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Abstract

We have successfully used hydrophobic direct-wafer bonding, along with H-induced layer splitting of Ge, to transfer 700-nm-
thick, single-crystal G&100) films to Si (100) substrates without using a metallic bonding layer. The metal-free nature of the
bond makes the bonded wafers suitable for subsequent epitaxial growth of triple-junction/Gaké Ge solar cell structures
at high temperatures, without concern about metal contamination of the active region of the device. Contact-mode atomic force
microscopy images of the transferred Ge surface generated by hydrogen-induced layer-splitting reveals root meémspuare
surface roughness of between 10 and 23 nm. Electrical measurements indicatd-ehefiaracteristics for as-bonded Ge layers
bonded to silicon substrates with400 0 cm~2 resistance at the interface. Triple-junction solar cell structures grown on these
Ge/Si heterostructure templates by metal-organic chemical vapor deposition show comparable photoluminescence intensity and
minority carrier lifetime to a control structure grown on bulk Ge. An epitaxial Ge buffer layer is grown to smooth the cleaved
surface of the Ge heterostructure and reduces the rms surface roughness Irbrto as low as 1.5 nm, with a mesa-like
morphology that has a top surface roughness of under 1.0 nm, providing a promising surface for improved GaA$g200th.
Elsevier Science B.V. All rights reserved.
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1. Introduction 3004.m-thick Ge wafer could serve as a source for

transfer in excess of 100 thin Ge layers.

Compound semiconductor layered structures grown Tandem s_ol_ar cells on G&i require covalent bonding
at the G¢ Si interface to ensure good thermal contact

on bulk Ge substrates have been used to fabricate high- . .
o ; X : . .~ "and mechanical strength, and to enable the formation of
efficiency triple-junction tandem solar cells with effi-

ciencies greater than 309%.2]. However, at present ohmic contact between the Si substrate and Ge layers.
9 o L ’ P To accomplish this, hydrophobic @8&i wafer bonding
these are prohibitively expensive for all but space

applications. The Ge substrate constitutes a large portionhas been employed, motivated by similar work foy' Si
. . i i in which th face- inating H
of the cell cost. GESi heterostructures formed by wafer Si bonding, in which the surface-terminating H atoms

bondi a1 ¢ tor of a thi talline Ge | that facilitate van der Waals bonding can evolve from
onding and ‘ayer transter of a thin crystalline e 1ayer e jnterface at temperatures above ®)deaving direct
by H-induced exfoliation have the potential to reduce

. R = covalent bonds between the two Si substr§ge4].
the product cost, while maintaining solar cell device

performance. Significantly, this process enables forma-
tion of high quality Ge layers on Si without any epitaxial
growth required. By transferring thin, single-crystal lay-  g¢ (100) wafers were implanted with H at 80 keV
ers of Ge to a less expensive Si substrate and reclaimingq 5 dose of 1.6 107 cnr2 [5]. The wafer surface is
the donor Ge wafer through a polish process, a single rendered strongly hydrophobic by*H ion implantation.
Ge passivation consists of removal of adsorbed organic
* Corresponding author. contamination, while maintaining the hydrophobic

2. Experimental details
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nature of the H-implanted Ge. Implanted Ge substrates3. Discussion

were cleaned by acetone and methanol to remove organ-

ic contaminants, followed by a 1-min DI rinse and a 3.1. Wafer bonding and layer transfer

subsequent 10-s dip in 5% HF and surface drying to

remove any remaining oxide. Ge-to-Si direct wafer bonding and layer transfer has
Si (100) wafers were passivated by a similar wet- been achieved, but initial efforts were complicated by

chemical process sequence, followed by a deionizedgas bubble formation at the bonded (& interface.

water rinse and a subsequent 30-s°@@:1:3 H, O,/ These bubbles were likely caused by residual interface

NH,OH/H,0 (RCA1) cleaning process, followed by contamination present at the time of bonding, which

another deionized water rinse and a brief HF dip to SUPsequently evolved as gas trapped at the interface,

remove the oxide grown. The RCAL clean is included either in the form of adsorbed water or organic contam-

to further reduce the organic surface contamination ang'nation [6]. These bubbles have been eliminated by two

X . o - methods.
remove particles. Following surface passivation, both Si The first method is by molecular beam deposition of
and Ge surfaces have rms roughness of less than 0.5 o h e h imol
nm, as measured by atomic force microscdgy¥M) a 40-A amorphous Si layer on the H-implanted Ge
Aft, at th f b ht int .t ¢ substrate. In this case, a hydrophilic Si—Si wafer bond
er passivation, the waters were brought Into contact ¢ ¢, meq using hydrophilic surface passivation on both
at room temperature and bonding was initiated by 24

. . “~ the substrate and the a-Si layer deposited on the Ge
MPa of pressure applied over a 0.64-cm diameter region,, -¢ The room-temperature bonding energy for hydro-

at the center of the wafer. The contact region was then yhiiic Si surfaces is typically~ 100 mJ cm? for SiSi

propagate_d outwards using supsequent pressures of 6. ystems[4]. The Ge/Si heterostructures formed by /Si
MPa applied over a 1.3-cm diameter region and 1.5 5.s;j hydrophilic bonding show a strong reduction in the
MPa applied over a 2.5-cm diameter region. Bonded total number of interfacial bubbles. Bubble reduction is
Ge/Si wafer structures were annealed atI%ith an  thought to be due to the increased hydrophilic bond
applied pressure of 930 kPa in a modified pressure cellstrength at the Sia-Si interface vs. the hydrophobic
to strengthen the bonding. Layer splitting was achieved room-temperature bond strength of the /Gé interface
by the formation of hydrogen-containing platelets that in the previously mentioned G&i hydrophobic bonding
initiate the propagation of micro-cracks parallel to the technique. The higher bond strength increases the bubble
Ge surface upon annealing in,N at a temperature greateipressure required to separate the bonded surfaces and to
than 350C, with no external pressure on the wafgss deform the thin Ge transferred layer. Additionally,
Metal—-organic chemical vapor depositiéRlOCVD) improved organic removal is made possible by the
growth of triple-junction solar cell heterostructures on RCAL clean of the a-Si layer.
bonded G¢S| substrates was performed using The second method to eliminate bubbles at the inter-
(CH,),Ga and AsH precursors for GaAs cell growth face is to use a 23C pre-bonding anneal in N
and (CH,) Ga, (CH,) dn and PH, precursors for GalnP fﬁllo‘é‘”gg Wﬁtb(;hemlcal glegnlngf, but p'lr'lr?'r to b%nd'gg
cell growth. The peak temperature during growth was e yl _roptho 'Ch?? aorll S|bsur ?ces. q IS plre- onding
750°C and the structure consists of a GaAs buffer layer anneal IS thought to desorb water and evolve organic
) X . . . contaminants, leaving a more perfectly H-terminated
followed by pn junctions with two active base regions : .
surface. This reduces the bubble defect density in trans-
— a GaAs base and a GalnP base separated by tunnel:
. . . . . erred layers.
junction structures. Photoluminescen€eL) intensity
and time-resolved photoluminescen@eRPL) minority
carrier lifetime were measured in the heavily doped

GaAs top contact layer in a control sample grown on  The interface electrical properties were measured by
bulk Ge and structures grown on G8i heterostructures. defining Al on a Gé&Si heterostructure, prepared by a
PL measurements were performed with a pump laserpre-bonding anneal in N as described above, followed
operated at\=457 nm. Because the heavily doped py a layer split anneal at 380. The Ge substrate was
GaAs contact layer was optically thick to the pump Ga-doped to X10*” cm 3 and the Si substrate was B-
laser, photoluminescence was not observed in the GalnRioped to X 10*® cm 2 in an effort to minimize the
base or the GaAs base region, both of which are junction depletion width formed at the heterojunction
expected to exhibit higher lifetime and superior material interface.

quality to the heavily doped GaAs contact layer. TRPL  During initial application of a—10-V bias, the G¢
measurements were performed at NREL with a 600-nm Si interface exhibited dielectric breakdown followed by
pump laser operated at a repetition rate of 1000 kHz. ohmic I-V characteristics in subsequent scérgy. 1).

The samples were maintained at 293 K during the These measurements indicate an interfacial resistance of
measurement. 35-40 Q) over a total interfacial area of 0.1 cn¥ for

3.2. Ohmic electrical contact
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Fig. 2. Cross-sectional SEM image of MOCVD triple-junction solar
-0.10F 1 cell structure as grown on a @&i heterostructure templatéeft) and

R T T T S S a bulk Ge substratéright).
-6 -4 -2 0 2 4 6
layer structure of the triple-junction solar cell and the
Voltage [V] morphology of the interfaces of the various layers and

abrupt interfaces within the microscope resolution
(~100 nm. Sample 1 exhibits a rough interface
between the layers of the cell structure, with a maximum
interface roughness of 0.@3m located at the GaAs
OGaInP interface.

PL studies of the top GaAs contact layer indicate
comparable GaAs band-edge emission at 880 nm for
the bulk Ge control and Sample 2, the smoother epitaxial

Fig. 1. Current-voltage curve for a-+PGe/P+Si heterostructure
annealed to 35C.

an areal interfacial resistance ef400 () cm 2. The

Al contact and substrate resistances were determined t
be negligible for overall structure resistance. The rela-
tively high interface resistance is attributed to the fact
that the bonded GESi sample was annealed at a

maximum temperature of 380, lower than the temper- Strﬁ%[t"e on .géS'BIaSI |nd|c§tLeq tm F;gtr? ngplelz 12
ature required for covalent bond formati¢600°C or _?_)r(] ';E considera ytovzler Irt] etnS| y than amplet_ '
greater in Si'Si) [3]. e measurements demonstrate an inverse relation-

ship between the GaAs contact layer surface roughness
and GaAs contact layer band-edge photoluminescence
intensity, suggesting an increased defect density in the

Triple-junction solar cell structures were grown by Samples with rougher GaAs contact surfaces. o
metal-organic chemical vapor deposition on/Géehet- TRPL measurements of the GaAs contact layer indi-
erostructures fabricated by hydrophobic wafer bonding. caté short but comparable decay time constants-ef
Two of these G@Si heterostructures were used as 0-23 ns for the bulk Ge sample and=0.20 ns for
templates for growth, labeled Sample 1 and Sample 2 Sample 2, indicating comparable minority carrier life-
while a control solar cell structure was also grown on
bulk Ge in the same process. The rms surface roughness

3.3. Triple-junction solar cell growth

was measured by contact-mode atomic force microsco- 1 2x10°} .
py; results are given in Table 1. Sample 1 exhibited rms s Bulk Ge

surface roughness four-fold greater than that of the GaAs rm 1.0x10°F| - - - Sample 2 1
contact layer of Sample 2. These GaAs contact layer 3 al —-—--Sample 1 ]
roughness values are uncorrelated to the exfoliated Ge< 8.0x10

surface roughness measured, a phenomenon that is nog& 6.0x10*
understood at present. Cross-sectional scanning electron® a
micrographs of Sample 1 and the bulk Ge control @ 4.0x10

structure are shown in Fig. 2. These images show the & [

4

=l 2.0x10°f -
Table 1 0.0 - .
MOCVD triple-junction solar cell structure roughness measurements ) g g4
pop— —— 500 600 700 800 900 1000

Pre-MOCVD Post-MOCVD Wavelength [nm]

Bulk G <5 147
S:mplsl 236 897 Fig. 3. GaAs band-edge emission photoluminescence of MOCVD
Sample 2 295 204 grown triple-junction tandem solar cells on (& heterostructures and

on a bulk Ge wafer.
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Fig. 4. Post-growth RHEED image of the surface showing Bragg rods and a reconstructed surface indicating a smooth top plateau.

times in the two structures, if similar surface recombi- energy diffraction. The RHEED pattern following the
nation velocities are assumed. The GaAs contact is notgrowth also indicated a smootx 1) reconstructed Ge
passivated by an AlGaAs heterostructure, thus shorten-(100) surface, as shown in Fig. 4. Epitaxial Ge growth
ing the minority carrier lifetime of the GaAs contact reduced the surface rms roughness of the transferred Ge
layer, due to a high recombination velocity at the layer from ~11 to ~2.2 nm. In addition, the morphol-
exposed surface. Additionally, the heavy doping in the ogy of the surface drastically changed to a mesa-like
GaAs contact layer also limits the minority carrier form, with a large relatively smooth layer of less than 1
lifetime in this layer. nm surface roughness, as illustrated in Fig. 5.

3.4. Ge surface smoothing with epitaxial Ge buffer layer 4. Conclusions

The triple-junction solar cell optical performance  Fabrication of high quality~1 cn? area G&100)/
results indicate that without any surface preparation Si (100) heterostructures by hydrophobic wafer bonding
following the H-induced cleavage of the Ge layer, high and H-induced layer splitting has been demonstrated.
quality IlI-V photovoltaic materials can be grown with Bonded G¢€ Si heterostructures exhibit ohmic interfaces
good PL intensity and minority carrier lifetime proper- and are suitable as templates for MOCVD growth of
ties relative to a cell grown on a bulk Ge substrate. InGaP/GaAs/Ge triple-junction solar cell structures
However, to further improve the optical and electrical with photoluminescence intensity and decay lifetimes
properties, it is desirable to reduce the exfoliated surfacecomparable to those found in solar cell structures grown
roughness. To smooth the exfoliated Ge surface a 250-on bulk Ge (100) substrates. Epitaxial growth of Ge
nm-thick Ge buffer layer was grown on the surface of buffer layers on transferred G&i layers shows promise
the Ge/Si heterostructure by molecular beam epitaxy at as a means of reducing the Ge surface roughness and
450°C at a rate of 0.1 nm . The surface evolution improving the optical quality of epitaxial GalnfsaAs
was monitored in situ with reflection high electron- /Ge layers.

Fig. 5. (a) Exfoliated Ge surface prior to MBE Ge buffer layer growth with 110 A rms roughn@sssmoothed to just 22.6 A rms roughness
with a mesa geometry.
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