of Sb during its growth.
RAS has been applied to determine the proper molar flow of Sb
that must be introduced to induce a change in the order degree.
A complete morphological, structural and optical
characterization has been accomplished to the resulting
GalnP:Sb layers.

Several GalnP solar cells have been grown with different
Sb/P ratios. An effective change in the energy bandgap has been
observed in the EQE measurements. A V. increase of 60 mV
has been also measured.
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