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      Abstract— To date, the greatest performance limiter in 
monolithic III-V/Si tandem (multijunction) solar cells, like 
GaAs0.75P0.25/Si, is excess threading dislocation densities (TDD) 
resulting from the lattice-mismatched heteroepitaxy. Recent 
developments in low-TDD GaAsyP1-y/Si metamorphic buffers were 
used to grow standalone GaAs0.75P0.25 top cells on Si with a TDD of 
4×106 cm-2, ~2.5× lower than previous iterations, greatly 
improving the potential for the production of high-efficiency 
tandems based on this platform. Nonetheless, these reduced-TDD 
cells were still found to possess considerable voltage-dependent 
carrier collection (VDC) losses. As such, to improve JSC and fill 
factor, without sacrificial reduction in VOC, a doping gradient 
within the cell base layer was designed and implemented. The 
updated design reduces VDC losses to levels that would otherwise 
require further TDD reduction by at least another 2.5× (to ≤ 
1.5×106 cm-2) in a typical flat doping profile design. Replacing the 
p+-Ga0.64In0.36P back surface field (BSF) with p+-
Al0.2Ga0.8As0.74P0.26 provided an additional improvement in both 
VOC and JSC, yielding device performance equivalent to a 4× TDD 
reduction in the previous design. The culmination of these design 
changes results in a new sub cell that outperforms our previous 
best top cell by ~4.3% absolute AM1.5G efficiency, with increases 
in fill factor, JSC, and WOC of about 3.3% absolute, 1.9 mA/cm2, 
and 0.12 V, respectively. This new design, coupled with the 
reduced TDD platform, paves a promising path toward 
development of higher efficiency GaAs0.75P0.25/Si tandems upon 
full device integration.  
 
Index Terms—III-V/Si tandem solar cell, dislocations, 
semiconductor epitaxial layers, III–V semiconductor material 

 

I. INTRODUCTION 
HE use of Si-based tandem solar cells is a promising 

avenue for the achievement of high photovoltaic 
conversion efficiency, surpassing that of single-junction 

solar cells, but at a nominally lower cost than traditional III-V 
multijunction cells grown on Ge or III-V substrates. 
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Demonstrated performance of Si-based tandems using top 
junctions consisting of either III-V compound semiconductors 
or metal-halide perovskites have now greatly exceeded that of 
single-junction Si cells [1]. While the impressive results from 
the halide perovskite-based Si tandems are a subject of intense 
current interest, the well-known long-term stability and 
reliability of III-V materials [2], [3] make them an attractive 
candidate for continued research efforts and are thus the focus 
of this work.  

Approaches for integration of III-V and Si solar cells can be 
split into three main classifications: mechanical stacking, wafer 
bonding, and monolithic heteroepitaxial integration. 
Mechanically stacked triple-junction (3J) GaInP/GaAs//Si cells 
with as high as 35.9% AM1.5G efficiency have thus far been 
demonstrated, with champion two-junction (2J) GaAs//Si cells 
yielding 32.8% [4]. Wafer bonded 3J GaInP/AlGaAs//Si cells 
with 35.9% efficiency have also been achieved [5]. These 
results showcase the ultimate potential of the III-V/Si integrated 
materials system, but both stacking and bonding approaches 
necessitate complex and heretofore costly fabrication processes 
that do not readily scale with Si area. 

However, heteroepitaxially-integrated III-V/Si solar cells, 
which do naturally scale with Si substrate area and only require 
a single starting wafer, pose a different, fundamental challenge 
due to the need to manage the lattice mismatch within an all-
epitaxial monolithic structure. If not adequately mitigated, this 
mismatch gives rise to a high concentration of performance-
degrading threading dislocations within the upper III-V cells. 
The usual mitigation strategy is to gradually accommodate the 
mismatch with a compositionally-graded (metamorphic) buffer 
between the Si and III-V cells. This intentionally-relaxed 
structure helps to control dislocation dynamics, preventing 
rampant defect generation that would otherwise occur for a 
single, highly-mismatched epilayer, thereby lowering the 
threading dislocation density (TDD) within the III-V device 
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layers [6], [7].  

Several approaches to metamorphic epitaxial III-V/Si 
integration, such as using SiGe virtual substrates [8], [9], [10] 
and direct GaAs/Si growth followed by annealing and/or 
dislocation filter structures [11], [12], [13], have been explored 
over the years. While these methods have achieved impressive 
TDD values, the most promising approach that also allows full 
optical access to an underlying Si sub-cell, and which has given 
rise to the above-mentioned record cells, is through direct GaP 
growth on Si with a subsequent step-graded GaAsyP1-y 
metamorphic buffer. Direct GaP/Si integration exploits the 
relatively small mismatch between the two materials, while the 
bandgap of each layer of the metamorphic GaAsyP1-y stack is 
always greater than that of both the underlying Si and the 
terminal III-V top cell material, such as the GaAs0.75P0.25 used 
in current-matched dual-junction structures.  

Following this III-V/GaP/Si approach, monolithic, all-
epitaxial GaInP/AlGaAs/Si 3J cells have achieved certified 
AM1.5G efficiencies as high as 25.9% [14], whereas 
GaAs0.75P0.25/Si (2J) cells with the ideal 1.7 eV/1.1 eV 2J 
bandgap combination have reached certified efficiencies of 
23.4% [15]; uncertified small area (0.123 cm2) efficiencies of 
25% have also been reported [16]. While lagging the 
performance of mechanically stacked and wafer bonded III-
V/Si cells thus far, the combined promise of lower cost, large 
area scalability, and simpler device fabrication is compelling. 
Nonetheless, achieving higher efficiencies is largely dependent 
upon further TDD reduction.  

Although years of work on this integration platform have 
indeed yielded substantial materials quality improvements, and 
have enabled the aforementioned record devices, the 
performance of cells fabricated using this approach are still 
significantly TDD-limited [14], [15], [16]. To reduce the 
deleterious effects of TDD in these cells we have focused on 
two parallel routes: (1) development of fundamental epitaxial 
processes and strategies for continued TDD reduction and (2) 
device design optimization that quantitatively accounts for the 
influence of TDD on minority carrier diffusion length (via non-
radiative recombination) to yield improved defect tolerance.  

With respect to TDD reduction, early efforts demonstrating 
processes for the nucleation of GaP on Si via both MBE and 
MOCVD were successful in yielding epilayers effectively free 
of antiphase domains [17], [18], [19], [20], [21].  However, the 
GaP layer itself was found to be a stubborn source of 
surprisingly high TDD, which the subsequent graded buffer was 
generally unable to reduce. For example, even for the 
aforementioned 23.4% GaAsP/Si tandem cell, the TDD within 
the GaP layer was ~1×107 cm2, leading to similar TDD within 
the 1.7 eV GaAs0.75P0.25 top cell. However, ensuing work by 
multiple researchers toward an improved understanding of the 
dislocation dynamics within the heteroepitaxial GaP layer itself 
have served to inform several advances in the growth processes 
and associated dislocation-control strategies. 

Extensive studies examining epitaxial growth conditions and 
doping, correlated with quantitative defect population and 
evolution analyses, revealed that the high TDD values were the 

result of very low dislocation glide velocities and nucleation 
layer instability in the GaP [22], [23], [24]. More recently, we 
have shown that by introducing a compressively strained 
GaAsP/GaP superlattice (CSS) embedded early in the growth 
structure the initially poor GaP dislocation glide dynamics can 
be enhanced, resulting in a remarkable TDD reduction within 
the fully relaxed GaP layer on Si from 1×107 cm2 to 2×106 cm2 
[25]. Subsequent growth of step-graded GaAsyP1-y 
metamorphic buffers out to the desired GaAs0.75P0.25 2J top cell 
composition (3% lattice constant mismatch with respect to Si) 
successfully maintained this TDD value, and virtual 
GaAs0.75P0.25 substrates with a TDD of ≤ 3×106 cm2 were 
demonstrated. At this TDD, GaAsP/Si tandem (2J) cells with 
significantly improved efficiency are expected.  

In parallel to the TDD reduction work, multiple efforts have 
considered how to better optimize III-V cell design to account 
for higher-than-desired TDD values. The first-order approach 
is thickness optimization of both, the cell’s base and emitter 
layers [26], [27]. Such adjustments, usually in the form of 
thinning, are applied to better match the real TDD-limited 
minority carrier diffusion length, minimizing recombination 
loss within the cell. To further improve the performance of 
these thinner layer designs, adequate photon management is 
needed, and the use of rear distributed Bragg reflectors [28], 
[29] and light trapping schemes [30] have been considered.  

Of course, it is also possible to more drastically change the 
cell design. For example, to address the base width vs. diffusion 
length optimization, cells employing an n/i/p design have also 
been developed [7], [16]. However, while the increased 
depletion width of the n/i/p does improve carrier collection, it 
comes at the cost of voltage reduction. Another approach that 
has been effective for III-V cells on SiGe/Si substrates is to 
employ a p+/n emitter/base cell configuration instead of the 
more common n+/p design. This method exploits differences in 
electron and hole lifetimes and recombination rates that 
influence dark recombination current and thus VOC [31], [32]. 
Nonetheless, for GaP/Si-based structures, the p+/n 
configuration cannot be used due to the conduction and valence 
band offset energies that necessitate an n-GaP/n-Si 
heterojunction. This fundamental property effectively 
constrains monolithic III-V/Si cells to the n+/p polarity. A rear-
emitter design has been investigated for this application, but 
was found to have other debilitating limitations when the TDD 
was not already very low [33].  

Ultimately, the highest performance cells will require both 
lower TDD and materials property informed design refinement. 
We describe herein work toward that end for 1.7 eV bandgap 
GaAs0.75P0.25 top cells, for application to GaAs0.75P0.25/Si 
tandems, employing the aforementioned low-TDD GaAsyP1-

y/Si substrates coupled with an optimally-designed base doping 
gradient to reduce the remaining TDD-induced recombination 
loss. This new design was then found to fortuitously reveal 
additional long-wavelength carrier collection (JSC) and 
associated VOC losses related to the back surface field (BSF) 
that were previously masked by the TDD-induced losses, 
thereby guiding an update to the BSF that successfully 



3 
10.1109/JPHOTOV.2024.3463974 (accepted version) 
 
recovered said losses. The resultant single-junction cells 
represent the highest-performance GaAs0.75P0.25-on-Si to date, 
with great promise for future implementation in a new 
generation of GaAs0.75P0.25/Si tandem solar cells.  

II. EXPERIMENTAL APPROACH 
All devices used in this study were grown via metal-organic 

chemical vapor deposition (MOCVD) using an Aixtron 3×2” 
close-coupled showerhead system. The reactor is equipped with 
an in-situ growth temperature and rate monitoring kSA ICE 
reflectance/pyrometry system. Precursors used for the group-III 
elements (Al, Ga, In) were trimethylaluminum (TMAl), 
trimethylgallium (TMGa), triethylgallium (TEGa), and 
trimethylindium (TMIn); precursors used for the group-V 
elements (As, P) were arsine (AsH3), phosphine (PH3), and tert-
butylphosphine (TBP). N- and p-type dopant precursors used 
were silane (SiH4) and diethylzinc (DEZn) within the cell and 
graded buffer and diethyltelluride (DETe) and 
bromotrichloromethane (CBrCl3) within the tunnel junction 
layers, respectively. 

 Starting with 100 mm diameter, 350 µm thick, lightly p-type 
(TopSil, B-doped, 1-5 Ω-cm) float zone Si (001) wafers, with 
an intentional offcut of 2° toward [110], 50 nm GaP integration 
templates were grown on the Si substrates. A 3-period CSS 
consisting of n-GaAs0.17P0.83 / n-GaP layers was grown on the 
thin n-GaP/Si, followed by 450 nm thick GaP and subsequent 
GaAsyP1-y step-graded buffer (SGB). A 1.0% µm-1 strain 
grading rate was employed in the SGB to accommodate the 3% 
total lattice mismatch, using 3.5% As fraction steps of equal 
thickness [25]. Next, a heterojunction tunnel diode consisting 
of 25 nm p++-Al0.2Ga0.8As0.75P0.25 and 100 nm n++-GaAs0.75P0.25, 
with nominal bandgaps of 2.0 eV and 1.7eV, respectively, was 
grown [34]. Finally, a GaAs0.75P0.25 (hereafter “GaAsP”) solar 
cell, with 1.72 eV target bandgap and internally lattice-matched 
Al0.64In0.36P and Ga0.64In0.36P window and BSF layers, 
respectively, were grown. The full growth / device structure is 
schematically depicted in Fig. 1. 

For the sake of relative simplicity, and because this work 
focused exclusively on the top cell, all growths performed for 
this study made use of as-received p-Si wafers with no bottom 
cell processing. Furthermore, because the n-GaP / p-Si interface 
would have served as a second junction, backside contact to the 
GaAsP cell was made using the SGB as a lateral conduction 
layer (LCL) contact, isolating the active test region to just the 
combined GaAsP top cell and tunnel junction structure; note 
that the LCL was expected to contribute additional series 
resistance and a small associated fill factor loss. Device 
fabrication involved mesa isolation and LCL reveal using a 
BCl3/Ar-based inductively couple plasma etch. Electron beam 
evaporated Ni/GeAu n-type metal contacts were used for both 
the top grid and large area LCL back contacts. No anti-
reflection coatings were applied to the cells reported here.  

 An array of square 4 mm2 cells were characterized by internal 
quantum efficiency (IQE), illuminated current-voltage (LIV), 
and JSC-VOC measurements. IQE measurements were performed 
using a custom small-spot, microscope-based system. LIV 

measurements were performed under a simulated AM1.5G 
spectrum using a TS Space Systems Unisim Compact two-zone 
(with four LED boost zones) solar simulator calibrated using 
multiple reference III-V and Si cells with different spectral 
responses. JSC-VOC was performed using a tunable high-power 
white LED with five orders of magnitude dynamic range. 
Measurement of voltage dependent collection was performed 
using the IQE stage with some modifications and will be 
detailed later. Electron channel contrast imaging (ECCI), 
performed in a Thermo Scientific Quattro scanning electron 
microscope fitted with a concentric backscatter detector, was 
used to determine reported TDD values using our previously 
established methods [35], [36], [37]. Reported cells are 
representative of their populations. All devices from this work 
can be referenced in Table I and samples will be introduced as 
relevant in the text.  

III. RESULTS AND DISCUSSION 

A. Initial Results on Low-TDD GaAsP/Si Virtual Substrates 
Use of the new low-TDD GaAsyP1-y/Si virtual substrates 

described above was expected to provide significantly 
improved minority carrier transport properties (lifetime and 
diffusion length) and solar cell performance metrics within the 
1.7 eV GaAs0.75P0.25. Actual TDD, as measured via ECCI, of the 
cells presented here was 4.1 ± 0.5 ×106 cm-2. This is slightly 
higher than the initial virtual substrates, most likely due to some 
small compositional variances in the different cell layers. 
Nonetheless, this is still a significant reduction compared to the 
TDD of ~1×107 cm-2 in the prior GaAsP top cell within the 
aforementioned 23.4% tandem device [15].  

Both the prior top cell (hereafter referred to as “top cell A,” 
or TC-A) and the new version being investigated here (hereafter 

Fig. 1. Device schematic (not to scale) of the GaAs0.75P0.25 top cell 
grown on a Si substrate. 
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referred to as “top cell B,” or TC-B) were grown and fabricated 
in nominally identical processes, with two minor exceptions. 
First, a small and unintentional difference in composition, 
yielding bandgaps (via fitting of IQE) of 1.67 eV and 1.69 eV 
for TC-A and TC-B, respectively; the result of this discrepancy 
is a 10 nm longer absorption edge cutoff for TC-A.  Second, a 
slightly thicker (30 nm vs. 20 nm) and higher doped (5×1018 
cm-3 vs. 1×1018 cm-3) Al0.64In0.36P window layer in TC-B, 
commensurate with the authors’ improved understanding of the 
associated design sensitivity for optimizing frontside 
passivation [38].  

To account for the small bandgap discrepancies between 
these cells and all others compared in this work, a correction to 
IQE was applied by simply shifting the optical constants (n and 
k) to those of the target bandgap of 1.72 eV, using a Hovel 
model [39], [40] following formalizations from [41] and 
employing a transfer matrix model [42], [43] for more accurate 
simulation of internal reflections as established in [28], to 
reconstruct the IQE curves (shown in Fig. 2), and then re-
integrating over the AM1.5G spectrum. Furthermore, the 
window layers were modeled to be 30nm in all cases to remove 
any window effects. Thus for a more accurate comparison of 
current between samples, the bandgap and window thickness 
adjusted total integrated current (from IQE, or JIQE) will be used 
as the main metric. After accounting for these differences, the 
improvement in material quality was indeed found to translate 
into improved device performance. Compared to TC-A, IQE of 
TC-B is higher overall, with a total adjusted-JIQE difference of 
0.9 mA/cm2, as tabulated in Table I. Comparing the two curves, 
shown in Fig. 2, it is clear that most of the improvement can be 
attributed to increased carrier collection towards longer 
wavelengths starting at around 480 nm. This improved behavior 
is consistent with reduced TDD in TC-B, as the expected 
increase in minority carrier diffusion length commensurately 
increases the probability of collecting photogenerated carriers 
from deeper within the base (i.e., further away from depletion 
region drift field).  

In our previous report of the 23.4% efficient tandem cell, 

extensive loss analysis of the top cell revealed that the FF was 
reduced due to voltage dependent collection (VDC) caused by 
subpar minority carrier diffusion length [15]. To investigate 
whether VDC loss in the lower-TDD cells is commensurately 
improved we have performed a similar analysis here. FVDC(λ) is 
a parameter developed to quantify the fraction of photocurrent 
lost per volt as a function of wavelength, enabling a more direct 
comparison between the single-junction GaAsP cells and the 
two junction 23.4% cell. We note that while FVDC(λ) analysis 
provides similar insight as voltage-dependent IQE, it has two 
major advantages of the latter: yields higher precision 
characterization of voltage-affected photocurrent due to the use 
of finer voltage steps than typically done for voltage-dependent 
IQE and is a more direct measure of the LIV curve “flat” region 
slope. Although this technique is described in detail in [15], as 
it is a newer method, we briefly explain it below.  

In the absence of any discernable impact of finite shunt 

Fig. 2. Internal quantum efficiency of TC-A (TDD = 1×107 cm-2) and 
TC-B (TDD = 4.1×106 cm-2) as-measured (open circles) vs. as-
adjusted for accurate comparison via modeling (solid lines). 

Table I.  Tabulated cell metrics comparing the different GaAsP top cells. The small bandgap differences between the different cells makes direct comparison less 
meaningful, thus cell metrics are adjusted as noted in the text. Champion devices (bold) are shown alongside the mean with standard error (in parentheses) taken 
from a population of six solar cells, with the exception of the tandem (TC-A), which was taken from a separate study.  A TC-A has an ARC. B Statistics available 
only from 3 cells.  

    

ID Description TDD 
[cm-2] 

Eg 
[eV] 

 Raw VOC 
[V] 

WOC 
[V] 

 Raw Jsc 

[mA/cm2] 
JIQE

 

[mA/cm2] 
FF 
[%] 

TC-A GaAsP-on-Si 
(23.4% tandem) 1.4 ± 0.1 × 107 1.67 1.11 0.56 17.1 A 17.5 77.7 

TC-B 
GaAsP-on-Si 

(constant doping, 
GaInP BSF) 

4.1 ± 0.5 × 106 1.69 1.17 
(1.17 ± 0.003) 

0.52 
(0.53 ± 0.003) 

14.1 
(13.9 ± 0.05) 

18.4 
(18.4 ± 0.13) B 

78.3 
(77.4 ± 0.36) 

TC-C 
GaAsP-on-Si 

(graded doping, 
GaInP BSF) 

3.8 ± 1.2 × 106 1.72 1.19 
(1.19 ± 0.002) 

0.52 
(0.53 ± 0.003) 

14.2 
(14.2 ± 0.02) 

18.7 
(18.8 ± 0.10) B 

81.0 
(81.0 ± 0.14) 

TC-D 
GaAsP-on-Si 

(graded doping, 
AlGaAsP BSF) 

6.3 ± 0.2 × 106 1.72 1.27 
(1.25 ± 0.006) 

0.44 
(0.47 ± 0.006) 

14.0 
(13.8 ± 0.08) 

19.4 
(19.4 ± 0.06) 

81.0 
(80.2 ± 0.22) 

TC-R 
GaAsP-on-GaAs 
(constant doping, 

GaInP BSF) 
1.5 ± 0.3 × 106 1.74 1.28 

(1.28 ± 0.001) 
0.46 

(0.46 ± 0.001) 
13.8 

(13.7 ± 0.09) 
19.1 

(19.2 ± 0.15) B 
85.5 

(85.0 ± 0.27) 
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resistance, FVDC(λ) is defined, for each monochromatic 
wavelength step, as the slope of the illuminated I-V curve at 
J(V≈0), normalized to the short circuit current density:  

 

 𝐹𝐹𝑉𝑉𝑉𝑉𝑉𝑉(𝜆𝜆) ≡
�𝑑𝑑𝑑𝑑(𝜆𝜆,𝑉𝑉≈0)

𝑑𝑑𝑑𝑑 �

𝐽𝐽(𝜆𝜆,𝑉𝑉≈0)
. (1) 

 
Thus, an FVDC parameter of zero would indicate no measured 
VDC effects. The slope of the LIV curve can be analytically 
described with its EQE and FVDC by integrating over the 
illumination spectrum (AM1.5G) and rearranging (1): 

 
 dJ(λ,V≈0)

dV
=  ∫ EQE(λ) ∙ ΦAM1.5G(λ) ∙ FVDC(λ) ∙ dλmax

λ=min . (2) 
 

As shown in Fig. 3, the lower TDD (4.1×106 cm-2) in TC-B 
improved (reduced) the FVDC factor across all wavelengths 
versus TC-A (TDD ~ 1×107 cm-2), consistent with the expected 
improvement in diffusion length. In line with this result, the 
onset of non-zero FVDC in TC-B was also improved (delayed) 

by about 50 nm, from ~400 nm to ~450 nm, indicating that 
VDC effects are beginning deeper in the base. To serve as an 
even lower-TDD reference, nominally identical GaAsP cells 
were also grown on a relaxed tensile-graded GaAsyP1-y buffer 
on a GaAs substrate, hereafter referred to TC-R. The low 
(1.5×106 cm-2) TDD of this cell effectively serves as a high-
quality benchmark target, or reference, for GaAsP/Si 
development, as detailed in [44]. While TC-B is significantly 
improved compared with TC-A, it is also clear from TC-R that 
further TDD reduction is still needed. More importantly, the 
still sizeable difference between the TC-B and TC-R FVDC 
profiles highlight the high degree of sensitivity for carrier losses 
that still exist in the 1 – 4×106 cm-2 TDD range.   

B. Design Improvements on low-TDD GaAsP/Si platform 
To at least partially mitigate the voltage dependent collection 

issue in lieu of further TDD reduction, a graded dopant profile 
[45], [46] was implemented within the base. The intent of this 
design element was to introduce a small, but non-negligible 
electric (drift) field extending through the entire base region of 
the cell to help enhance carrier collection. Unlike n-i-p device 
designs, which also create an extended drift field, the dopant 
grade should do so without significantly increasing the 
depletion region volume, thereby avoiding the J02 based VOC 
reduction reported for n-i-p GaAsP cells [16]. Therefore, the 
dopant gradient induced field is expected to improve the 
relative defect tolerance of the cell at low-to-mid TDD values 
without adversely impacting the VOC.  

As depicted in Fig. 4(a), the new base design consisted of a 
300 nm region at a nominally constant doping level of 3×1016 
cm-3 to effectively “encapsulate” the junction depletion region 
(calculated to be 280 nm at zero bias) below the emitter, with 
the remaining 1200 nm base extension to the back surface field 
(BSF) layer consisting of a linear dopant grade from 3×1016 cm-

3 to 3×1017 cm-3, ending at the 3×1018 cm-3 doped GaInP BSF. 
This was achieved using a proportional grade of the DeZn 
precursor flow during MOCVD growth, based on several 
individual doping calibration growths. A simple simulation 
using the BandEng program [47] was used to help quantify the 
resultant band bending within the graded dopant cell, presented 

Fig. 4. (a) Structure of the cell with a dopant grade (not to scale). The grey area denotes the depletion region. (b) Energy band diagram of the 
base of a GaAsP top cell with and without a base dopant grade. (c) Zoomed in profile of the conduction band energy of the two cells, highlighting 
the increased band-bending as a result of the dopant grade.  

Fig. 3. Spectrally resolved voltage dependent collection measurement 
comparing GaAsP top cells with different TDDs.  
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in Fig. 4(b,c). Following the nomenclature above, as introduced 
in Table I, where TC-A refers to the TDD = 1×107 cm-2 top cell 
from the 23.4% tandem cell and TC-B refers to the reduced-
TDD (4.1×106 cm-2) top cell produced using the CSS structure, 
the new cell implementing the grading dopant profile is referred 
to as TC-C. Aside from the doping gradient, TC-C was 
otherwise identical to TC-B, and possessed an effectively equal 
TDD of 3.8 ± 1.2 ×106 cm-2.  

Subsequently, changes were also made to the BSF, swapping 
the nominally lattice-matched, highly-doped p+-Ga0.66In0.34P 
BSF to a p+-Al0.2Ga0.8As0.74P0.26 analogue, following work that 
demonstrated improved minority carrier lifetime in similar 
devices [16], possibly due to a simpler growth of an In-free, 
base/BSF heterointerface and a more favorable band offset.  
This cell is hereafter referred to as TC-D and is otherwise 
identical in design to TC-C except for the updated BSF. The 
TDD (6.3×106 cm-2) of TC-D was actually slightly higher than 
TC-C, but still substantially lower than TC-A. Nonetheless, 
despite the higher TDD, TC-D was still found to provide further 
improvement over TC-C, confirming the importance of a 
quality base/BSF interface. 

Fig. 5 presents IQE and LIV comparing the design changes 
from TC-B through TC-D, referenced against TC-R, while Fig. 
6 shows a statistical summary of the improvements from 
multiple cells. As noted previously with Fig. 3, Fig. 5(a) 
employs the same fitting of experimental results to a Hovel 
model in order to normalize any differences, particularly in 
bandgap between samples. Thus, to fully interpret the results 
shown in both Figs. 5(a) and 5(b), metrics such as the Eg-VOC 
offset (WOC) and model-adjusted JIQE values were extracted and 
are listed in Table I, alongside FF and TDD values for 
reference. After adjusting for the difference in bandgap between 
the two cells, there is a +0.3 mA/cm2 total improvement in JIQE 
between TC-B and TC-C. As seen in Fig. 5(a), the increased for 
TC-C in the long-wavelength region (>550 nm) clearly 

indicates that this JSC improvement is a direct outcome of the 
dopant grade. When combined with the BSF changes the JSC 
improvement is even more dramatic, yielding a +1.0 mA/cm2 
difference versus TC-B. What is particularly notable about this 
result is that it actually surpasses the JIQE of the ~4× lower TDD 
benchmark TC-R cell.  

The inset of Fig. 5(b) focuses on the LIV curves in the 0.0 – 
0.9 V range, comparing them to pseudo-LIV curves produced 
via 1-sun shifted JSC-VOC measurements; this latter 
measurement effectively removes the effect of VDC because 
the data is taken only at the JSC and VOC points under varying 
illumination intensities [48], [49]. The deviation of the real LIV 
curves from the pseudo-LIV curves thus serves as another 
measure of VDC. The values of the negative slope in the LIV 
curves (via linear fitting from 0.0 – 0.5 V) are tabulated in Table 

Fig. 5. (a) Internal quantum efficiency as-measured (open circles) vs model-adjusted (solid lines). (b) LIV of the different top cells and in the 
inset of (b) is zoomed in LIV (solid lines) and JSC-VOC (dashed lines) of the different top cells, showing the VDC reduction.  

Fig. 6 Box and whisker plots (25th and 75th percentile) comparing the 
key metrics of improvement for the different GaAsP top cell designs. 
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II. The TC-C, TC-D, and TC-R cells exhibit nearly identical 
slopes, which is in stark contrast to the ~2.5× steeper slope of 
TC-B, highlighting the significantly reduced (i.e. improved) 
VDC afforded by the dopant grade within TC-C and TC-D. This 
improved LIV slope corresponded to an increase in FF of 2.7% 
absolute for both cells, achieved without any practical TDD 
reduction between TC-B and TC-C, and in fact an increase for 
TC-D.   

FVDC measurements, presented in Fig. 7, clearly confirm that 
the dopant grade was successful in bridging the gap in VDC 
between the benchmark TC-R cell and the constant base doping 
TC-B cell on Si. In fact, the FVDC profile of both TC-C and TC-
D are near perfect matches to TC-R, which has much lower 
TDD (1.5x106 cm-2). Using (2), the FVDC measurements can 
predict the slope of the LIV measurements, as tabulated in 
Table II; these values align well with the measured results from 
Fig. 5(b), clearly demonstrating substantial improvement in 
defect tolerance. To completely remove all VDC effects, TDD 
reduction below 1×106 cm-2 would be necessary [31], as well as 
extensive growth optimization to minimize all point defects. It 
is also worth noting here that, as opposed to TC-A and TC-R, 
which both made use of proper, large-area wafer backside 
contacts, TC-B, TC-C, and TC-D all used LCL structures that 
introduce extra series resistance and associated FF reduction; 
we estimate as much as 1.6% absolute FF reduction to be 
present here [50].  

Finally, the Eg-VOC offset (WOC) was found to remain  
constant at ~0.52 V between TC-B and TC-C, indicating that 
there was indeed no major voltage loss arising from the dopant 
grade, unlike that typically observed in n-i-p designs [51]. IQE 
modeling using the expected TDD-limited diffusion length 
estimates from the Yamaguchi model [52] did not match the 
measured long-wavelength collection. For TC-B, the minority 
carrier diffusion length in the base was well fitted by the 
estimated TDD-derived diffusion length [15]. However, the 

improved collection provided by the dopant grade appears to 
have revealed additional losses that were most likely previously 
masked by the excess TDD; for example, a relatively high 
recombination velocity at the base/BSF interface. Indeed, both 
the WOC and the IQE behavior was greatly improved with the 
addition of the AlGaAsP BSF in TC-D.  

To deconvolve the impacts of the dopant grade and replaced 
BSF within TC-D, modeling following the same techniques as 
described previously for Fig. 3 and Fig. 5(a) was employed. Fig. 
8 compares the expected IQE of TC-D at the measured TDD, 
both with and without any doping grade induced electric field 
enhancements. Within the experimentally-informed model of 
all samples, the best fit for the base/BSF IRV was found to be 
between 6×104 and 5×105 cm/s, except TC-D which was best 
fit using a very low IRV value of 500 cm/s. However, even 
assuming no IRV at the interface, the long-wavelength IQE 
could not be properly fit to the experimental data without the 
addition of an electric field enhancement.  Furthermore, the JIQE 
of TC-D modeled without the dopant grade is 19.1 mA/cm2 

Table II.  Tabulated negative slope from LIV compared to the predicted values 
calculated from FVDC measurement of the different cells. The significantly 
reduced slope of TC-C and TC-D highlights the associated reduced VDC 
afforded by the dopant grade compared to TC-B. 

ID Description TDD 
[cm-2] 

LIV Slope 
[mA/V-cm2] 

FVDC Slope  
[mA/V-cm2] 

TC-B 
GaAsP-on-Si  

(constant doping, 
GaInP BSF) 

4.1 × 106 0.35 0.34 

TC-C 
GaAsP-on-Si  

(graded doping, 
GaInP BSF) 

3.8 × 106 0.14 0.11 

TC-D 
GaAsP-on-Si 

(graded doping, 
AlGaAsP BSF) 

6.3 × 106 0.14 0.11 

TC-R 
GaAsP-on-GaAs 
(constant doping, 

GaInP BSF) 
1.5 × 106 0.15 0.18 

 

Fig. 7. Spectrally resolved voltage dependent collection efficiency 
measurement comparing the top cells. The constant base doping (TC-
B) displays much higher FVDC than all other top cells.   

Fig. 8 Internal quantum efficiency as-measured (open circles) vs 
model-adjusted (solid lines) of TC-D comparing the difference in long-
wavelength collection with and without a dopant grade.  
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while the TC-D JIQE is 19.4 mA/cm2, perfectly aligning with the 
0.3mA/cm2 difference in JIQE between TC-B and TC-C, proving 
the effectiveness of the dopant grade goes beyond simply 
repelling carriers from recombination at the base/BSF interface 
and indeed mitigates TDD-induced recombination.  

IV. CONCLUSION 
Advances in GaP/Si integration and subsequent GaAsyP1-y 

metamorphic structures enabled the growth of 1.7 eV single 
junction GaAs0.75P0.25 top cells at a TDD of 4×106 cm-2. 
However, even at relatively low TDD, VDC and poor long-
wavelength collection were still found to be major performance 
limiters. By implementing a carefully tailored base doping 
gradient, both the JSC and FF were significantly increased, by 
~0.3 mA/cm2 and 2.7% absolute, respectively, without 
reduction in VOC, at the same TDD. Furthermore, this design 
revealed the deleterious role of a non-ideal base/BSF, which 
was addressed via an updated BSF design. The new BSF, 
coupled with the dopant grade, yielded a GaAs0.75P0.25 cell on 
Si with a TDD of 6.3×106 cm-2 that surpasses the JSC and WOC 
of a prior-design reference cell with ~4× lower TDD. This work 
not only demonstrates a high performance GaAsP-on-Si top cell 
ready for implementation in a GaAsP/Si tandem, but also 
presents a simple and effective strategy to significantly improve 
defect tolerance for metamorphic III-V solar cells. 
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