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Abstract:

We report on AlGaAs-based heterojunction solar cells grown by solid source molecular beam epitaxy
(MBE). We investigate InGaP and AlGaAs material quality and we demonstrate significant efficiency
improvements by combining the best of each alloy: a thick p-AlGaAs base with tunable bandgap, and a
thin 50 nm n-InGaP emitter separated by a thin intrinsic AlIGaAs layer. We report a certified solar cell
conversion efficiency of 18.7 % with a 2-um-thick AlGaAs layer and a bandgap of 1.73 eV, suitable for
high efficiency Si-based tandem devices.
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Introduction:

Recently, two-terminal and four-terminal III-V/Si tandem solar cells have reached efficiencies above 33% under
one-sun illumination, through careful bandgap engineering and incremental material choice improvement [1],
[2]. Particularly, AlGaAs and InGaP alloys have received much attention, as they show great promises for the
realization of single junction solar cells with direct bandgaps near 1.73 eV, suitable for high efficiency Si-based
tandem dual junction devices, according to detailed balance modeling [3]-[6].

There are two main approaches for multi-junction III-V on Si solar cells. In a two-terminal approach, I1I-V cells
can be directly grown on Si cells. However, large lattice mismatch and thermal expansion coefficient between
II-V and Si still limit their efficiencies [7]. Alternatively, III-V cells can be bonded on Si [1], [8]. This two-
terminal approach requires current matching and a bandgap near 1.73eV for maximum efficiency in dual
junction devices [9]. In a four-terminal approach, III-V cells can be mechanically stacked on Si bottom cells.
This method does not require current matching and the maximum efficiency is less sensitive to the top cell
bandgap [2], [10], [11]. Both methods are viable for optimal III-V on Si solar cells, yet they require high
efficiency III-V cells to reach tandem efficiencies above 33%. It is worth mentioning that dual junction III-V/Si
record devices are based on InGaP top cells [1], [2], with a bandgap near 1.9 eV higher than the optimal value
for two-terminals.

The key challenge in improving the III-V top cell is to optimize material properties and the bandgap. Early
researches focused on Al,Ga,,As based alloys for the III-V top cell, since this material offers an attractive
tunable bandgap ranging from 1.42 eV to 2.16 eV and lattice constants closely matched to GaAs [12]. This



flexibility allows the bandgap engineering of a fully Al,Ga;<As photovoltaic homo-structure simply by varying
the aluminum (Al) composition. However, AlGaAs solar cell efficiencies were limited, mainly due to aluminum-
oxygen (Al-O) deep level contaminations during growth [13], [14]. Thus, in the past years, most efforts have
shifted towards InGaP-based homojunction solar cells. Lattice-matched Ing49Gags P grown on GaAs has a
bandgap around 1.9 eV, a relatively good radiation hardness, low process sensitivity, and low interface
recombination rate [12], [15], [16]. Despite the good material properties of InGaP, its widespread development
may be limited by the scarcity of indium [17]-[20]. In addition, the bandgap of InGaP grown on GaAs is
constrained to 1.8-1.9 eV with less flexibility as compared to AlGaAs.

To grow AlGaAs and InGaP alloys, two techniques are mainly used: molecular beam epitaxy (MBE) and metal
organic vapor phase epitaxy (MOVPE). Both face the same challenge of improving material properties to raise
efficiencies. For AlGaAs cells, incremental growth optimization of the alloy led to short circuit current (Jy)
improvements [21]. The reduction of defect concentrations related to the formation of DX-centers resulted in
state of the art AlGaAs solar cells with a bandgap around 1.7 eV and efficiencies up to 16.9 % [22], with best
results achieved by MOVPE. For InGaP cells, growth temperature tuning led to efficiencies up to 16.6 % for
MBE grown single junction solar cell [23]. Also, an enhancement of the open-circuit voltage (V,.) was observed
by optimizing the atomic ordering of InGaP on miscut substrates [24]. A deep junction design with a back mirror
for photon recycling led to a record high efficiency of 20.8 % for MOVPE grown InGaP solar cells [25]. Finally,
a graded bandgap structure with a 21.4 % efficiency was announced recently [26], [27]. It should be mentioned
that record efficiencies of solar cells grown by MBE are generally lower than those grown by MOVPE. 1t is
attributed to the lower growth temperature in MBE, resulting in more defect states and deep centers.
Nevertheless, MBE proved to be an effective tool for basic research, with reduced residual contaminants such as
oxygen and carbon, and an accurate control of fluxes that enable abrupt doping profiles and heterostructures. In
this work we aim at bridging the gap between AlGaAs and InGaP solar cell efficiencies and between MBE and
MOVPE growth methods by improving the quality of MBE-grown materials and by designing AlGaAs/InGaP
heterostructure solar cells.

In this letter, we first investigate single-junction solar cells made of AlGaAs and InGaP homojunctions grown by
MBE. We show that their performances are limited by the material quality of n-AlGaAs and p-InGaP,
respectively. We overcome these limitations by combining a very thin n-Ing49GagsP emitter with a thick p-
Aly,5Gag7sAs base. The reported heterostructure exhibits a certified efficiency of 18.7 % with a bandgap of 1.73
eV perfectly suited for I1I-V/Si tandem dual junction solar cells. Thanks to the flexibility of the AlGaAs alloy,
similar heterostructures can be adapted to multi-junction solar cells.

Experimental procedure

The epitaxial growth of the solar cell structures was performed with a RIBER compact 21 solid-source MBE
machine equipped with both arsenic and phosphorous-valved cracker cells. Standard p-type GaAs (100)
substrates are used. The growth rates are approximately 1 pm/h for GaAs and Alys5;GaAs, and 0.5 pm/h for the
other layers. The typical growth conditions are a beam-equivalent pressure (BEP) of 1x10™ Torr with a V/III
ratio of 20 at 550°C for arsenic-based layers, and a V/III ratio of 8 at 500°C for phosphorus-based layers.
Beryllium and Silicon were used as p-type and n-type dopants, respectively. Standard photolithography, wet
chemical etching, and metal evaporation steps were performed to separate the mesa structures. The cell size is
0.3x0.3 cm”. The front metal grid made of Ni/Ge/Au is not annealed [28] and the full-area back contact on the
rear of the substrate is made of Ti/Au. The front n-GaAs contact layer is removed by chemical etching using the
front electrodes as a mask. For each structure, the results presented in the following (except in Fig. 6) are
representative of the average performances of 5-10 devices. The best cells presented in Fig. 6 have an additional
anti-reflective coating (ARC) layer made of 65 nm thick SiNx, and larger surface areas of 0.5x0.5 cm® with
smaller metal grid spacing (shading of 5-6%).

I-V characteristics of the solar cells were measured using a solar simulator providing one-sun AM1.5G
irradiance. External quantum efficiency (EQE) measurements were carried out with a Xenon light source, a
monochromator, a microscope objective, and contact needles in a four-point contact configuration. Si calibrated
diodes were used for reference. The Jsc is determined from the EQE measurements. RHEED measurements were
performed during the growth, the beam equivalent fluxes were determined, and the compositions were confirmed
using X-Ray Diffraction measurements on test samples. Diffractograms were performed to determine the lattice
mismatch and crystalline properties in InGaP and calibrate Al concentration in AlGaAs, grown on GaAs



substrate. High Resolution X-Ray Diffraction (HRXRD) geometry 6 / 2-0 scans were measured at room
temperature (25°C) around [0 0 4] reflection peak of GaAs, by means of a multi-configuration X'Pert Pro MRD
PANalytical diffractometer with a sealed tube Cu K-o 1 radiation, equipped with an incident beam
monochromator Ge (2 2 0)x4.

For photoluminescence (PL) measurements, the samples were illuminated with a 532 nm continuous wave laser
with an incident power of P=380W/cm. Spectrally-resolved PL images were collected by a hyperspectral imager.
Mean values on the illumination spot are taken, yielding an Ipp spectrum for each structure investigated. The
spectral resolution is 2nm.

For structure optimization, study of recombination mechanism, band diagrams and doping profiles near
interfaces, we used the SCAPS simulation software developed by the university of Ghent, Belgium [29]. The
minority carriers diffusion lengths for p-type (L,) and n-type (L,) materials were estimated from comparing
simulated and measured external quantum efficiencies (EQE). They are directly related to the drift-diffusion
model in the emitter, the base, and the depletion region [16], [30], [31]. Semiconductor parameters used in the
model were taken from references [32]-[41].

For the analysis of the electronic characteristics of the solar cells, J-V dark and 1 sun J(V)-Jsc were fitted using a
two-diode model, with fixed diode idealities of 1 and 2 [28], [42].

Results and discussion

1. Solar cell structure

We first study and compare two conventional n-p homojunction solar cells made of AlGaAs and InGaP. The
complete stacks are described in Table I, and the corresponding EQE are plotted in Fig. 1(a).

1.1 AlGaAs homojunction

The AlGaAs solar cell is based on an Aly,3GaAs n-p absorber sandwiched between two barriers: a n-Aly;GaAs
window layer and a p-Aly;GaAs back surface field (BSF) layer. The EQE exhibits a steep decrease at short
wavelengths. A photocurrent loss of 0.41mA/cm” as compared to the InGaP cell is calculated from the EQE for
wavelengths below 480 nm (Fig 1(a)). The low collection efficiency in the top n-Aly,sGaAs emitter layer is
attributed to DX-centers related to the Si doping [43]. They result in a high density of deep defects, which act as
non-radiative recombination centers and reduce the minority carrier lifetime and mobility [22], [44], [45].
Neglecting the effect of surface recombination, the hole diffusion length L, in the emitter can be estimated by
comparing simulations results obtained for various L, with EQE measurements, see Fig 1(b). We find a good
agreement between simulations and experiments over the 400-670nm spectral range impacted by L, We
extracted from the fit a hole diffusion length of 16 nm, much lower than the 100 nm emitter thickness. This issue
can be circumvented by lowering the Al composition, or by using Se dopant for n-type Aly2sGaAs layer [43].

We have also replaced the n-Aly;GaAs window layer by a n-AllnP layer, with no other changes in this AlGaAs
structure. Results are shown in Fig. 1(c,d). The increase in V. of 75SmV is consistent with the 5-fold decrease of
the Jo, component of the dark J-V (AV,=2kT/q*In(5)=80mV). It is related to the higher valence band offset at
the Aly,5GaAs/AlInP interface, which limits non radiative recombination (see the band diagrams in Fig 3(¢)).
However, this improvement occurs at the expense of the carrier collection efficiency.

1.2 InGaP homojunction

The InGaP solar cell is based on an n-p Ing49Gag s;P homojunction with a slightly higher bandgap, a phosphorus-
based n-AllnP window layer and a p-AllnGaP BSF layer (structure detailed in Table I). In Fig. 1(a), the decrease
of the EQE in the long-wavelength range (above 500 nm) is an indication of collection issues in the base layer,
translated into a photocurrent loss of 3.81 mA/cm’ as compared to the AlGaAs cell (calculated with EQE for
2>480 nm). Similarly, to the previous analysis, we have compared the EQE measurement with simulation results
and we estimated a minority carrier diffusion length of the order of L,~250 nm, much smaller than the 1000 nm
base thickness. This assessment is consistent with our time resolved fluorescence imaging measurements, which
resulted in L,=258 nm and a minority carrier lifetime of 2.3 ns in InGaP layers grown in the same conditions and
reported elsewhere [47], [48].



It is known that the material quality of p-InGaP is limited by carrier mobilities and the choice of dopants. Fig. 2
shows the results of Hall effect measurements for InGaP and AlGaAs layers. We see a decreasing mobility as a
function of doping, typical of free majority and minority carrier mobility trends and comparable to other values
reported in the literature [37], [38], [49]-[52]. Thus, to optimize solar cell performances, the choice of a low p-
type doping level should ensure good minority and majority carrier mobilities. However, cracked phosphorous
used in MBE growth induces a significant n-type doping residual up to lel6 cm™, limiting well-controlled p-
type doping in InGaP structures to concentrations higher than ~lel7 cm™. Moreover, the choice of p-type
dopants is limited: carbon is amphoteric and its activation rate in InGaP is very low due to self-compensation,
leading to n-type doping [53], and Be doping in InGaP promotes O incorporation and increases non-radiative
recombination [54], [55]. Finally, p-AlGaAs have higher carrier mobilities than p-InGaP and appear as a better
choice (see Fig. 2).

1.3 Heterostructure

To overcome the limitations of previous AlGaAs and InGaP homojunctions related to the poor quality of n-
AlGaAs and p-InGaP, respectively, we have combined the best of each structure. It results in a heterojunction
made of a thick p-AlGaAs base with a bandgap that can be tuned with the Al content, and a thin n-InGaP with a
slightly higher bandgap, as described in Table I. The heterostructure relies on a p-AlGaAs base with better
carrier mobilities than p-InGaP, and a n-InGaP emitter for passivation purposes with a lower DX center density
than in n-AlGaAs. The spectral response of the p-Aly,sGaAs/n-Ing43Gag s,P heterojunction shown in Fig. 1(a)
evidences high carrier collection efficiency at both short and long wavelengths.

The bandgap tunability of the p-AlGaAs base layer in the heterostructure is the key for further optimization of
our solar cell. Fig. 3(a) shows EQE measurements with tuned Al compositions of 0.37, 0.28 and 0.25,
corresponding to direct bandgaps of 1.88eV, 1.77eV and 1.73eV, respectively [12]. As a result, the reduction of
the Al concentration induces a decrease of V., and an increase of J. It also induces an improvement of the
material quality due to the reduction of DX center defects related to the Al-content. Moreover, the band offset at
the Aly,sGaAs/InGaP hetero-interface has a beneficial effect on the dark current and V. (see Fig. 3(¢e)) [56],
[57]. In particular, Fig. 3(b) shows a strong increase of the dark current for x=0.37. We also note an increased fill
factor (FF) for AlGaAs solar cells with lower Al content.

These observations are confirmed by photoluminescence spectroscopy results obtained on a calibrated
hyperspectral imager. It gives access to the absolute intensity of PL emission for each composition of AlGaAs,
as displayed in Fig 3(c). This emission is measured in absolute units (e.g. luminance), and is directly related to
the quasi-Fermi level splitting Au inside the absorber material [58]. By fitting the acquired spectra with the
generalized Planck law [59], we obtained precise values for the bandgap E, and Au displayed in the table Fig
3(d). Consistently with previous results from EQE fits, the bandgap increases by 40 mV when x increases from
0.25 to 0.28. The values are slightly higher than those determined by EQE (1.77 eV instead of 1.73 eV for
x=0.25, and 1.81 eV instead of 1.77eV for x=0.28).1t is due to the fact that the fitting model also includes sub-
bandgap absorption [59]. Au decreases by 15 mV between x=0.28 and x=0.25, with high values due to the high
fluence of the laser (approx. 1000 suns). The difference between the bandgap and quasi-Fermi level splitting, Eo-
Ap, is a good figure of merit of the quality of the material [60]. It confirms the lower non-radiative
recombination observed for x=0.25 (Fig 3(d)), and underlines again the utmost importance to decrease Al
content and DX-related defects.

Therefore, considering all previous arguments, the Aly,sGaAs alloy is the best choice for the p-type base in the
heterojunction. Thus, our optimized solar cell structure is: a heterojunction p-Aly,sGaAs/n-InGaP sandwiched
between a p-Alys;GaAs BSF layer and an n-Alj 53Ing 4¢P window layer.

2. Optimization of the emitter thickness

We now study the effect of the emitter thickness and composition. First, two similar layer structures with 37%
Al in the base layer and different emitter compositions were grown (Table II): cell E.1 is made of a 100 nm-thick
InGaP emitter, and cell E.2 is made of 50 nm of Aly;;GaAs and 50 nm of InGaP. Here, the core idea was to split
the emitter to keep the Aly;;GaAs as a buffer for a continuous growth at the important base/emitter interface.
However, we observe a decrease in J, that might be due to the deterioration of the emitter quality related to DX-
center defects in the n-AlGaAs layer as discussed above [43]. The increase in the V. is related to the higher
bandgap in the Aly3;GaAs emitter, and we note a higher FF.



Second, two similar structures with a 25% Al composition in the base layer and with different emitter
thicknesses were grown: E.3 and E.4 have an n-InGaP thickness of 80 nm and 50 nm, respectively. The
corresponding band structures are shown in Fig. 4(b). Using the same simulation procedure as in Fig. 1(b), we
estimated the hole diffusion length in the n-InGaP layer to about L,=30 nm. At short wavelengths (< 500nm),
minority carriers generated in the emitter are impacted for thicknesses larger than the diffusion length, reducing
the collection probability. It explains the lower EQE observed in Fig. 4(a) for the 80 nm-thick n-InGaP emitter
layer. Performances of the corresponding solar cells are given in Table II. We have also grown two InGaP
structures with different n-InGaP emitter thicknesses: 50 nm and 100 nm. The stacks are similar to the InGaP
homojunction of Table I, with a thinner base and no AlInP window layer (see the inset in Table in Fig 4(c)). The
EQE increases significantly for the thinner n-InGaP emitter layer, and confirms the impact of the short hole
diffusion length of about L,=30 nm.

3. Optimization of the base thickness and doping profile

One of the main problems of AlGaAs material is the formation of deep level defects related to Al-O complexes
during the growth. In the following, we have varied both the p-doped base and the intrinsic AlGaAs layer
thicknesses. By increasing the total AlGaAs thickness, one can expect to quickly degrade J;. due to the limited
diffusion length and carrier lifetime. However, as observed in Table III and Fig. 5(a), J,. and EQE increased with
base thickness, indicating a good material quality. Simulations confirm that the minority carrier diffusion length
is larger than the base thickness and does not limit the EQE. As a result, the EQE and Jsc can be further
enhanced with thicker AlGaAs absorber layers, as it will be shown in Fig. 6(c). We also note an increase in the
Voo with the absorber thickness. Dark J-V measurements are shown in Fig. 5(b). Both the decrease of the Jy,
component and the increase of Ji. with increasing base thicknesses contribute to the V. improvement. The slight
differences in the resistances and FF (see Table III) are attributed to variations in the process and native oxide on
the surface formed during chemical etching.

An intrinsic AlGaAs layer was then introduced between the p-AlGaAs base and the n-InGaP emitter with two
different motivations. First, the intrinsic AlGaAs should prevent the diffusion of Be doping atoms from reaching
the n-type layer during growth [62]. Second, an intrinsic layer is expected to lower the concentration of ionized
impurities and thus to increase the carrier diffusion length by decreasing the defect center concentration induced
by dopants [63]-[64]. Solar cells with different p-doped and intrinsic AlGaAs thicknesses are compared in Table
II1. Nevertheless, only minor differences can be seen in efficiencies of solar cells with similar total thicknesses
(p-type + intrinsic, see B.4 vs B.5 in Table I1I). We observe a slight increase in the EQE at short wavelength for
B.6 compared to B.7, which is believed to be correlated to the thicker intrinsic layer of 650 nm preventing Be
diffusion in the InGaP emitter. From dark and one-sun J-V measurements, no clear conclusion can be drawn on
the impact of the intrinsic layer thickness (Table 111 and Fig 5(b)). However, PL measurements exhibit a two-fold
radiative intensity enhancement from the B.7 structure with a thinner intrinsic layer (20 nm) and a thicker p-
doped layer (1000 nm as compared to 350 nm in B.6) (see Fig 5(c)). Further optimization of this thickness is
needed. In the following, optimized solar cell structures are made of a 100 nm-thick intrinsic layer, slightly
thicker than the 20 nm of B.7, in combination with 900 nm-thick and 1900 nm-thick doped base layers.

4. Best cell analysis

Finally, our optimized solar cell is the following: a p-Aly,sGaAs:Be base with a 1.73 eV direct bandgap, an
optimized doping profile at 2x10'® cm™ and two different thicknesses, followed by a thin 100-nm-intrinsic
Aly,sGaAs to prevent Be diffusion, and a thin non-doped 50 nm InGaP emitter layer with the highest carrier
mobility (the residual doping in the InGaP layer is n-type and has a concentration of 1x10'® cm™). The
AlGaAs/InGaP heterojunction is sandwiched between highly doped n-AllnP:Si window layer and p-
Aly51GaAs:Be BSF layer, as described in Fig. 6(a). A 65 nm-thick SiNx anti-reflective coating (ARC) layer is
deposited after the front n-GaAs contact layer removal by chemical etching using the front electrodes as a mask.
This ARC has an obvious effect on Jsc, but it has no measurable impact on the other electrical parameters of the
cell (dark 1V, FF and Voc under illumination). The best cell was measured by Fraunhofer ISE calibration
laboratory under standard test conditions (AM1.5G, 1000 W/m2, 25°C). We obtained a solar cell with a certified
efficiency n=18.7% with J=17.66 mA/cm® V,=1.254 V and FF=84.37%, as shown in Fig. 6(b) and Fig. 6(c).
The FF increase as compared to previous samples is due to the smaller spacing of contact grids, the larger cell
surface area of 0.5x0.5 cm?, and the higher doping in the window layer.



In Fig .6(c), we compare two similar structures with a 1 um-thick base and a 2 pm-thick base, respectively. We
observe an increase of FF in the thinner structure that may be due to the band bending slopes in the thinner base
structure and a reduction of bulk recombination [28]. Also, the dark current decreases in thinner absorbers (see
Fig 6(d)), which in turn increases V. reaching a W,. = Eg/q-V,. = 0.438 V, indicating a lower bulk
recombination in the 1pm device.

Conclusions

We have presented high efficiency AlGaAs solar cells grown by MBE. The material quality of the
semiconductor layers and the design of the heterojunction have been investigated and optimized simultaneously.
The combination of a thick p-Aly,5Gag7sAs base layer with a thin n-InGaP emitter layer provides a way to
increase carrier mobilities and to reduce the impact of DX-centers. This heterojunction design has the additional
advantages of a tunable bandgap of the AlGaAs absorber, and a low consumption of In. It resulted in a certified
efficiency of 18.7% at a bandgap of 1.73 eV, perfectly suited for Si-based tandem devices. Higher efficiencies
can be achieved with further growth optimization, double ARC and back mirror.
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Figure 1. (a), External quantum efficiency (EQE) of the InGaP (orange) and AlGaAs (blue) solar cells, and
AlGaAs/InGaP base/emitter heterojunction (black). Structures without anti-reflective coating (ARC). (b), EQE
simulated with a SCAPS model for various minority carrier diffusion lengths. (¢), EQE measurements of two
AlGaAs structures: with a n-Al.07GaAs-window and with a n-AllnP-window. Inset: solar cell characteristics
obtained from J-V curves under 1-sun AM1.5G spectrum. (d), Dark J-V characteristics in log scale and fits with
two-diode model. The different components of the J-V dark model are shown for the AlGaAs-window device in
dashed lines: black and green dashed curves for ideality factors of n=1 and n=2, respectively, and violet dashed
curve for the parallel resistance. Inset: fitted parameters.
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Figure 3. (a) EQE and (b) dark J-V measurements of solar cells with an InGaP hetero-emitter and an Al,Ga; As
base of different aluminum compositions. (inset) Solar cell values obtained from J-V curves under 1-sun
AMI1.5G spectrum are given in the inset of (a), and dark J-V curves are fitted with a two-diode model (Jo; and Jo,
parameters given in the inset of (b)). Eg are extracted from EQE. Aluminum compositions are extracted from
XRD. Note that all solar cells in this graph do not have an ARC. (¢) PL of Al,Ga, «As base solar cells with
x=0.28 and x=0.25. (d) The bandgaps E, are extracted from the EQE, and Eg and Ay are obtained by fitting
calibrated PL spectra. (e) Band diagrams (from SCAPS simulation) of the solar cells near the interface between

the base and the emitter under 1.0 V bias.
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Figure 4. (a) EQE measurements of solar cells with a n-InGaP emitter layer: 80nm-thick in red and 50nm-thick
in black (all other layers are kept the same, see the heterojunction structure in Table I). Inset: solar cell
characteristics obtained from I'V-curves under 1-sun AM1.5G spectrum. (b) Band diagrams (from SCAPS
simulations) of three solar cells with different emitter thicknesses (50 nm, 80 nm and 100 nm), near the interface
AlGaAs/InGaP under 1-sun illumination at AM1.5G (1.0-V biased condition). (¢) EQE measurements of InGaP
solar cells with two different emitter thicknesses: 100 nm (green) and 50 nm (blue). Inset: the InGaP structure
with no window layer and ARC.
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Figure 5. (a) EQE of solar cells with different p-type AlGaAs and intrinsic AlGaAs thicknesses (see Table I11
for their description and performances). (b) Dark J-V characteristics and two-diode model fits of B.4, B.5, B.6
and B.7 samples. (¢) PL measurements of B.6 and B.7 samples.
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Figure 6. (a) Schematic of the layer stack of the optimized heterojunction solar cell (not to scale). (b) -V
characteristics of the solar cell samples with a 2 pm-thick base, measured at the Fraunhofer ISE calibration
laboratory under standard conditions (AM1.5G, 1,000 W.m %25 °C). (¢) EQE graphs of solar cell samples with
2um thick base (in red) and with 1um thick base (in black). Inset: performances from calibrated measurements.
(d) Dark J-V measurements and the two-diode model fits, with the different components of the model given in
the inset.
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Tables:

Table I. Details of the AlGaAs, InGaP and heterojunction layer structures. The growth is from the bottom to the
top (n on p). The characteristics under AM1.5G illumination are given (last row): (Js., FF, V) in unit of
(mA/cmz, %, V).

Layer type Thzrcllr(:ll)ess Doping (cm”) AlGaAs InGaP Heterojunction
Contact 300 lel9 n-GaAs n-GaAs n-GaAs
Window 20 5el8 n-Aly-,GaAs n-AllnP n-AllnP
Emitter 100 lel7 n-Alg,sGaAs n-Ing 45Gag 5,P n-Ing 4sGag 5P

Base 1000 lel6 p-Alg23GaAs p- Ing 43Gag 5oP p-Alg23GaAs
BSF 20 Sel8 p-Aly;GaAs p-AllnGaP p-Aly,GaAs
Contact 300 lel9 p-GaAs p-GaAs p-GaAs

(Jse, FF, Vo)

(8.15,78.0,1.23)

(10.62,82.0,1.139)

(11.46,81.2,1.26)

16



Table II. Emitter thickness comparison (all other layers are kept the same, see the heterojunction structure in
Table I). Solar cell parameters obtained from IV-curves under 1-sun AM1.5G illumination. Aluminum

compositions are extracted from XRD. Note that all solar cells in this table have no ARC.

CellNo  Base (Al %) Emitter Jo(mA/cm?) FF (%) Ve (V)
E.1 37 100 nm InGaP 8.76 78.3% 1.263
E.2 37 50nm/50nm  Alys;GaAs/ InGaP 8.32 80.5% 1.319
E3 25 80 nm InGaP 11.77 81.5% 1.236
E.4 25 50 nm InGaP 12.08 82.1% 1.247
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Table III. Solar cell structures with different base thicknesses and corresponding measured I-V parameters
under 1-sun illumination. The complete structure from top to bottom is as follows: n-AlInP(20nm)/n-
IHGaP(SOnln)/Al()_nga()ngS(ti)/p-Al()_sza()_75AS(tp)/Al()_51G'¢1()_49AS(701’111])

Cell p-AlgsGaAs Intrinsic Aly,;GaAs JSC(mA/cmz) FF (%) Voo (V)
No thickness t, (nm) thickness t; (nm)

B.1 500 20 10.35 81.22 1.206
B.2 500 50 10.78 82.70 1.218
B.3 500 100 11.02 82.64 1.223
B.4 500 200 11.53 82.16 1.236
B.5 350 350 11.53 82.80 1.229
B.6 350 650 12.32 81.52 1.231
B.7 1000 20 12.08 81.80 1.237
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