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Abstract — The evolution of the Si bulk minority carrier 
lifetime during the heteroepitaxial growth of III-V on Si multi-
junction solar cell structures via metal-organic vapor phase 
epitaxy has been analyzed. Initially, the emitter formation 
produces important lifetime degradation. Nevertheless, a 
progressive recovery was observed during the growth of the 
metamorphic GaAsP/Si structure. A step-wise mechanism has 
been proposed to explain the lifetime evolution observed during 
this process. The initial lifetime degradation is believed to be 
related to the formation of thermally-induced defects within the 
Si bulk. These defects are subsequently passivated by fast-
diffusing atomic hydrogen -coming from precursor (i.e. PH3 and 
AsH3) pyrolysis- during the subsequent III-V growth. These 
results indicate that the MOVPE environment used to create the 
Ill-V/Si solar cell structures has a dynamic impact on the 
minority carrier lifetime. Consequently, designing processes that 
promote the recovery of the lifetime is a must to support the 
production of high-quality Ill-V/Si solar cells. 

Index Terms —Minority carrier lifetime, III-V on Si, MJSC, Si 
bottom cell. 

I. INTRODUCTION 

Within a Ill-V/Si multijunction solar cell, the minority 
carrier lifetime of the Si bottom cell is a key parameter, 
governing not only the photovoltaic (PV) properties of the Si 
subcell itself, but also the entire multi-junction device [1], It 
is well known that this parameter strongly depends on the 
thermal history and processing environment in which the Si 
cells are manufactured [2, 3]. Therefore, it is important to 
fully understand the impact of the environment in which the 
Ill-V/Si structure is produced. Here we focus on metal-
organic vapor phase epitaxy (MOVPE), an industry standard 
technique for III-V semiconductor growth. 

Despite the achievement of high-quality III-V layers 
integrated on Si substrates [4-7], the impact of these steps on 
the Si bulk lifetime has not been explored to date. 
Accordingly, in this paper, the influence of the MOVPE 
environment on the photovoltaic properties of the bottom 
subcell base during the different steps followed for the 
formation of the Ill-V/Si multijunction solar cell (MJSC), 
similar to the one depicted in Figure 1, will be studied. 
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Fig. 1. Proposed III-V on Si multijunction solar cell structure. 

Moreover, a theoretical study aimed to elucidate and 
predict the impact on device performance as a result of 
growth conditions and methods has been performed in order 
to improve the design of future processes. 

II. EXPERIMENTAL 

The evolution of the bulk Float zone (Fz) Si minority 
carrier lifetime throughout the growth process of the 
metamorphic III-V on Si structure has been assessed. The 
overall process used for the epitaxial Ill-V/Si and Si subcell is 
described elsewhere [8, 9] and is briefly summarized in Table 
I. To visualize the evolution of lifetime, a wide set of samples 
were grown, with interruptions at one of four different points 
in the process: 1) the formation of the emitter by Si 
homoepitaxial growth; 2) growth of the first layers of GaP; 3) 
growth of bulk GaP nucleation layer; and 4) growth of the 
GaAsP step-graded buffer. 

Before performing minority carrier lifetime measurements, 
all epitaxial material was removed via etching in a HC1:HN03 

solution. In addition, at least 1 urn of Si surface material was 
stripped away for ensuring a clean surface. The etched sample 
was then passivated in a 0.05M quinhydrone-methanol 
solution bath [10]. 



TABLE I. 
PROCESS DESCRIPTION AND AVERAGE MINORITY CARRIER LIFETIME FOR FZ Si WAFERS AFTER III-V HETEROEPITAXY 

Step 

0 

1 

2 

3 

4 

Structure 

Fz Si as-received 

+ Homoepitaxial Si emitter 

+ GaP nucleation 

+ GaP bulk 

+ GaAsP buffer 

Precursors 

-

H2,SlM4 

H2,TBP,TEGa 

H2,TBP,TEGa 

H2,PH3,AsH3)TMGa 

Thermal process 

-

180 min. 760°C 

2.5min450°C 

30 min. 580°C 

HOmin. 725°C 

An (cm 3) 

1015 

1014 

1014 

1015 

1015 

Tb(|is) 

432 

<1 

25 

72 

467 

As shown in Table I, the minority carrier lifetime suffers a 
reversible degradation-recovery process during the epitaxial 
growth process. The key result is that, while Si homoepitaxy 
yields a drastic lifetime reduction, it was found that the III-V 
epitaxy (Steps 2, 3 and 4) does exactly the opposite, providing 
an equally drastic overall lifetime recovery. Nonetheless, the 
observed recovery process is less straightforward. After Step 
2, the GaP nucleation step, the lifetime increased by 
approximately an order of magnitude (from <1 us to 25 us), 
despite the very short growth duration (2.5 min.) and low-
temperature (450°C). Continued "bulk" GaP MOVPE growth 
for 30 min. at 550°C (Step 3) provides an additional 
improvement by about a factor of 3. However, the most 
substantial and remarkable lifetime recovery -back to its as-
received value-, occurs in Step 4, the long (110 min.), high-
temperature (725°C) GaASyPi.y buffer growth. 

III. DISCUSSION 

A. Minority Carrier Lifetime Evolution 

Neglecting the small contribution of SiH4 to the process 
atmosphere, the homoepitaxial emitter growth is very similar 
to annealing under pure H2 (within a MOVPE environment), 
which has been previously reported to produce a rapid 
degradation of the Si lifetime [2]. In this work, after 
discarding a number of possibilities, three alternatives 
remained open to explain lifetime degradation: 1) the in-
diffusion of some lifetime-killing impurity associated to the 
MOVPE process (like Zn, a typical p-type dopant used in 
MOVPE that could back-diffuse from the reactor vacuum 
system); 2) the in-diffusion of transition metals (like Cu, Fe, 
Ni) coming from heated parts of the MOVPE reactor; or 3) 
the formation of crystal defects as a result of the thermal 
treatment of the wafer. However, the first possibility (i.e., the 
unwanted introduction of Zn or other impurity used in the III-
V MOVPE process) has been recently discarded since 
lifetime degradation has been found to be a bulk phenomenon 
rather than a surface phenomenon [11]. Moreover, this 
hypothesis was ruled out since the same lifetime degradation 
was observed for samples which were annealed in ultra-high 
vacuum, in a Molecular Beam Epitaxy (MBE) reactor, where 
Zn had never been used. 

Accordingly, only the ultra-fast diffusion of a transition 
metal (most likely Fe) yielding a uniform contaminant 
distribution across the whole wafer or the formation of crystal 
defects, remain as open possibility to explain lifetime 
degradation. Regarding Fe contamination, our measurements 
of injection-level dependent recombination lifetime after light 
soaking show odd results that cannot be explained by the 
models of dissociation of FeB pairs into Fet by strong 
illumination. [12] This suggests that either the influence of 
other recombination centers cannot be neglected or other 
factors -such as atomic H as will be commented below- are 
having a key role in the FeB —> Fet dissociation dynamics. 
Further investigations with DLTS are ongoing to clarify it. 

Finally, another likely mechanism behind the lifetime 
degradation is that the thermal treatment experienced by 
samples leads to the formation of crystalline defects (either 
extrinsic or intrinsic), which act as recombination centers 
[13]. Examples of such extrinsic defects are the formation of 
complexes with low pre-existing concentrations of C and/or O 
(such as thermal donors) or extended defects (such as the 
well-known swirls); while point defects (e.g. in-diffused 
vacancies) are examples for intrinsic defects. 

Nonetheless, a progressive lifetime recovery is observed 
during the III-V epitaxial steps. This recovery is consistent 
with a passivation mechanism where the previously formed 
recombination centers are effectively mitigated. The most 
likely source of this effect is H passivation through the in-
diffusion of atomic H [11], which is an extremely fast 
interstitial diffuser in Si [14] capable of penetrating deep into 
the wafer at the process conditions employed during the III-V 
epitaxy steps (Steps 2-4). 

To further investigate the likelihood of an atomic H 
passivation mechanism, a set of experiments were conducted, 
the results of which are presented in Table II. Here, 250 run 
GaP-on-Si wafers were produced following Phases 1-3, as 
described previously, cleaved up into pieces, and subjected to 
a range of anneals (without growth) within the MOVPE 
reactor under different precursor ambient (PH3 and AsH3) and 
temperatures (from 550°C to 725°C). In this sense, by 
increasing the annealing temperature, a more effective 
pyrolysis of the corresponding hydride is expected, and 
consequently higher doses of H will be available. The as-



TABLE II 
AVERAGE MINORITY CARRIER LIFETIME FOR C Z SI WAFERS AFTER III-V HETEROEPITAXY 

Sample 

A 

B 

C 

D 

E 

F 

G 

Thermal process 

-

30 min. 550°C 

90 min. 725°C 

90 min. 650°C 

90 min. 650°C 

90 min. 600°C 

90 min. 550°C 

Precursors 

-

H2,TBP, TEGa 

H2, PH3 

H2, PH3 

H2, AsH3 

H2, AsH3 

H2, AsH3 

An (cm 3) 

1015 

1014 

1015 

1015 

1015 

1015 

1015 

Tb(fis) 

444 

40 

475 

165 

336 

370 

279 

grown material (i.e. unannealed) is denoted as sample B. In 
this case, Si substrates used were high-quality Czochralski 
(Cz) wafers, with the same nominal doping and resistivity, as 
well as a similar as-received minority carrier lifetime (sample 
A), as the float-zone wafers used in the prior measurements. 

The item of note is the result observed for Sample C, 
which received a 90 min. 725°C anneal in PH3. This anneal 
was found to provide more than an order of magnitude 
increase in the lifetime, yielding a recovery back to (and even 
slightly higher than) the as-received value for the Cz 
substrate, similar to that seen with the Fz-Si after Step 4 
growth (see Table I). First, this sample, along with Samples A 
and B, suggest no impact of the wafer type (Cz versus Fz) on 
the lifetime degradation and the recovery mechanisms for this 
process. Second, and more importantly, this result supports 
the conclusion of H-passivation as the source of lifetime 
recovery. Previous investigation of potential P diffusion into 
Si across the GaP/Si interface via annealing under these same 
conditions (725°C, PH3/H2 ambient, 120 min.) revealed no 
appreciable diffusion profile, as measured by SDVIS [8], 
leaving H-passivation as the only likely contender. Consistent 
with the hypothesis of lifetime recovery due to atomic H 
passivation and reduced pyrolysis kinetics of the group-V 
hydrides at lower temperatures (thus yielding a lower dose of 
atomic H), is the fact that when decreasing the PH3 annealing 
temperature from 725°C to 650°C (Sample D) the degree of 
lifetime recovery is also reduced. 

Elucidation of whether this PH3-based recovery is limited 
by a lack of available atomic H or the result of the lower 
temperature is not possible due to the limited range of PH3 

flows available in the MOVPE reactor used for this work. 
Therefore, to further examine this effect, an AsH3 anneal 
under identical conditions, Sample E (650°C, 90 min.), was 
also performed. The AsH3 anneal resulted in a ~8x increase in 
lifetime over the initial value, double which observed under 
PH3 (Sample D). In fact, a similar degree of recovery was 
observed for AsH3 based anneals all the way down to 550°C. 
At such lower temperatures the likelihood of any group-V 

diffusion into the Si is effectively eliminated, further 
supporting the H-passivation mechanism. 

The difference in magnitude of recovery observed for the 
two different species at 650°C is worth some examination. 
Since these anneals were completed at the same temperature, 
the difference suggests that the passivation is not limited by 
temperature but rather the availability of atomic H, which is 
likely related to the relative pyrolysis kinetics and/or 
thermodynamics of the two hydride species. That is, AsH3 

dissociates at the surface more readily than PH3 [15] due to its 
reduced molecular bond strength; AsH3 (H2As-H) has a 
significantly lower bond dissociation energy (for removal of 
the first H), 3.31 eV, versus that of PH3 (H2P-H), 3.64 eV 
[16]. Based on a simple thermal Boltzmann analysis, this 
would suggest a difference in atomic H supply from the two 
hydride species of two to three orders of magnitude for the 
range of annealing temperatures examined here, reasonably 
consistent with the difference in lifetime recovery observed 
for the AsH3 (Sample E) versus the PH3 (Sample D) annealing 
at 650°C. This same analysis also suggests strong temperature 
dependence for the supply of atomic H, and thus lifetime 
recovery, which would be consistent with the behavior 
observed for the PH3 annealing at 725°C and 650°C. Of 
course, such a simplistic analysis ignores the more complex 
chemical realities in such a reactive system -for example, the 
detailed reaction pathways on the GaP and GaASyP^y surfaces 
of interest (as opposed to mere thermal "cracking") will 
strongly impact the actual reaction/dissociation kinetics- as 
evidenced by the relative lack of temperature dependence of 
the AsH3 anneals (Samples E - G). It is also worth noting that 
a weak trend in the AsH3 could exist, but is obscured by small 
errors in the lifetime measurement due to, for example, the 
quality of the quinhydrone surface passivation, although care 
was taken to ensure that all samples received identical 
preparation. Of note is the fact that the AsH3 anneals were 
found to cause the GaP surface to roughen significantly, 
which was not observed for PH3 or even pure H2 annealing 
and is presumably due to As-P displacement. The roughening 
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Fig. 2. False color maps for solar cell parameters as a function of base doping and minority carrier (electron) lifetime for the "lower-limit" 
scenario for the bottom subcell (i.e. no BSF and GaP/Si IRV of 106 cm/s). (a) Jsc; (b) Voc; (c) FF. 
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Fig. 3. False color maps for solar cell parameters as a function of base doping and minority carrier (electron) lifetime for an optimistic 
scenario for the bottom subcell (i.e. good BSF and GaP/Si IRV of 104 cm/s). (a) Jsc; (b) Voc; (c) FF. 

effect was also found to track with increasing annealing 
temperatures; 725°C AsH3 annealing effectively resulted in 
the complete decomposition of the GaP film (thus its lack of 
inclusion here). As such, it may be possible that the excess 
strain in the GaP had some secondary impact on the 
underlying Si. 

B. Lifetime Impact on Solar Cell Performance 

The lifetime evolution process previously described is 
expected to have wide-reaching consequences for Ill-V/Si 
PV. Accordingly, with the aim of quantifying the effect of 
these processes on the bottom cell performance, the PV 
performance metrics (i.e. short circuit current density, open 
circuit voltage and fill factor) have been simulated for a Si 
subcell in a GaAsP/GaP/Si structure, under 1 sun AM1.5G 
illumination and as a function of the minority carrier lifetime 
[11]. For a better assessment of the lifetime effect on the Si 
bottom cell, two possible scenarios have been considered: a 
"lower-limit" (high SRV) scenario and a more optimistic (low 
SRV) scenario. 

Firstly, a "lower-limit" scenario was simulated where 
surfaces/interfaces with high recombination velocity -i.e. no 
BSF and a GaP/Si interface recombination velocity (IRV) of 

10° cm/s- were considered. Contour plots for this simulation 
series are presented in Figure 2. Correspondingly, Table III 
shows the evolution of Si bulk lifetime during the growth of 
the III-V structure (according to Table I) and its simulated 
impact on the bottom cell performance for this scenario, 
where a highly recombining rear surface has been considered. 
Parameters in the table were calculated for a base doping of 
2-1015cm3. 

As expected, the results presented in Table III show that 
the degradation in bulk minority carrier lifetime that occurs 
during the growth of the homoepitaxial Si emitter does have a 
deleterious effect on all of the performance metrics of the Si 
bottom cell, as determined via the low open circuit voltage 
(Foc) and short circuit current (Jsc) values; the latter is 
particularly important due to current-matching requirements, 
wherein poor bottom cell Jsc will limit the performance of the 
entire dual junction solar cell. 

The partial recovery that takes place during the growth of 
the GaP nucleation layer slightly improves the situation, 
which then stays virtually unchanged after the growth of the 
GaAsP buffer. This lack of significant improvement of Jsc, 
Voc and FF, despite the fact that minority carrier lifetime 
improves by a factor 8, is a direct result of the lack of 
efficient passivation of both the front and back Si surfaces. As 



such, the cell is being limited by issues other than the 
minority carrier lifetime. Therefore, while the design of a 
careful process to recover (or maintain) bulk lifetime to the 
level of as-received wafers is important, it does not 
necessarily pay back in the form of higher efficiencies if the 
surface/interface recombination velocities are too high. 

TABLE III 
SIMULATED BOTTOM SUBCELL ELECTRICAL PARAMETERS FOR A 

LOWER-LIMIT SCENARIO 

Step 

Emitter growth 

GaP nucleation 

GaPbulk 

GaAsP buffer 

Ois) 
1 

25 

72 

467 

(mA/cm2) 

10.18 

12.04 

12.56 

12.64 

(mV) 

475 

512 

517 

519 

FF 
(%) 

78.74 

80.34 

80.54 

80.65 

Figure 3 presents simulated results from a more optimistic 
scenario. In this case, better surfaces were considered via the 
introduction of a full-area BSF (1 urn thick and doped at a 
theoretically ideal NA = 1020 cm"3) and reducing the GaP/Si 
IRV down to 104 cm/s. For the purpose of comparison, the 
emitter doping and thickness are the same as in the previous 
simulations (Table III). Accordingly, Table IV presents the 
performance metrics of the Si bottom cell for the same 
lifetime values under the optimistic scenario. Parameters in 
the table were calculated for a base doping of 2-1015 cm"3. 

TABLE IV 
SIMULATED BOTTOM SUBCELL ELECTRICAL PARAMETERS FOR AN 

OPTIMISTIC SCENARIO 

Step 

Emitter growth 

GaP nucleation 

GaPbulk 

GaAsP buffer 

Tb 

Ois) 
1 

25 

72 

467 

(mA/cm2) 

10.19 

13.02 

13.94 

14.27 

(mV) 

475 

531 

558 

610 

FF 
(%) 

78.75 

80.68 

81.13 

81.19 

Table IV shows that moving to the optimistic scenario not 
only yields a significant improvement of the electrical 
parameters (as a result of having lower recombination losses 
at both surfaces), but it also indicates that Jsc and Voc are no 
longer limited by the recombination at the surfaces, but rather 
by the minority carrier lifetime in the Si bulk. Accordingly, 
unlike the pessimistic scenario, any processes contributing to 
a larger recovery of such minority carrier lifetime would 
produce the corresponding increase in the PV parameters of 
the solar cells. As an example, the increase of the bulk 
lifetime that is produced during the growth of the GaAsP 
buffer layer in our samples is shown to have a deep impact on 
the bottom cell electrical performance, especially on its Voc. 

Therefore, it is important to note that despite the evolution 
of the bulk lifetime during the III-V epitaxy, which ultimately 
provides full recovery, the design of the Si subcell is 
nonetheless of major relevance. Of course, this is not a 
surprise, as the sensitivity of Si solar cells to poor surface 
passivation is well-known. However, provided proper design 
and execution of passivating structures at the rear (BSF) and 
front (GaP/Si), the evolution of the minority carrier lifetime 
then becomes key to not only the Si subcell performance, but 
the performance of the multijunction structure as a whole. 

IV. SUMMARY 

The evolution of the Si bulk lifetime during key phases in 
the fabrication of a III-V-on-Si epitaxial structure has been 
analyzed. A two order of magnitude reduction in bulk Si 
lifetime during the emitter formation, followed by a complete 
recovery was observed to result from the sequential growth of 
the metamorphic GaAsP/Si structure. The primary source for 
degradation is attributed to the formation of a uniform 
distribution of recombination centers across the wafer. The 
precise nature of such recombination centers has not been 
unequivocally determined yet. The possibilities that remain 
open are the contamination by transition metals (i.e. Fe) or the 
formation of crystalline defects, such as swirls, point defects 
or complexes with typical pre-existing atoms of C and/or O, 
in both cases during the MOVPE process. However, the 
recovery observed during subsequent III-V epitaxy is 
consistent with H passivation of these defects, with the H 
being supplied through the pyrolysis of the precursors, 
especially the group-V hydrides (AsH3 and PH3). 

The reported evolution of the minority carrier lifetime 
reveals that some steps of the epitaxy process have deleterious 
effects on the lifetime that, if not recovered, will have a 
detrimental impact on the Si bottom cell performance. 
Therefore, designing processes that promote the recovery of 
the lifetime during the growth of the III-V structure is a must 
to support the production of high-performance multi-junction 
Ill-V/Si solar cells. However, if the minimization of 
recombination losses at Si interfaces is not addressed, any 
gain in minority carrier lifetime may not translate into any 
improvement of the solar cell performance. 
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