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ABSTRACT

GaAsPN semiconductors are promising material feretaboration of high efficiencies tandem solatsceh
silicon substrates. GaAsPN diluted nitride allowtsdied as the top junction material due to itdgme lattice matching
with the Si substrate and its ideal bandgap enaligwing a perfect current matching with the Sitbot cell. We review
our recent progress in materials development ofGhé&sPN alloy and our recent studies of some ofdifferent
building blocks toward the elaboration of a PINasatell. A lattice matched (with a GaP(001) sulistras a first step
toward the elaboration on a Si substrate) 1um-tideldAsPN alloy has been grown by MBE. After a pasiagh
annealing step, this alloy displays a strong absmrparound 1.8-1.9 eV, and efficient photolumiressze at room
temperature suitable for the elaboration of thgeted solar cell top junction. Early stage GaAsHN Bolar cells
prototypes have been grown on GaP (001) substraiés,2 different absorber thicknesses (1um anqui®)3 The
external quantum efficiencies and the I-V curveswshthat carriers have been extracted from the GalAaRkoy
absorbers, with an open-circuit voltage of 1.18Wijle displaying low short circuit currents meanitigit the GaAsPN
structural properties needs a further optimizatiBnbetter carrier extraction has been observed with absorber
displaying the smallest thickness, which is coheseith a low carriers diffusion length in our GaA$Rrompound.
Considering all the pathways for improvement, tfiiciency obtained under AM1.5G is however promgsin

Keywords: 11l-V semiconductors; dilute nitride ; moleculagdm epitaxy ; multijunction solar cells ; silicon

1. INTRODUCTION

Up to now, the most efficient solar energy convarssystems are monocrystalline multijunction saclalis
(MJSC) based on llI-V semiconductor materials ofegaunder concentrated sunlight. SOITEC and
Fraunhofer Institute have pushed solar cell retordd.7% for terrestrial applications, with a wafemded
four-junction GalnP/GaAs//GalnAsP/GalnAs solar agtider concentration of 297 suhsand announced
very recently a 46% efficiency under concentradrb08 suns, in the SOITEC website. Moreover, a/1ll
triple junction coherently grown (lattice-matchextto GaAs substrate has been performed by Solatidon
This solar cell has shown a 44.4 % efficiency ur@i## suns (AM1.5D spectrd)due to the use of an 1 eV
GalnAsNSb diluted-nitride junction that allow a gocurrent matching with the GaAs and GalnP top
junction. The main downside of this approach isgtibstantial costs of 11l-V substrates comparesdilioon
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material which profits from its abundance, matueehthology and the wide microelectronics market.
Obviously, the integration of IlI-V junctions onlisbn substrate would allow to reach the IlI-V high
efficiencies while benefitting from the advantage®@i substrates cost. This approach would enablestize

a strategic reduction of the solar cells final agsto 0.25-0.5€/Wp.

A tandem cell with a 1.7 eV llI-V top junction on B1 eV monocrystalline Si bottom junction was
theoretically studied by Geisz and Friedman, ptetdicefficiencies higher than 37% under AM 1.8¢°
Still, structural defects such as dislocations waldamatically reduce the performance of suchwcttre by
trapping the charge carriers. It is thus necesaperform a lattice matched growth onto silic@ur work
consists of the development of a lattice matchéd//d-Si tandem cell. We report here our resultstoa
growth and the technological processing of thé/Itiep solar subcell preliminary grown on GaP(OM®ijst,
we describe the growth and the technologic procégbis top IlI-V subcell. Then, we report our rate
results about this 1lI-V cell.

2. EXPERIMENTAL DETAILS ON THE SOLAR CELL FABRICATION

In order to develop low cost and high efficiencgdam solar cells on c¢-Si substrates, our group beeated

its research toward a lattice-matched GaAsPN btgedell grown on GaP(001), as a first stage towdne
tandem cell development itself. Indeed, GaP islifhg¢ compound with the closest lattice parame@rS,
with a lattice mismatch around 0.4%, but its widadigap (2.2 eV) makes it transparent for most efsthiar
spectrum. Moreover, GaP has an indirect band géjichmeads to low performances when used as an
absorber. The introduction of small amount of Agigally 10%) and N (typically 2%) in GaP, leads &
pseudo-direct band gap material (GaAsPN), whilentaiing a perfect lattice matching with GaP(00.1)
Moreover, the incorporation of a low amount of Nables to lower the bandgap towards the theordtieall
value of 1.7 eV, thanks to a large bowing effeobperty leading to a huge electronic bandgap variakith
respect to a small nitrogen incorporatfort’. We have designed this top cell as a PIN diodenposed of an
unintentionally doped GaAsPN absorber under a ppddopaP layer - grown by molecular beam epitaxy
(MBE) on a n-doped GaP substrate. The p and n-tigmng are obtained during the growth thanks to
beryllium and silicon cells respectively. We algport our results about ohmic contacts depositiobath p
and n-type GaP substrates.

2.1 Growth and post growth treatment.

The IlI-V top cell is grown in a RIBER MBE chamben a GaP(001) substrate. The group Il elementd) su
as Ga, are emitted by conventional Knudsen effus@ls from pure metal solid sources. The V elesent
like P and As, are supplied by valved-cracker cbifsheating solid sources. The basis pressureen th
chamber is about 16 Torr while the growth pressure attains’4D° Torr. To grow the dilute nitride
compound, the atomic N is produced by a valved Ad&B plasma cell, designed to avoid any ion irraotia

of the sample during the growthis used.

Based on the work of Harris et al. (2007) on thdn@saN dilute-nitride compounds, a growth at low
temperature (480°C) has been chosen in order tonizie the point defects density and the phase agpar
known to occur in non-optimized dilute-nitride aiogrowth *#*2 It has also been found out that lowering
the growth rate raises the nitrogen incorporatfoifhis provides a major asset for the controllapiind the
reproducibility of these dilute nitride compounds.

In dilute-nitride materials, post-growth treatmersisch as annealing, is highly required to obth@dptimal
optical properties for the targeted applicatithdn particular, it has been shown that an anngaltep after
the growth reduces the alloy fluctuations and segges some of the remaining point defects in theedi
nitride compounds™ Such a process drastically improves the opticalpgries of the absorbéf*®
Therefore, a first stage post growth annealingys{ndt shown here), has been performed. In thevatg,
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the structures have been annealed at 800°C fornSwhich has been found to dramatically improve the
optical properties of the diluted nitride compounds

2.2 GaP doping

The targeted structure is a PIN GaP/GaAsPN/GaRigumgrown onto a GaP substrate. Therefore, théndop

of GaP has been studied. P and n dopings of GaRespectively obtained using solid Be and Si saurce
sublimated in Knudsen cells in the MBE chamber. @wasurements performed on doped GaP layers grown
on GaP substrates have been performed and allowedatv the Arrhenius plots of each doping cell as
represented in figures 1 and 2. Results on InP kesnagpe shown for comparison.

Silicon doping Beryllium doping
1E+21 1E+21
d Sicelli M Ref InP ~—
O 1g420 ot o 0 1E+20 + Be cell
é R New 5i celli E M Ref InP
3 1E+19 3 1E+19
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Fig. 1: Evolution of the n-type doping level for GaP Fig. 2: Evolution of the p-type doping level for GaP
and InP growths as a function of the reverse of the and InP growths as a function of the reverse of the
dopant cell temperature. dopant cell temperature.

One can notice that the doping species modify kiygesof the Arrhenius plot while the nature of drewn
material does not have any influence. On figura former Si cell, with a conical geometry, is conguhto a
recently installed one, with a rounded back (whpsgose was the obtaining of a high doping lev&$.
expected, this new cell allows higher doping lewbbn the former one, which enables us to achigge h
doping levels — higher than *f@m? - for both p and n doping. These values are deitly the growth of
operating PIN solar cells and particularly for thevelopment of an optimal tunnel junction (¥J)Indeed,
both the top and bottom subcells of the tandem G&ASI double-junction solar cell will be electrilyal
connected with a TJ.

2.3 Ohmic contacts on GaP

The elaboration of low resistance ohmic contacta ey issue for an efficient collection of the fuhko
generated carriers. Contacts with a too high @stgt would result in additional effects on theltotarent in

the device, making the cell efficiency drop dramwalty. The requirements for ideal ohmic contacts larear
and symmetrical I-V characteristic with a reliabled reproducible behavior. An optimized annealiteg $s
necessary to ensure the mechanical stability ofrtixllic alloys. For n-type GaP substrate, we haterred

to the work of Peternai et al. (2003) and have ehds use a Ni/Au/Ge allo¥, annealed at 530°C. This
structure has shown a symmetrical ohmic contactacheristic with a good reproducibility and mecleahi
stability. In addition, we have obtained a low @mttresistivity of 10 Q.cm? on a n-type GaP substrate
(n~10® cm®). Regarding the p-doped GaP, the use of a Pd/Aailldg has been reported to be a good choice
1920 After an annealing of 550°C, we have been abladiice again an adequate ohmic behavior for this
contact, with a low resistivity of 12.cm? on a p-type (p~1bcm?® GaP substrate.
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2.4 PIN solar cells development

From a substrate...

MBE

—>

GaP p=1¢18 ; . .
GaAsPN (i) Lithography

GaP n=1¢18 electron gun

GaP (001) 400 pm n=1°18 Joule evaporation
lift-off

GaP (001) 400 um n=1¢18 RTA (GaAsPN annealing)

SiN deposition by PECVD

Lithography
= G— Gap 18
gal;p;l\li‘(l_s) GaAsPN (i)
sl =t GaP n=1°18
GaP n=1°¢18 Mesa-etch an

. L GaP (001) 400 pm n=1¢18
GaP (001) 100-400 pm n=1¢18 Mechanical polishing (o ILUE T

Electron gun
SiF; plasma (SiN removing)

Pd/A ]
GaP p=1°18
GaAsPN (i)
GaP n=1¢18

GaP (001) 100-400 pm n=1°18 ... to a solar cell

Fig. 3: PIN/GaP solar cells development flowchart.

In order to develop the top junction, GaP/GaAsPN Elodes have been grown on a n-type GaP(001)
substrate. The structures consists of a p-dopedded, 1.18 cm® GaP window layer grown on a
GaAsPN absorber, itself grown on a n-doped (Si dppelG® cni®) GaP bottom layer. The ohmic contacts
on the front and back surfaces have been desgpiteadbusly. The front contact consists of a 5*5 ngrid
with 10 um large fingers each spaced by 300 um.situeture has been annealed at 800°C for 5 mibnder

to improve the optical properties of the dilutedride compound. A front-fingered contact is depesit
through a liftoff procedure, employing photolitheghy, after an oxide removal from the surface, dore
5% HF solution. The fingers, which size is 2.5 m&® fim, are spaced from each other of 300 um (fig.33
busbar size is 2.5 mm * 0.5 mm. the Pd/Au/Zn-bdeatt contact is then deposited. All the photolghaphy
steps have been performed in soft contact allowitegspace resolution of 5 um. After the lift-offogess,
the front sample surface is protected using phetstrand the substrate is thinned. Indeed, subdinatning,
using mechanical polishing, from 400 um to 200 |snimportant to improve the solar cell efficiencyeW
have observed that solar cells with a thinned satespresent an increase of the open-circuit vel{dq.),
short circuit current ¢J and fill factor (FF), leading to a significant pmovement of their overall yields. This
behavior has been attributed to the presence oindgttal impurities inside the GaP substrate, sagh
isoelectronic nearest-neighbor Zn-O pair knowndices recombination centers?

After the mechanical polishing, a SiN layer is dgfed by plasma enhanced chemical vapor deposition
(PECVD) at 300°C and a second photolithography safone. Then, the SiN layer is etched by a reacti
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ion etching (RIE) process using SF6 gas. This dchirg step is then followed by a chemical etchiog
create 3 mm x 2.5 mm mesas in order to ensureeatriebl insulation between the front side andhbek
side of the solar cell. A hard SiN dielectric maéskised to protect the contact zone and the aativa. After
the dry etching, the SiN layer and remaining phediat are removed. The sample is then dipped 3aHM
HF chemical solution, dried and the Ni/Au/Ge cohiacdeposed using an electron gun on the backdide
the sample. Finally a last annealing step is paréar at 540°C 3 min to alloy both contacts at theestime.

3. EARLY STAGE RESULTS ON PIN DIODES GROWN ON GAP SUBSTRATE

We introduce here our early-stage results on PINIBA based solar cells development. The perforngance
of each diode are discussed, as well as some rimrtpsssible improvements. The performances etialua

is based on external quantum efficiency (EQE) mesmseants under AM1.5G. Quantum efficiency refers to
the ratio between the number of incident photorstha number of collected charge carriers fromdince.
EQE does not take into account the amount of plsoteflected or transmitted by the structure, this t
experiment also includes the power losses due $orption limitations (lack of anti-reflection caagj for
instance). I-V curves showing thg, dhe V,, the FF and the efficiency of every cell have dlsen plotted.

3.1 Study of a 1 um-thick absorber grown on a GaP(0019ubstrate

O T e e
. — _ a—Tg=1480°C ]
*é' . ‘é’ 6_— Tg = 480°CAnnealed RT
S 103 S5
2 St
8 10% sS4
2 23
% ] 290
§ 10 E 2
c =
— 10° T g T T T - 1-
68.6 68.7 68.8 689 69.0 69.1 69.2 O : , ,
20 (degrees) %.4 1.6 1.8 2.0 2.2
Energy (eV)

Fig. 4. XRD diagram performed around the (004) GaP Fig. 5: RT PL spectra of a 1 um thick GaAsPN layer
reflection of a 1 um thick GaAsPN layer grown quasi grown on a GaP substrate, before annealing (blaek |
lattice matched with the GaP substrate. and annealed at 800°C during 5 min (red line).

In a first step, a 1 um-thick absorber has beed tsensure an optimal absorption of the incidighitlinside

the absorber. This thickness has been theoretideligrmined after a first simulation of the PINusture
using SILVACO software. The 1 um-thick GaAsPN layewith an estimated composition of
GaAs.1P0sdNo.o2 (from X-ray diffraction experiments on a GaPN campd grown in the same conditions
and taking into account the As incorporation), @igp no structural relaxation due to its low mischat
(0.07%) with the GaP substrate, as measured thriugly diffraction. However, a very small peak g

has been observed (fig.4). This effect could bateel to a small composition fluctuation, as alrealserved

in the GalnAsN material and which has been atteibub a “phase separatiolf” Moreover, an optical gap of
around 1.8 eV has been measured through Room TatopeiPhotoluminescence (PL) measurement (fig.5).
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One can observed a low energy tail in the PL speethich is typical of the dilute-nitrides matesiand
usually attributed to local density of states dualtoy fluctuations effects from nitrogen clust&ré’

3.2 PIN diode with a 1pm thick GaAsPN absorber

GaP(p+) 250 nm

GaAsPN(i) 1 pm
GaP(n+) 300 nm
GaP(n+) 200 pum substrate

Fig. 6: Structure of the GaP/GaAsPN/GaP PIN diode (sampbdth a 1pum thick absorber.

Our first design for the development of a GaP/Gai&P PIN diode is described in figure 6. This skemp
is labelled sample 1 in the following. The EQE dAd curves are shown in figures 8. The EQE shows an
encouraging response at low energy, around 30%aameak response at higher energy. The last dfifest
been attributed to the top 250-nm thick GaP higluged layer absorption. I-V characteristics undet1/5G
illumination condition has been measured (fig 8hid/the measured open-circuit voltagg. ¥ 1.18 V, the
FF of 50% and the efficiency of 1.6% are limiteddbgmall short-circuit current.of 2.8 mA/cmz, far from
the state-of-the aft The |-V curve behavior seems to indicate a lowiess extraction from the solar cell.
One can assume that the absorber thickness iafg® tcompared to the diffusion length of the cesrie this
material®* whose structural properties has to be optimisegasdrement of the carriers diffusion length in
our GaAsPN compounds will be done in a forthconsingly. Therefore, we aimed to reduce this thickbess
improve the solar cell properties.

3.3 PIN diode with a 0.3um thick GaAsPN absorber

GaP(p++) 30 nm
GaAsPN(i) 0.3 pm
GaP(n+) 300 nm

GaP(n+) 200 pm substrate

Fig. 7: Structure of the GaP/GaAsPN/GaP PIN diode (samplat? a 300 nm thick absorber.
As depicted in figure 7,both the GaAsPN absorbertae GaP (p+) top layer have been thinned in dimer

first, obtain a better carrier collection, whileMering the light absorption. Figure 8 shows the B@#tlts of
each reported sample. Compared to the previousisathg response at low energy of sample 2 is close
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while lower, to the one obtained with sample 1,ahhshows that the carrier collection has been ingup
taking into account the smaller thickness. Thedangsponse at higher energy has been attributdldeto
lower light absorption in the top GaP highly dogager, much thinner that in sample 1.This is ineagnent
with our assumption of a low carriers collectionaar GaAsPN absorber. Concerning the I-V curve unde
AM1.5G illumination conditions, this cell has diagkd a 4 of 3.8 mA/cm?, larger than in sample 1. While
Vcis slightly lower at 0.88 V, which has not been erstiood so far, a remarkable fill factor of 71% haen
measured. Finally, an encouraging 2.3% efficieray been obtained.

3.4 Influence of the growth rate

Sample 3 has exactly the same design than sampiee2only change consisted in a lower growth rate.
Indeed, as mentioned previously, it has been obdetivat the lower the growth rate, the higher & fh
content™ so that we expect to obtain a higher nitrogerorperation in the GaAsPN compound and,
therefore a lower GaAsPN bandgap, much closerae#pected 1.7 eV. Indeed, the EQE results in @dow
cut-off at low energy, as expected, which is accangd by a highersd(4.1 mA/cm?) in the |-V under
illumination. V. is unchanged but a resistive effect shown by tiag@e of the |-V curve at low voltage results
in lower fill factor (49%) and efficiency (1.75%till, this sample remains interesting since thectic
current in the final tandem cell structure will Inaited by the weakest current of the subcells taédone. In
other words, it might be appealing to slightly & the cell efficiency so as to maintain the remt
matching in the whole device. Moreover, these neswth parameters imply a forthcoming optimisatidn o
the overall growth, as well as post-growth anngglalong with an experimental study of differensatber
thicknesses between 0.3um and 1um.

50—+ < 4
45k sample I € -7 '
4ol sample 2 § [ sample }
w 35f sampled & 2f samp:e 4
o 30k ; ] sample 3
g 25 2
g 20r S
X 15} = 2
10t o
5t 5 4
O 1 . 1 . 1 O g R . R . R . R 1
20 25 30 35 40 .10 05 _00 05 10
E (eV) Bias (V)
Fig. 8: EQE versus energjeft) and I-V curves under illumination (AM1.5Glight) for the three GaP/GaAsPN/GaP
PIN diodes.

3.5 Conclusion

Those early stage results have to be comparea tstébe-of-the-art device developed by Geisz éh &002.
Their GaP/GaAsPN(600nm)/GaP PIN diode reachedffloieacy of 3.8% with a 5.8 mA/cmiJa 1.1V V.

(Eg = 1.88eV) and a FF of 60% Our approach is promising considering all thesfils routes for
improvement. Mainly, sample 2 with a 300 nm thickASPN absorber displayed a promising 2.3%, with

a FF of 70%. Its main shortcoming comes from itsakveurrent collection which shows the necessity to
optimize the cell architecture and the GaAsPN stirat properties.
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4. CONCLUSION

We have reported first-stage-stage results on Ga®BN/GaP PIN solar cells grown by MBE on GaP(001)
substrates, toward the development of a IlI-V/Sidiem solar cell. Moreover, we have achieved the
development of high doping levels of the GaP laysustable for the development of an efficient &dg
suitable quality ohmic contacts. Our best effickemesult (2.3%) has been obtained with a 300 rinkth
GaAsPN absorber, while 1 um is required for annagitilight absorption. Indeed, GaAsPN is an emerging
material not fully optimized so far. However, an E@round 30% and FF of 70% have been demonstrated,
and a \b¢ of 1.18 V has been reached. Moreover, much predras been realized in the comprehension of
the influence of growth and annealing parametedstaa control of the GaAsPN composition. Nevertbgle
there is yet a room for improvement of the struatwharacteristics of the material, and, therefameits
optical properties. Moreover, we obtained thesealltegespite the lack of any anti-reflective layarsd
passivation coating. In addition to further optiatinns, our forthcoming work will include the studfthese
coatings and the development of a high performdidctr the electrical connection between both silgiée
Finally, the IlI-V top cell will be grown on the ®ottom one to complete the tandem cell. In thgmard, our
group have also developed a strategy to grow Gé&twieee layers on silicon, avoiding most of tloedl
chemistry mismatch at the GaP/Si interface suchngisphase domains and microtwins which are typatal
epitaxies of polar materials on non-polar Ghé$

Acknowledgments: This work was supported by the French ANR, projpEENHIRS (grant
N°ANR-2011-PRGE-007-0).
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