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ABSTRACT

Polycrystalline Si (poly-Si) passivating contact solar cells are emerging as a leading technology in the
solar photovoltaic (PV) market. Currently, their deployment is limited to electron-selective contacts on
planar surface morphology: this is due to inferior performance of hole-selective poly-Si contacts and poly-Si
contacts fabricated on alkaline-textured Si surfaces. Overcoming these limitations could foster broader
adoption of poly-Si contact technology. A dielectric interlayer between poly-Si and ¢-Si is required to
mitigate defects at the poly-Si/c-Si interface. Current transport through the dielectric occurs preferentially
via direct quantum tunneling, or via discontinuities in the dielectric layer, known as “nanopinholes”. This
thesis investigates pinhole-dependent poly-Si passivating contacts and focuses on parameters that control
the area density of pinholes. Due to the defective nature of pinholes, tuning pinhole area density is crucial
in the optimization of poly-Si contacts.

In Chapter 3, the effect of surface morphology on thermal pinhole creation is investigated for
poly-Si/SiOx on various textured morphologies. The formation of pinholes in the insulating SiOx layer is
induced through thermal processing at temperatures exceeding 1000 C. The findings reveal that textured
morphologies exhibit higher susceptibility to pinhole formation compared to planar morphology. Notably, a
thermal process capable of selectively creating pinholes at the vertices of inverted pyramid-textured c-Si is
identified.

In Chapters 4 and 5, a fabrication process is developed for the creation of pinholes at room
temperature. This process utilizes galvanic corrosion principles within a wet chemical environment to
selectively etch the dielectric interlayer, resulting in the formation of pinholes with widths ranging from

10 to 200 nm. Extensive electrical and microscopic investigations reveal that the presence of etch
undercut in the dielectric layer leads to the development of electrically resistive pinholes. However, through
the implementation of a modified processing sequence that eliminates undercut, conductive pinholes are
successfully fabricated. Moreover, the density of pinholes can be finely controlled by adjusting the
concentration of the etching solution, offering manipulation within a broad range of approximately 1 10%
to5 107 cm 2. The application of this innovative technique in fabricating hole-selective
poly-Si/SiNy /SiOx contacts on both textured and planar c-Si substrates demonstrates excellent hole
selectivity, with Jo <1 fA/cm? and . <30 mf2 cm?. Finally, the integration of this process into the
fabrication of single-junction single-side textured Czochralski Si solar cells resulted in open circuit voltage

of 729.0 mV and a fill factor of 81.9%.
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a) Schematic for cross-sectional TEM specimen preparation. After MACE, Pt was
deposited prior to sample thinning with a FIB. b{e) Cross-sectional TEM micrographs
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migration of organometallic gas, the precursor used during Pt electron beam deposition.
This region spans 200 nm in width. b) Schematic of a mesopore in the
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depicted in (c) measured with AFM. The corresponding topographic areal scans and
the paths for the line scans are shown in the insets in (b1) and (cl1). The scale bars in
the area scans in insets refer to the topology height. The specimens analyzed by AFM
were fabricated using 50% strength MACE solution. . . . . . ... ... ........... 43
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Access to electricity is a fundamental requirement for human development and well-being, yet a
signi cant portion of the global population continues to live without it. Approximately 770 million people,
mainly in Africa and Asia, are deprived of the bene ts of abundant electricity [1]. Moreover, the world
population continues to grow, and with it, the demand for energy to support the expanding needs of
societies. These pressing challenges are compounded by climate change, which sets an urgent requirement
for clean, low cost energy sources. The International Energy Agency forecasts that, to achieve net zero
emissions by 2050, solar photovoltaic generation must increase from its current 1000 TWh to 7400 TWh by
2030 [2, 3]. This signi es an annual generation growth of 25% must be sustained over the next decade
[2, 4]. Long-term stability, non-toxicity, absorber material abundance and technological maturity give
monocrystalline silicon (c-Si) solar cells advantage over other photovoltaic (PV) materials. Thus,c-Si
accounts for nearly 92% of the terrestrial PV world market share [5]. Under 1-sun illumination and 25 C,
single-junction Si solar cell power conversion e ciency P CE) is limited to 29.43% [6]. Advancements in
cell processing and design have thus far enabled mainstream industriatSi solar cells to achieve 23-24%
averageP CE [5]. To further narrow the gap between industrial cell PCE and the PCE limit of 29.43%,
technological losses must be further minimized [7]. Together with product reliability, improvement in cell
P CE can directly contribute to more e ective use of raw materials and area-related system capital costs
[8, 9]. Further, PCE improvement can also reduce the greenhouse gas emissions required for
manufacturing [9, 10]. Note that while solar PV cannot address all the complexities that relate to energy
poverty, high-e ciency and capital-e cient PV technologies create more tangible opportunities for the
delivery of scalable and decentralized power [11].

Charge carrier recombination processes constitute a major practical technological loss in modern
industrial c-Si solar cells [7]. Recombination centers that promote charge carrier recombination are referred
to as electronic defects, which may originate from thec-Si bulk or interfaces at the c-Si surface. While
some of these defects are inherent to the-Si absorber (e.g.: abrupt crystal lattice termination at the c-Si
surface), other defects may be introduced during manufacturing (e.g.: oxygen precipitation caused by high
thermal budgets)[12]. Commercially availablec-Si absorber wafers can already enabl® CE of 26.81%

[13]. Thus, this thesis focuses on mitigating surface defects with high-performance surface schemes that



simultaneously mitigate surface defects and enable selective charge carrier collection, namely

pinhole-dependent polycrystalline Si passivating contacts.
1.2 Power conversion e ciency of single-junction Si solar cells

Semiconductor materials such ag-Si are capable of absorbing photons by exciting valence band
electrons. For power generation in a solar cell, valence band electrons must gain su cient energy to
overcome the semiconductor bandgap and reach conduction band electronic states. This process creates
positive and negative free charge carriers { namely holes and electrons. Electrons (resp. holes) excited to
an energy state greater than the lowest conduction (resp. valence) band energy level lose their excess
energy through phonon emission, a process known as thermalization. In single-junctioe-Si under 1-sun
and 25 C, energy losses due to sub-bandgap photons and thermalization are unavoidable, and together
constitute  55%,,s power conversion e ciency (P CE) loss from a hypothetical 100%P CE. Additional

16%,s P CE loss can be accounted by intrinsic recombination mechanisms. Thus, single junctioo-Si

solar cells have their e ciency limit capped at 29.43% [6].

Figure 1.1 Electrical equivalent circuit of a solar cell. The white circular and triangular symbols represent
the photogenerated current and thep-n junction diode, respectively. Reprinted with permission [14].

The electrical equivalent circuit of a typical single-junction c¢-Si solar cell under illumination can be
schematized as in Figure 1.1, where the photogenerated current, thp-n junction diode and internal series
(Rs) and parallel resistances are depicted. The parallel resistance, commonly referred as shunt resistance
(Rsh) refers to low-resistance paths that may occur across the solar cell, creating leakage, i.e. electrical
shunts in the cell. Ry accounts for voltage drops across the transport resistances of the cell, such as the
bulk resistance of the semiconductor material and the metal-semiconductor contact resistances and its

interconnections to a load.



Considering Kirchho 's circuit laws, the total current density Jia across the equivalent circuit

depicted in Figure 1.1 can be expressed as,

Jiotat = Jph Jdiode  Jsh (1.1)

where Jph, Jdiode » and Jsn are the photogenerated, diode and shunt current densities, respectivelyd giode

can be further de ned as,

qVv
Jdiode = Jo(e™sT 1) (1.2)

where Jg is the recombination parameter,V is the voltage across the diodem is the ideality factor, kg is
the Boltzmann constant, and T is the diode temperature.

Combining the above expression with the diode equation (1.2) while considering the e ects oRs gives

9V * Jtotal_Rs) V + Jiotal Rs

Jiotal = Jph Jo(e mkg T 1) ( R ) (1.3)
S|

which can be plotted to show the characteristic current versus voltage {-V) curve of a solar cell, depicted

in Figure 1.2.

Figure 1.2 Characteristic | -V curve of a solar cell. TheJ-V curve may be obtained by dividing the current
| by the cell illuminated area. The hatched blue area represents the maximum power that may be
generated by the cell. Reprinted with permission [14].

The J-V curve can be used to extract the cell parameters that de neP CE as:

_ VocdscFF

PCE
Pin

(1.4)



where V. is the open-circuit voltage, Js. the short-circuit current density, FF is the Il factor and Py, is
the input power of the incident photons. Thus, to maximize the P CE, the cell parametersVyc, Jsc and FF
must all be maximized. Maximizing the V,. requires that charge carrier recombination in the cell is
minimized. In Equation 1.3, minimization of recombination will manifest as reduction in at least one of:
recombination parameter Jo and the ideality factor m. To maximize the Js., photon absorption in the cell
must be maximized. For example, photon absorption can be enhanced by reducing losses due to photon
re ection. In front-end processing of industrial c-Si solar cells, Si(100) wafers are chemically-etched in an
anisotropic alkaline solution to create random upright pyramid texturing. The pyramid facets are mainly
terminated by Sif 111g planes. Combined with an anti-re ective coating such as Sily, re ection can be
reduced from 36% (untextured c-Si) to just a few %. To further improve photon absorption, the
interdigitated back contact (IBC) cell design may be used to omit losses due to front gridline metal
shadowing.

The FF in Equation 1.4 can be further de ned as,

Vvpp Jupp
VOC‘]SC ( )

whereVypp and Jypp are respectively the voltage and current density at maximum power point. In
Figure 1.2, the maximum power (i.e. theViypp Jupp product) is depicted as the area hatched in blue.
Thus, the FF can be thought of as the ratio of the areas equivalent to theViypp Jupp and the VoeJsc
products. Figure 1.3(a) and Figure 1.3(b) show characteristicl -V curves for solar cells a ected by various
levels of Ry and Rg, respectively. It can be seen that to maximize theFF, Rs and Rg, must be minimized

and maximized, respectively.

@ (b)

Figure 1.3 (@) E ect of series and (b) shunt resistances on the characteristid -V curve of solar cells.
Reprinted with permission [14].



When the opposite occur, the resulting \ attening” of the |-V curves reduce theFF considerably. For

negligible Rs and Rg, e ects, FF can be expressed by the expression [15]:

Voo IN(Voe +0:72)
1+ vge

FF = (1.6)

where v is the normalized open circuit voltage,ﬁ%:q. Although Rs and Rgy, e ects are signi cant in

practical cells, the expression in Equation 1.6 is useful for turning more explicit the in uence of theV,; and

m on FF [16]. Thus, to maximize the FF, the V,c and m must also be maximized.

1.3 Surface passivation and charge-carrier selectivity

Figure 1.4 Schematic band diagram fom-type c-Si and a negatively-charged surface passivation layer,
under illumination. Excess electron and hole photogeneration de ne the electron and hole quasi-Fermi
levels, Er, and E¢, , respectively. Recombination via band-to-band (i.e. direct), defects (i.e.
Shockley-Reid-Hall (SRH) and surface recombination), Auger-Meitner (i.e. Auger) mechanisms are
depicted. Negative xed charge in the passivation layer results in a space-charge region at theSi
interface. D;; represents the density of trap (i.e. defect) states at the interface.

In a semiconductor material in thermodynamic equilibrium, charge carrier concentration can be
described by a single characteristic Fermi energyE; ) using Fermi-Dirac statistics. In the presence of excess

electrons and holes, the semiconductor returns to its thermodynamic equilibrium through electron-hole



recombination processes. Thus, under illumination, the excess hole (or electron) density is determined by:

% = G(t) R(t) 1.7)
where pis the excess hole concentration(t) is the excess hole generation rate, andR(t) is the excess
hole recombination rate. Due to the presence of excess carriers, the electron and hole concentrations are
de ned by their respective quasi-Fermi levels,Ef, and E¢, (see Figure 1.4) [17]. Consequently, the

maximum voltage that may be supplied by the semiconductor can be de ned as:

qQV=Em Ep (1.8)

whereV is the so-called implied open circuit voltage,iVq.. For maximum iV, recombination in the

semiconductor must be minimized. R(t) can be further de ned as:

R(t) = eff (1.9)

where ¢ is the e ective lifetime of excess carriers. There are three mechanisms by which electrons and
holes can recombine: (i) band-to-band (radiative) recombination, (ii) defect-assisted recombination, and

(iif) Auger-Meitner recombination. If recombination at the surface is neglected, ¢ can be de ned as:

! = ! + ! + ! (1.10)

eff rad defects Auger  Meitner

where (ad, defects and auger wmeitner are the lifetimes due to radiative, defect-assisted and
Auger-Meitner recombination, respectively. Below are brief summaries on each recombination mechanisms
as it pertains c-Si solar cells:

(i) Radiative recombination is the reverse process of photon absorption, where an electron from the
valence band is excited onto the conduction band (see Figure 1.4). Thus, in radiative recombination, a
conduction band electron loses energy to recombine with a valence band hole, emitting a photon in the
process.

(ii) Defect-assisted recombination occurs via defect electronic states that populate energy levels
within the c-Si bandgap. These defects may originate from the-Si bulk or the ¢-Si interface with other
materials. In this mechanism, conduction band electrons recombine with valence band holes via an
intermediate transition step that corresponds to the defect energy level (see Figure 1.4). The energy lost by
the initially excited electron is emitted through phonons. In practical c-Si solar cells, defect-assisted

recombination is the dominant recombination mechanism. While defects may populate energy levels across



the entire bandgap, defects closer to the midgap are more severe due to increased likelihood of excess
carrier capture [18].

(iii) Auger-Meitner recombination occurs when a conduction band electron recombines with a
valence band hole, transferring its kinetic energy to another conduction band electron in the process (see
Figure 1.4), or a valence band hole. That kinetic energy is subsequently lost via phonon emission.
Consequently, Auger-Meitner recombination requires the participation of three charge carriers. Thus,
Auger-Meitner recombination is intensi ed at high photogenerated carrier densities, and by strong doping
of the c-Si absorber [19].

Radiative and Auger-Meitner recombination rates are intrinsic to the ¢-Si material, and thus
technological pathways to reduce their e ects are limited. On the other hand, defect-assisted

recombination can be greatly mitigated by meticulous cell design and processing.
1.3.1 Surface passivation

The recombination parameter Jo in Equation 1.3 represents the cumulative recombination in the cell,
that is, it is a ected by the bulk, Jo.puk , and surface,Jo-surface , recombination parameters [19].Jo:surface
relates to the c-Si interface with other materials, and their respective interface recombination rates [19].
Thus, to minimize Jo.surface , the density of active defects at the interface must be reduced. For example,
in bare c-Si, the abrupt interruption of the Si crystal lattice at the surface causes Si surface atoms to
interface or bond with impurity atoms and molecules such as HO [20]. These impurities result in defect
states that populate one or more energy levels within the bandgap. For a speci ed defect energy level, the

surface recombination rate per area for electronsRsurace:n , Can be de ned as [20]:

Rsurfacen = n ndpn (1.12)

where , is the capture cross section for electrons,, is the electron thermal velocity, d, is the density of
defects per area occupied by a hole, and is the concentration of electrons at the surface. The expression
for Rsurface;p » the recombination rate per area of holes, is analogous to Equation 1.11. At xed
illumination and temperature, , and , are constant. Thus, Rsurfacen (and thus the Jo.surface ) Can be
minimized by reducing either the density of surface defect statesn, or both. The former can be achieved
via chemical passivation and the latter via \ eld-e ect" passivation [21]. In chemical passivation, the
density of surface defects is reduced by chemical bonding. In typical commerciatSi solar cells, this is
achieved by capping thec-Si surface with dielectric Ims, commonly SiOy, SiNy and Al,O3. Furthermore,
chemical passivation may be enhanced by injecting hydrogen through the dielectric Ims [22{24]. Hydrogen

is presumed to accumulate at thec-Si/dielectric interface and to chemically bond with Si atoms at the



surface [25, 26]. On the other hand, \ eld-e ect" passivation relies on reducing either the concentration of
electrons, or holes, near the surface. In typical commercial cells, this is achieved by heavy doping or by the
presence of a xed charge. For example, to create &-Si surface that has much higher concentration of
holes than electrons, that surface may be heavily doped withp-type atoms such as Al, and/or capped with

a dielectric Im that induces a negative charge (e.g. AbO3).
1.3.2 Charge-carrier selective contacts

For generation of power, besides voltage, electron and holes must di use and drift to be collected at
physically separate terminals, producing current. In charge carrier collection, photogenerated minority and
majority carriers must transport across the c-Si surface to reach two spatially separated metal electrodes.
To e ectively enhance carrier separation and reduce premature electron-hole recombination during carrier
collection, electron- and hole-selective contacts must be deployed. As the name implies, carrier-selective
contacts enable e cient collection of one polarity of charge carrier (e.g.: electrons), while simultaneously
hindering the collection of the other (e.g.: holes). This notion can be understood by analyzing the
mathematical counterparts of the total current density, that is, the electron and hole current densities, J,,

and J,, respectively [27]:

Jn = nnr Egy (1.12)

Jp = pPr Egp (1.13)

where , and , are the electron and hole mobilities,n and p are the electron and hole concentrations,

r Esn andr Egp, are the electron and hole Fermi energy gradients, respectively. The latter are also known
as the electrochemical potential gradients. In an ideal electron-selective contact], Jp,andJ, ! O
towards that contact. This scenario requires the manipulation of the electron chemical potential at the
c-Si/electrode interface, such thatn and p are the dominant parameters de ning J, and J,, respectively,
and n p. For hole-selective contacts, an analogous but inverse approach must be applied. Moreover,
ideal electron- and hole-selective contacts must also passivate the electrodeSi interface to maximize the
Efn -Efp dierence at the c-Si absorber surface, thus ensuringn  p (if electron selective) orp  n (if hole
selective). Furthermore, to avoid signi cant voltage drop between the selective contact and the absorber
layer, energetic barrier at the interface must be avoided or minimized for the carrier of interest. Various
strategies have been implemented in the design of carrier-selective contacts, such as band alignment and
induced band bending [28{31]. Below are brief descriptions of current industrial contact schemes used to

achieve charge-carrier selectivity inc-Si solar cells:



Figure 1.5 Qualitative band diagrams for various carrier-selective contacts interfacing with a lowly-doped
n-type c-Si absorber, under illumination. (a) A metal electrode interfaces with ac-Si surface that is
highly-doped with phosphorous (i.e.: n* ¢-Si). (b) A metal electrode interfaces with n* poly-Si (or a-Si)
on SiO. Reprinted with permission [29].

Figure 1.6 Cross-sectional schematics for (a) passivated emitter and rear contact (PERC), (b) tunnel oxide
passivating contact (TOPCon), and (c) amorphous Si heterojunction (SHJ) cells. In (a), local BSF refers
to highly Al doped, p* c¢-Si. In modern PERC cells, the heavily-doped,n* c¢-Si layer is restricted to the
surfaces adjacent to the front gridlines while the remaining surface are is only lightly doped [5]. Reprinted
with permission [29].

(a) Carrier selectivity via heavily-doped c-Si

In mainstream commercial c-Si solar cells (see Figure 1.6a), charge-carrier selectivity is enabled by
highly-doped, 0.5-5.0 m-thick c-Si layers adjacent to the c-Si/electrode interface [32, 33]. In the cell
front surface, heavyn-type doping cause the electron conductivity (i.e. theq n product) to be much
higher than the hole conductivity, due to n  p. The opposite approach is applied in the cell rear surface,
where p-type doping is used. Figure 1.5a shows the band diagram for an interface between lowly-doped
n-type absorberc-Si and highly-doped n-type (n*) c-Si under illumination. In the n* layer, the low p
manifests as a high energetic di erence betweeiks, and the valence band. Moreover, the metal electrode's

single Fermi level E; result in high r E¢, towards the electrode interface. Despite this highr E¢,, Jp in



Equation 1.13 is low due to the very lowq pp product. On the other hand, the small r E¢, over the entire
absorber layer enables], in Equation 1.12 to be high due to the very highq ,n product [34, 35]. In
addition to this asymmetry in charge-carrier conductivity, the heavy doping near the electrode also
contributes to diminished recombination at the highly-defective c-Si/electrode interface, via eld-e ect
passivation. Finally, the heavy doping also facilitates the formation of an ohmic contact betweerc-Si and
the metal electrode. The limitation of this approach is that heavy doping cannot be applied
indiscriminately to the c-Si absorber due to losses caused by intensi ed Auger-Meitner recombination. It is
due to this inherent limitation that the highly-doped c-Si layers are constrained to only a small fraction of
the total front and rear surface area [5], and PERC cells have a theoreticaP CE limit of 24.5% [9]. The
now mainstream PERC cell architecture in Figure 1.6a was rst proposed by Martin Green et al in 1983
[36]. With an  80% c-Si PV market share, industrial PERC is approaching the practical PCE limit of
nearly 24%. Note that this practical P CE limit is not fundamental, and was determined by in-silico
experiments that took into account capital-e cient industrial manufacturing practices [33].

(b) Carrier-selectivity via Si-based passivating contacts

Highly-doped polycrystalline silicon on silicon oxide (poly-Si/SiOy, also known as POLO) is an
emerging industrial c-Si PV selective contact technology. Figure 1.5b shows the band diagram for an
interface between lowly-dopedn-type absorberc-Si and n* poly-Si/SiOy, under illumination. The poly-Si
layer induces asymmetry in charge-carrier conductivity due ton  p; thus it provides electron-selectivity.
The SiOy interlayer provides chemical passivation at the SiQ/ c-Si interface. Moreover, SiQ also inhibits
dopant di usion onto the c¢-Si, and the resulting di used c-Si layer is shallower than in the case depicted in
Figure 1.5a. Nonetheless, this shallow di usedc-Si provides further passivation via eld-e ect [37, 38].
This shallower di used c-Si also results in reduced recombination via Auger-Meitner e ect. Critically,
poly-Si/SiOx omits the highly-defective c-Si/metal electrode interface. All these factors combined cause the
surface passivation byn* poly-Si/SiOy to be superior than n* ¢c-Si [29, 39, 40]. Due to poly-Si/SiQ
simultaneously achieving high asymmetry in conductivity and excellent surface passivation, they are
classi ed as \passivating contacts". Charge carrier transport through the SiOy layer is highly dependent on
its thickness and thermal processing. For SiQ thicknesses below 1.7 nm, the transport is dominated by
guantum tunneling [41{43]. Tunneling-dependent poly-Si/SiOy contacts are more commonly referred as
TOPCon (i.e. tunneling oxide passivating cortacts) [39, 44]. If the SiO thicknesses is greater than 1.7
nm, the quantum tunneling probability is inadequate, thus SiOy discontinuities (often referred as
\nanopinholes”) must be deliberately created to enable ohmic transport. In either case, for best trade-o s
in surface passivation and contact resistivity, the area density of these highly-defective pinholes must be

precisely tuned [38, 45, 46]. Pinholes may be deliberately created thermally [46{50], or at room
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temperature by applying galvanic corrosion principles (see Chapter 4). Note that TOPCon optimized for
contact resistivity and surface passivation, transport via pinholes can be signi cant [38, 41{43, 51, 52].
Currently, TOPCon cells (see Figure 1.6b) represent nearly 10% of the world market share and achieve
24% averageP CE [5]. Further information relating to challenges pertaining the performance of POLO
contacts can be found under Section 1.4.
Si heterojunction  (SHJ) is another ¢-Si PV passivating contact technology, rst commercialized in
the early 1990s by Sanyo Electric corp. (now Panasonic). It relies on hydrogenated, highly-doped
amorphous Si on intrinsic amorphous Si. The highly-doped layer determines charge-carrier selectivity. The
5 nm intrinsic layer provides chemical passivation at thec-Si/a-Si:H interface. Charge carrier transport
through the intrinsic a-Si:H layer occurs via quantum tunneling and thermionic emission [53]. Furthermore,
an additional transparent conductive oxide (TCO) layer (see Figure 1.6c) is required between the doped
amorphous Si and the metal gridline electrode [29] for e ective lateral transport. Due to the low thermal
stability of TCO and a-Si:H, SHJ back-end processing steps such as metallization require lower thermal
budgets than what is typical in PERC and TOPCon cell fabrication. SHJ cells represent nearly 5% of the
world market share. Due to TOPCon cells' better compatibility with current PERC manufacturing
practices, industrial adoption of SHJ has not gained as much traction as TOPCon [40]. Nonetheless, in the

past decade, SHJ cells have enabled the highest recoRICE achieved usingc-Si absorbers [13, 54].
1.4 Thesis outline

The industrial deployment of POLO contacts has been limited to electron-selective, planar TOPCon at
the cell rear [5]. POLO has not been deployed as front contact due to detrimental parasitic absorption of
light in the poly-Si layer [55{57]. The restriction to planar c-Si is imposed by the inferior surface
passivation attained by textured POLO [46, 58, 59]. Although texturing of the rear of c-Si solar cells is not
mandatory for optimal P CE, its use could enable the use of thinnec-Si wafers without posing Jg loss.
Moreover, texturing of the c-Si rear is bene cial in multi-junction cells that use c-Si as bottom cell [60].
Typical Jo.surface ratios of textured and planar POLO have been in the range of 5{100 [46, 58, 59]. Thus,
the 1.7x surface area increase due to texture does not fully explain the inferior passivation in textured
POLO. It has been proposed that surface nano-roughness [61], as well as inherent higher density of surface
defects [59] in the Si11lg planes that composec-Si texture further explain the textured vs planar POLO
Josurface  discrepancy. Additionally, possible pinhole formation in the SiQ, creates highly-defective
poly-Si/ c-Si interfaces, which may further contribute to degradation in surface passivation [38, 46].
Previous literature has shown that pinholes can preferentially be created at the valleys or facets of random

upright pyramid textured POLO [61, 62]. Building upon this, the rst peer-reviewed publication of this
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thesis focused on elucidating how surface morphology in uences thermal pinhole formation in textured
POLO contacts (see Chapter 3). In addition to random upright pyramid texturing, this study also
investigated POLO fabricated on regular arrays of inverted pyramids and v-grooves. These regular textures
were used to exclude e ects caused by pyramid size non-uniformities that are inherent to random upright
pyramid texturing. The experimental results in Chapter 3 demonstrate that textured surfaces are more
prone to pinhole formation. Speci cally, in the inverted pyramids sample, it was observed that a specic
thermal processing condition led to the majority of pinholes being formed at the vertices of the inverted
pyramids.

The electron-selectivity restriction in industrial POLO contacts stems from the lower performance
achieved by hole-selective, boron-doped POLO. Typically, planar boron-dopedp* POLO provides 5{100
times higher Jo.surface  [58, 63, 64]. This lower performance is attributed to boron accumulation in the
SiOy layer, which results in defect formation at the ¢-Si/SiOy interface [65{67]. Hole-selective POLO
contacts with surface passivation comparable to electron-selective POLO | i.e. Jo / 5 fA/lcm? | have
only been demonstrated in pinhole-dependent oat-zone Si cells, where pinholes were created thermally
[52, 68]. However, the>1000 C thermal processing to deliberately create pinholes in the SiQ layer can be
detrimental to the bulk quality of commercial Czochralski Si absorber wafers, e.g: by causing oxygen
precipitates [12]. Alternative passivating interlayers, such as AlQ and SiN,, have been explored to achieve
high-performance hole-selectivep* TOPCon contacts [64, 69{73]. However, their performance was
compromised due to suboptimal trade-o s in surface passivation and contact resistivity. Gallium doping
has also been investigated as a substitute for boron, demonstrating lowWo.surface , although practical
implementation in cells is still pending [74, 75]. Chapter 4 of this thesis addresses these limitations by
presenting a novel poly-Si contact fabrication process, where galvanic corrosion principles were applied to
create pinholes at room temperature. The compatibility of this process with randomly-textured c-Si is
demonstrated. Additionally, the study demonstrates that the fabrication process is compatible with
alternative passivating schemes, such as a SiNSiO stack with a thickness of approximately 10 nm.
Moreover, electron-selective poly-Si/SiQ and hole-selective poly-Si/SiN,/SiO passivating contacts were
successfully implemented in Czochralski Si solar cells, resulting in high open circuit voltage and |l factor.
Finally, Chapter 5 delves into detailed electrical and microscopic investigations, providing insights into the
underlying causes of the high contact resistivity observed in hole-selective poly-Si/SiNSiO, contacts that

exhibit undercut in the SiN,/SiOy layers.
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CHAPTER 2
CHARACTERIZATION METHODS

In this chapter, a few of the recurring measurement techniques utilized to gather the experimental data

presented in Chapters 3-5 are brie y described.
2.1 Lifetime measurements via the photoconductance decay (PCD) method

A Sinton Instruments WCT-120 tool was used to measure the carrier lifetime ofc-Si specimens via the
PCD method. In this technique, the sample is subjected to a monitored short pulse of light to generate
electron-hole pairs [76]. The transient concentration of excess photogenerated minority carriers in an

n-type c-Si substrate can be expressed as,
d p

p
— = G(t
dt ® off

2.1)

where pis the excess minority carrier (hole) concentration,G(t) is the excess minority carrier generation
rate, and ¢ the e ective minority carrier lifetime. In this equation, eTp denotes the excess minority
carrier recombination rate. Sample optical parameters such as the re ectivity are lumped as an 'optical
constant' and used as input for the calculation ofG(t). After the short pulse of light, the sheet conductance
as a function of time is measured by an radiofrequency coil inductively coupled to the sample. The sheet

conductance as a function of time is converted onto a thickness-averagedp as a function of time via:

=q p( nt p) (2.2)

where is the excess sheet conductance due to excess minority carriecsjs the elementary charge, ,
and |, are the electron and hole mobilities, respectively. With that, o can be calculated using Equation
2.1.

In this thesis, symmetric test structures were used to extract the recombination parametefdo.suyrface  Of
c-Si passivated by various passivating contact structures. Symmetric structures refer t@-Si wafers where

both surfaces were processed identically. For such symmetric structuresg; can be de ned as:
1 1 Jossurface (Na+  p)

= +2
eff bulk qnZw

(2.3)

where Jo.surface IS the surface recombination parameterNy is the concentration of donor atoms in the
¢-Si, n; is the intrinsic carrier concentration in c¢-Si, W is the ¢-Si thickness, and i is the bulk lifetime,

which can be further de ned as:
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1 1 + 1 + 1 (2.4)

bulk rad trap Auger  Meitner

where rad, defect and auger Meimer are the bulk lifetimes due to radiative, defect-assisted and
Auger-Meitner recombination, respectively. Thus, Equation 2.3 can be subtracted of Auger-Meitner
recombination e ects. With that, the Kane and Swanson method can be applied to extractJo.surface from
the slope of the Auger-Meitner correctede% as a function of p [77]. Note that this Josurface analysis
only applies to specimens in which ik is long enough to allow carriers to reach both surfaces, and for
which Jo.surface lOW €nough to avoid non-uniform pro les [76].

Moreover, symmetric structures were also used to extract the implied open-circuit voltageV,. of the
specimen, which can be expressed as:

. ke T
iVoe = In
ocC q

Ng +
p( a P g 2.5)
ni
where kg is the Boltzmann constant. In high lifetime specimens, theiV,. is equivalent to the electron and

hole quasi-Fermi level di erence, E¢n -Efp [76].
2.2 Contact and sheet resistance measurements via transfer length method

Four-point probe, transfer length method (TLM) was used to calculate the contact and sheet
resistances of various semiconductor, Si-based structures [78]. In TLM, an array of rectangular metal pads
of width W and length L are deposited on a semiconductor surface. The total resistand®; between two

neighboring pads can be de ned as:

R R
R = Wsd+2(Rc+ Rm) Wsd+2RC (2.6)

where R is the sheet resistance of the semiconductor between the metal padd,is the distance between
pads, R. is the contact resistance associated with the metal/semiconductor interface, andR, is the metal
resistance. HereinR,, R.. Thus, varying R; as a function ofd enabled the extraction offfv—s and 2R. via
the slope andy-intercept of the R¢(d) function.

When current ows between a metal and a semiconductor, only a fraction of the metal contact area is
electrically active due to current crowding e ects. Thus, the e ective contact area Acerr Mmust be used to

calculate the contact resistivity ¢:

Re= —— = — (2.7)
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where the transfer lengthL, is the e ective length of the metal pad, and is further de ned as:

Ly = _c 2.8
! Rs (2.8)
Combining Equations 2.6, 2.7 and 2.8 gives:
R ——Rs(d+2L) (2.9)
T w ! '

In the context of this thesis, TLM was applied to poly-Si/SiN ,/SiO and poly-Si/SiOy passivating
contacts. To determine the contact resistivity associated with the poly-Si/dielectric interface, poly-Si
around the TLM metal pads were etched, resulting in the mesa structures where the current travels

entirely via the c-Si layer beneath the passivating contact structures.
2.3 Pinhole detection using electron-beam induced current measurements

Electron-beam induced current (EBIC) is a technique that has been previously used to detect pinholes
in pinhole-enabled POLO contacts [50, 61, 62]. In EBIC, an electron beam is used to generate electron-hole
(e-h) pairs by impact ionization. Thus, the e-h pairs are generated within the electron beam interaction
volume. The interaction volume is de ned by the electron beam energy potential and the semiconductor
atomic weight [79]. In the context of this thesis, the depth of the interaction volume is within 1 m from
the beam incident surface. If these e-h pairs are separated and collected at physically separate metal
electrodes, an electron-beam induced currentgg,c can be measured. The superposition ofggic  and
simultaneously acquired scanning electron microscopy (SEM) results in EBIC micrographs such as shown
in Figure 2.1a,c. Thus, EBIC can producel ggic maps where site-speci ¢ di erences in charge carrier
generation and collection probability can be observed. In these EBIC mappings, highefrgg c manifests as
brighter features. Note that, with respect to the incident beam, concave (resp. convex) topographies tend
to appear as brighter (resp. darker) due to increased (resp. reduced) electron beam energy absorption at
those features [62].

Figure 2.1a shows EBIC mappings of pinhole-enableg® poly-Si/SiN/SiO fabricated on n-type c¢-Si.
Thus, holes are the minority carriers in the absorberc-Si layer. The average pinhole distance was 5 m.
Both mappings were acquired at the exact same location, but at di erent times. In both maps, pinholes
appear bright. This is due to enhanced minority carrier collection probability for e-h pairs generated near
hole-selective pinholes. On the other hand, when e-h pairs are generated in the adjacerits m,
pinhole-free regions, then the minority carrier must di use towards a nearby pinhole to be collected. Upon

rst inspection, although they still display signi cant electrical activity, pinhole-free regions appear dimmer

15



than pinhole sites. However, upon further exposure to the electron beam, beam-induced degradation causes
defects in the absorber surface to act as sink to minority carriers. Eventually, this sustained surface
degradation causes the collection probability of pinhole-free regions to decay towards 0 due to the locally
reduced minority carrier di usion length. In the cross-sectional schematic in Figure 2.1b, the generation

and collection of minority carriers generated within 5 m of hole-selective pinholes appear as cases (i) and

(ii).

Figure 2.1 (a) Top-view SEM and corresponding EBIC micrographs of pinhole-enableg*

poly-Si/SiN /SiOy on n-type c-Si absorber. (b) Cross-sectional schematic for possible experimental setup
used to investigate pinhole-enabled poly-Si contacts. The numbered, pear-shaped dashed lines represent
the electron-hole pair generation volume caused by an incident electron beam. Note that the generation
volumes in (iii) and (iv) require the cell to be physically ipped 180 degrees along the horizontal axis. (c)
Top-view SEM and corresponding EBIC micrographs of pinhole-enablegp® and n* poly-Si/SiO, on

n-type c-Si absorber.
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Figure 2.1c shows EBIC mappings forp* and n* POLO contacts fabricated on n-type c-Si. Although
pinholes and their immediate vicinity appear bright in the hole-selective contact, pinholes features are
absent in the electron-selective contact. Minority carriers generated near the electron-selective contact
appear as cases (iii) and (iv) in Figure 2.1b. In those scenarios, minority carrier generation occurs 200

m away from the hole-selective pinholes. Thus, in addition to beam-induced surface degradation e ects at
the electron-selective contact, minority carriers may recombine within the 200 m bulk c-Si as they
transport towards the hole-selective pinholes. These collective e ects result in much lower overallgg c
for the electron-selective contact (see scale bars in Figure 2.1c). Moreover, due tgg c being limited to
minority carrier transport across the wafer, contrasts due to pinholes do not manifest in the

electron-selective contact.
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CHAPTER 3
UNDERSTANDING SIO x LAYER BREAKUP IN POLY-SI/SIO y PASSIVATING CONTACTS FOR SI
SOLAR CELLS USING PRECISELY ENGINEERED SURFACE TEXTURES

Reprinted with permission from ACS Applied Energy Materials 2022, 5, 3, 3043{305%.
Copyright 2022 American Chemical Society.
C. L. Anderson, H. L. Guthrey, A. S. Kale , W. Nemeth, M. R. Page, D. L. Young, P. Stradins, S. Agarwal

3.1 Abstract

The contact resistivity of polycrystalline silicon on silicon oxide (poly-Si/SiO «) passivating contacts
depends on the formation of pinholes in SiQ for thicknesses' 1.7 nm. We fabricated these contacts on
inverted pyramids and v-grooves in addition to the alkaline-textured random pyramids and planar surface
morphologies. The thermal breakup of SiQ was achieved at peak annealing temperatures of 1050 and
1100 C. SiOy breakup at 1050 C resulted in pinholes created preferentially at vertices in the inverted
pyramids, while at 1100 C, their formation was random. The density of pinholes was greater in textured
samples than in polished samples. Both chemical etching and electron beam-induced current (EBIC) were
used to visualize the pinholes, the latter being sensitive only to transport pinholes in thep-n junction but
not the n* -n junction. We ascribe this di erence in EBIC images based on the contact polarity to
di erences in the collection probability of the minority carriers generated by the electron beam. Our work
demonstrates that texture morphology can be exploited to enable the precise engineering of pinholes in

poly-Si/SiO, passivating contacts.
3.2 Introduction

Si solar cells account for nearly 95% of today's photovoltaics market. Fabrication of high-e ciency solar
cells requires carefully engineered processing strategies to mitigate electron-hole recombination and optical
losses [40, 44]. Optical losses originate from re ection or insu cient absorption of light in the cell. The
optical losses in crystalline Si €-Si) solar cells are particularly pronounced due to the indirect band gap of
Si and the high re ectivity of untextured wafers. To reduce optical losses,c-Si wafers are subjected to
anisotropic etching to create a texture of micron-sized hillocks in the form of random upright pyramids
[80]. This texture, combined with antire ection coatings, reduces the c-Si wafer's re ectivity to just a few
percent over the wavelength range of 400{1100 nm. The pyramidal texture increases the surface area by

approximately a factor of P 3 and creates additional defects that must be passivated to suppress

Lhttps://doi.org/10.1021/acsaem.1c03676
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electron-hole recombination. Polycrystalline Si on silicon oxide (poly-Si/SiQ,) passivating contact is an
emerging industrial technology. These poly-Si/SiQ structures with thermally or chemically grown
ultrathin (/ 2.0 nm) SiO, provide chemical passivation of the dangling bonds at the SiQ)/ c-Si interface
[81]. The adjacent heavily doped poly-Si layer provides eld-e ect passivation and charge-carrier selectivity
[40]. The charge-carrier transport mechanism across the SiQlayer is dominated by either quantum
tunneling (SiOx < 1.7 nm) or pinhole (SiO; > 2.0 nm) transport. However, even for SiQ <1.7 nm, pinhole
transport can be signi cant for samples annealed at conditions that optimize both the contact resistivity
and the passivation properties [41, 43]. Both contact types have been incorporated in record-e ciency-Si
solar cells [44, 82]. Poly-Si/SiQ contacts with SiO4 thickness' 2.0 nm require a high-temperature & 1000
C) thermal process for pinhole formation via SiQ, breakup. While pinhole-enabled poly-Si/SiO; contacts
have shown the best e ciencies, they rely on thermal pinhole formation that is hard to control and
reproduce, especially when poly-Si/SiQ are applied to textured wafers [46, 59, 61]. Single-side texturing of
the rear with poly-Si/SiO x contacts may be bene cial in tandem cells, where the front side cannot always
be textured due to integration with the top cell. In textured contacts, we have recently shown [61, 62] that
the location and density of the pinholes induced in SiQ are sensitive to minor variations in process
parameters such as the SiQ) layer thickness and the thermal budget. This makes it di cult to implement
pinhole-type poly-Si/SiOx contacts in an industrial process where large batches of the-Si wafer are
simultaneously processed, which inherently leads to wafer-to-wafer variations in processing conditions. The
mechanism by which pinholes are thermally induced in the SiQ layer on untextured poly-Si/SiO, contacts
has been previously studied. Wolstenholme et al. showed that the initial SiQ thickness and the thermal
budget control the area fraction of the SiQ, layer with discontinuities. Nanoscale pinholes are one such
form of discontinuity in SiO «. These authors showed that thinner SiQ layers and higher thermal budgets
led to a greater propensity for SiQ, breakup. Additionally, Wolstenholme et al. observed that complete
SiOx breakup led to balling up of SiO,, and the volume of this balled up SiQ; corresponded closely to the
initial volume of the Im prior to annealing [47]. Ajuria and Reif developed a kinetic model in which the
SiO4 breakup mechanism is driven by surface area reduction, with one-dimensional oxygen di usion as the
kinetic pathway [49]. To test the model, several transmission electron microscopy micrographs were
analyzed to extract the void or pinhole radii as a function of the annealing temperature. This simple
kinetic model showed an Arrhenius dependence of the pinhole radius on the annealing temperature. From
the corresponding Arrhenius plots, these authors extracted activation energy barriers of 1.2 and 2.2 eV for
the breakup of SiQ, grown with ultraviolet O 3 and native SiOy, respectively. More recently, Tetzla et al.
reported an activation energy barrier of 1.15 eV for the breakup of 1.7 nm of SiQ) grown in ozonized HO

[83] The activation energy barriers for oxygen di usion in SiO4 and Si are 1.2 and 2.4 eV, respectively,
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which are similar to those reported by Ajuria and Reif and Tetzla et al. These studies were conducted on
planar Si(100) surfaces. In the case of poly-Si/SiQ) on textured c-Si, using electron beam-induced current
(EBIC) measurements, we observed that di erent thermal annealing schedules resulted in preferential SiQ
breakup at either the faces (pinhole-like discontinuities) of random upright pyramids or in the valleys
between adjacent pyramids (line-like discontinuities) [62]. We speculated that the line-like discontinuities

in SiOx may have been caused by a lower thermal SiQgrowth rate in the valleys, which would make the
locally thinner SiO4 more prone to breaking up. Previously, for 500 nm of wet oxidation of patterned c-Si
over a temperature range of 900{1100 C, Marcus and Sheng observed up to 31 and 78% lower SiQ
thickness at the convex and concave edges, respectively. These authors attributed this reduction in the
oxidation kinetics [84] to local compressive stress at the convex edges and mass transfer limitations at the
concave edges. While the studies done by Marcus and Sheng provide insight into the role of local curvature
on SiO, thermal growth kinetics, the role of curvature may be di erent at the much lower thicknesses
(1.5{2.1 nm) used in poly-Si/SiOy contacts or SiQ, formed by di erent methods such as vapor deposition
techniques. Therefore, studying SiQ breakup on well-de ned textured surfaces can provide better insight
into the role of surface curvature on ultrathin SiOy breakup kinetics. Herein, regular inverted pyramidal
and v-groove textures were used as model systems to further investigate the role of surface morphology in
thermal SiOy breakup in poly-Si/SiOx on c-Si. Henceforth, we will refer to this nanoscale SiQ breakup as
\pinhole formation". The regular arrays of inverted pyramids have well-de ned surface features (planes,
edges, and vertices) that allow us to quantify the proportion of pinhole locations on pyramid vertices or

faces without convoluting it with variations in the pyramid size and their randomized overlap.

3.3 Experimental methods

3.3.1 Synthesis of regular-textured surfaces

Double-side polished, phosphorus-doped, 1.7 cm resistivity, 280 m thick, oat-zone (FZ) Si (100)
wafers were piranha and RCA cleaned. Next, Sif was deposited on both sides of each wafer via
plasma-enhanced chemical vapor deposition (PECVD) using a SilHH »/NH 3 capacitively coupled plasma
powered at 13.56 MHz. The wafers were placed on the grounded substrate holder at a temperature of 350

C with an input power to the plasma source of 10 W, at 1.2 Torr, to deposit 220 nm thick SiNy. The

ow rates of SiH,4, H,, and NHs were 4, 50, and 5 standard créymin (sccm), respectively. A 2 m thick
positive photoresist (Shipley MICROPOSIT S1818) was spin-coated on one side of each wafer and
patterned via photolithography. The pattern consisted of a matrix of circles or stripes, 5 m in diameter or
width, with their centers spaced 10 m apart (see Figure 3.1a,b). After photoresist development in Shipley

MF-319, the patterns were transferred onto the SiN layer by etching in a parallel-plate,

20



Figure 3.1 Optical microscopy of SiN, with (a) circular and (b) line patterns. In these images, c-Si appears
as yellow, and the patterned SiN, mask appears either as green or blue. Plan-view SEM of (c) inverted
pyramids and (d) v-grooves created after wet etching of the SiNx patterns in (a) and (b), respectively.

capacitively-coupled reactive ion etcher (Samco) operated at 30 W radio-frequency power (13.56 MHz),
with 5 sccm of Sk ow at a pressure of 0.12 Torr. The SiNy dry etch duration was 80 s. After SiN,
patterning, the photoresist was removed, and Si uncovered by SiNwas etched in 22.5% w/v KOH solution
at 60 C to produce nonconnected inverted pyramids [85] and v-grooves, shown in the scanning electron
microscopy (SEM) micrographs in Figure 3.1c,d. Finally, dilute HF:HCI was used to strip o the SiNy hard

mask (see Figure 3.2a{c).
3.3.2 Poly-Si contact fabrication and characterization

Pinhole formation

Single-side regular-textured wafers were cleaned with piranha and RCA solutions, etched in HF, and
oxidized for 10 min in a quartz tube furnace at 800 C with 6:1 N,:O, ow. Ellipsometry was performed
on a polishedc-Si wafer, which showed 2.1 nm of SiQ,. After oxidation, 30 nm of intrinsic amorphous
hydrogenated Si @-Si:H) was deposited via PECVD on both sides of each sample, using SifH , (2 and
120 sccm, respectively) at 250 C, 12 W, and 1.4 Torr. To induce SiOy breakup and to crystallize the
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intrinsic a-Si:H into poly-Si, the samples were thermally annealed for 30 or 45 min under an N
atmosphere in a quartz tube furnace at a peak temperature of either 1050 or 1100C (see Figure 3.2d).
For the peak annealing temperature of 1050 C, the samples were inserted into the furnace at 200C and
ramped at 3.6 C/min. For annealing at a peak temperature of 1100 C, the samples were inserted into the
furnace at the peak temperature. Besides the single-side regular-textured FZ Si wafers, pinholes were
induced under identical conditions in polished FZ Si and randomly-textured Czochralski (Cz) Si wafer

(phosphorus-doped, 2.9 cm).

Figure 3.2 Processing steps to fabricate and image pinholes in SO (a) SiNy (220 nm) was deposited on
double-side-polishedn-type FZ Si wafers. (b) The SiN, Im was patterned using photolithography and
reactive ion etching. (c) Nonconnecting inverted pyramids or v-grooves were created by etching the
unprotected c-Si regions, which was followed by the removal of the Sil hard mask. (d) Nanoscale pinholes
were thermally induced in a 2.1 nm thick SiOy layer, which was capped with intrinsic a-Si:H. In this

step, the a-Si:H layer was simultaneously crystallized to poly-Si. (e, e.1) The poly-Si capping layer was
removed, and micron-scale etch pits were created ie-Si under each pinhole, using selective etching of Si
over SiQ; with tetramethylammonium hydroxide (TMAH).
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Pinhole density analysis

After pinhole formation, to characterize the density and location of the pinholes, the samples were
etched in 5% tetramethylammonium hydroxide (TMAH) at 60 C for 10 min (see Figure 3.2e). Since
TMAH selectively etches c-Si over SiQy, this processing step created micron-scale etch pits ik-Si, which
could be easily imaged with SEM [45].
Electrical characterization

Other samples after pinhole formation were dipped in HF, followed by PECVD of 20 nm of
phosphorus-dopeda-Si:H using SiH/H 2/PH 3 (2, 100, and 2 sccm, respectively; 3% Pglin H,) feed gases
at 220 C. The radiofrequency power was 8W at a total pressure of 1 Torr. After this, we split the samples
into two groups to fabricate solar cells or symmetric test structures for measuring the contact resistivity.
For fabricating solar cells, on the back side, 20 nm of boron-dopeda-Si:H was deposited using
SiH4/H 2/B 2Hg (2, 100, and 2 sccm, respectively; 2.6% B1g in H,) at 200 C at the same plasma power
and pressure as the front side. For fabricating the test structures, 20 nm of phosphorus-doped-Si:H was
deposited on the back side using the same conditions as on the front. The samples were annealed in an N
atmosphere for 30 min at 850 C to crystallize the doped a-Si:H layer to poly-Si and drive in the dopants.
The samples were inserted into the furnace at 200C and heated to 850 C at a ramp rate of 3.6 C/min.
After crystallization of a-Si:H and dopant drive-in, the samples were HF-dipped prior to the atomic layer
deposition (ALD) of 15 nm of Al,O3. ALD was followed by annealing in forming gas at 400 C for 1 h.
Then, the Al,O3 layer was etched in HF. ForJ-V and electron beam-induced current (EBIC) analysis of
both sides of the solar cells, Ag gridlines were thermally evaporated onto both sides of the samples. For
contact resistivity measurements using the transfer length method (TLM), Ag pads were deposited. TLM
samples were analyzed before and after etching in an $Fplasma with Ag pads serving as the etch mask.
EBIC mapping was performed using a JEOL JSM-7600F SEM with a Mighty EBIC quantitative EBIC
system. SEM and EBIC images were acquired simultaneously in plan-view orientation, using an electron

beam accelerating voltage of 5 kV and a beam current of 1.4 nA.

3.4 Results and discussion

3.4.1 Characterization of pinhole density and location by the TMAH etching technique

Inverted pyramid texture was created using patterned circular openings in the SiN masking layer due
to the high selectivity for c-Si etching over SiN, in KOH. The same principle was used to visualize pinholes
in the SiOy layer. In this case, TMAH etched the poly-Si and c-Si with even higher selectivity over SiQ
than KOH and produced 100{500 nm etch cavities under each pinhole [45]. The exact shape of the cavity

depends on the local crystallographic orientation of thec-Si surface. Figure 3.3a shows an SEM
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Figure 3.3 SEM micrograph of an etch pit created by TMAH at an inverted pyramid face. (b) Geometric
representation to explain the hexagonal outline of the etch pit in (a). The light blue plane represents one of
the Si(111) faces of the inverted pyramid, as shown in Figure 3.2c. As the etch pit is formed, similar to the
inverted pyramids, it will also be constrained by Si(111) faces. The green regular octahedron represents
eight such Si(111) planes. The contour of the etch pits on the inverted pyramid faces arises due to the
intersection of the blue plane (inverted pyramid face surface) with the octahedron.

micrograph of an etch pit in c-Si at an inverted pyramid face. On Si(100) surfaces, similar to texturing
with KOH (see Section 3.3), TMAH creates etch pits that are inverted pyramids (see Figure 3.2e.1). This
pyramidal shape occurs due to the slower etching rate of the $il11g planes compared to the $i100y
planes. Similarly, TMAH-induced pits on Sif 111g faces in inverted pyramids (see Figure 3.3) or v-grooves
can also be explained based on the preferential etching of fSi00y over Sif 111g planes, which constrains the

facets of the pits to intersecting Sf 111g planes. In Figure 3.3a, the upper edges of the etch pit form a
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hexagon, and the inside contour consists of four $iL11g faces that intersect at a vertex. The schematic in
Figure 3.3b shows an octahedron consisting of £111g faces. This octahedron is intersected with a Si(111)
plane such that it creates a hexagonal outline similar to the etch pit in Figure 3.3a. We speculate that the
initiation of the etch pits on Sif 111g planes, which are expected to etch slower in TMAH, can still occur

due to surface nanoroughness. Previously, we measured nanoscale roughness on the Si(111) surfaces of
random pyramids using atomic force microscopy [61]. These rough Si(111) surfaces likely consist of features
such as step edges or other exposed facets, which are more prone to etching in TMAH.

Figure 3.4a shows the density of etch pits for inverted pyramid and polishect-Si samples that were
annealed at 1050 C for 45 min and subsequently etched in TMAH to remove the poly-Si and to create etch
pits. In the nonconnecting inverted pyramids (Figure 3.4b,c), polished Si(100) surface portions alternate
with Sif 111g surfaces in the pyramids. The centers of the inverted pyramids may consist of a vertex or
small groove €1 m) along the Si[100] direction. Using TrackPy [86] to count the number of TMAH etch
pits, we observed that the etch pit densities on inverted pyramids were 6.4 10° and 7.6 10° cm 2 for
samples annealed at 1050C for 30 and 45 min, respectively. The etch pit density on the polished Si(100)
sample was almost six to seven times lower (1.0 10° cm 2). Interestingly, at 1050 C, we observed the
TMAH etch pits to be more prevalent at the inverted pyramid vertices. This is shown in Figure 3.4a,b, for
the sample with etch pitch density of 7.6 10° 1.9 10° cm 2. While Marcus and Sheng observed a 45%
decrease in SiQ thickness at the concave edges of the trenches [84],15 their studies were for much thicker
SiOx layers and may not be directly applicable to ultrathin 2 nm SiO,. Nevertheless, we hypothesize that
the SiOy layer at the vertices may be thinner due to their concave geometry resulting from a lower @ ux
[84] and compressive stress [84, 87] that may locally retard the oxidation of Si. Thus, we speculate that due
to the thinner SiOy, and the highest Gaussian surface curvature of all surface morphologies studied
(vertices, edges, and faces; see Figure 3.4c), the vertices would be most prone to gikreakup.

Our experiments show that the pinhole density on textured and planar surfaces is a very strong
function of the annealing temperature, with almost three orders of magnitude higher density of TMAH
etch pits on samples treated at 1100 C. Figure 3.5 shows four types of surfaces | v-grooves, inverted
pyramids, random pyramids, and polished Si(100) | that were annealed at 1100 C and subsequently
etched in TMAH to create etch pits. In the nonconnected regular v-grooves (Figure 3.5), polished Si(100)
surface portions alternate with Sif 111g surfaces. The valleys of the v-grooves are along the Si[100]
direction. The random upright pyramid (Figure 3.5¢) faces, while predominantly thought to be Sif 111g,
may also contain facets with higher index planes than Sil11g [80]. For all textured samples, we observed a
mayjority of etch pits at the textured facets rather than at Si(100) locations. The TMAH etch pit densities

for the four surfaces shown in Figure 3.5 are tabulated in Table 3.1. Note that the area utilized for all
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Figure 3.4 (a) Density of etch pits obtained by TMAH etching on three di erent inverted pyramid regions
(green) and on Si(100) (blue). The red dashed line indicates the density of inverted pyramids in the
sample. (b) SEM micrograph displaying 12 inverted pyramids with etch pits predominantly located at the
vertices. (c) SEM micrograph displaying three adjacent inverted pyramids with three di erent locations
(edge, face, and vertex) for the etch pits.

density calculations corresponds to the area of the original Si(100) surface prior to texturing. The etch pit

density on the textured surfaces is over the range of 1.8{2.610° cm 2, while that on the polished surface
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Figure 3.5 SEM micrographs of (a) v-groove, (b) inverted pyramid, (c) random pyramid, and (d) polished
Si(100) samples that were annealed at 1100C and subsequently etched in TMAH to create etch pits
under each pinhole.

is an order of magnitude lower, 2.4 10’ cm 2. The almost one order of magnitude di erence between the
density cannot be explained by an increase in surface area due to texturing and is likely due to the surface
morphology. Kale et al. carried out atomic force microscopy on upright pyramids and showed that the
pyramid face nanoroughness to be signi cantly higher than that of a polished Si(111) wafer. Furthermore,
in that study, cross-sectional transmission electron microscopy (TEM) images taken at di erent positions
along the facets of the random pyramids showed signi cant variations in SiQ thicknesses ranging from
1.4{2.3 nm [61]. These regions of locally thinner SiQ on facets of textured surfaces can facilitate Si¢)
breakup. Additionally, it is consistent with their high ~ 10’{108 cm 2 etch pit density. The product of the
contact resistivity and etch pit density results in the resistance Ry, for an individual pinhole. For samples
treated at 1100 C, Rpin was in the range of 10°{107 for all four surfaces. Table 3.1 shows the average

in-di used equivalent diameter calculated using the assumption that Ry, is dominated by the spreading
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Table 3.1 Contact resistivity and estimates for etch pit density, pinhole density, and average in-di used
equivalent diameter for di erent c-Si surfaces for annealing temperatures of 1100 and 105C.

o etch pit density pinhole density avg. in-di used
texture contact reSLZtMty (TMAH) (EBIC) equivalent diameter
[m cm?] 2 2
[cm ?] [cm 2] [nm]

1100 C for 30 min
random 708 10.2 1.8 10 1.1 10 23 10 13 10 1.14 0.13
pyramid
nverted 145 0.4 26 1F 9.3 10° 226 0.04
pyramid
v-groove 13.2 1.1 23 1°F 11 107 2.82 0.11
polished . 2.6 100 2.4 10° (v-g)*
Si(100) 422 3.0 2.4 10 2.3 10 88 10f 39 10° (i-p)* 8.43 0.43

1050 C for 30 min
inverted 4750 620 6.4 10° 1.9 10° not measurable 2.82 0.39
pyramid
psc?l(fgg)d not measurable 1.0 1° 6.5 10* not measurable

Obtained from the polished Si(100) side of the v-groove (v-g) and inverted pyramid (i-p) solar cells.

resistance in the wafer and thus can be described by [88]:

_ w
d= T (3.1)

where Rpin and , are the pinhole contact resistance and wafer resistivity, respectively, andl is the
diameter of the in-di used region beneath the pinhole. The wafer resistivity used for the FZ and Cz-based
samples were 1.7 or 2.9 cm, respectively. The calculated average in-di used equivalent diameter for all
four surfaces is< 8.5 nm. These calculated in-di used equivalent diameters in Table 3.1 are comparable to
pinhole diameters reported by Wolstenholme et al. and Tetzla et al. based on high-resolution
cross-sectional TEM of disrupted SiQ at the poly-Si/SiO  interface. The pinhole diameters in these
previous studies were in the range of 5{38 nm in chemically ( 1.7 nm) and thermally grown ( 2.6 nm)
SiOy that were subjected to peak annealing temperatures ranging from 800 to 1050C [47, 83]. Thus, the
in-di used regions underneath the pinholes are likely comparable to the actual pinhole diameter since the
calculated in-di used equivalent diameters fall into the range of pinhole diameters found in previously
imaged pinholes [47, 83].

The contact resistivity of the polished Si(100) sample is only a factor of 3 higher than the inverted
pyramid, and v-groove samples annealed at 1100C, despite one order of magnitude lower etch pit density.
On the other hand, the random pyramid sample annealed at 1100C, which has a etch pit density very
similar to the inverted pyramid and v-groove samples, has a nearly ve times higher contact resistivity. In

fact, the contact resistivity of the random pyramid samples annealed at 1100 C is even higher than the
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Figure 3.6 Contact resistivity as a function of the TMAH etch pit density for samples that were annealed
at either 1050 or 1100 C (highlighted in blue background) for 30 min and subsequently etched in TMAH
to create characteristic etch pits under each pinhole. The dotted line represents the calculated contact
resistivity using the spreading resistance expression for a pinhole radius of 2 nm and a wafer resistivity of
1.7 cm.

polished Si(100) sample annealed at 1050C. One possible explanation for very di erent contact

resistivities for the four types of surfaces in Table 3.1 is that the average pinhole diameter depends on how
the textured surfaces were created, which in turn may in uence the stress and nonuniformities in SiQ

during oxidation. We acknowledge that this explanation is speculative, and more investigation is needed to
verify if these measured contact resistivities indeed relate to their respective pinhole density and average
pinhole diameter, such as by analyzing several cross-sectional transmission electron microscopy to measure
the average pinhole diameter in each case. The contact resistivities of samples annealed at 108D were

too high to obtain from TLM analysis, which is consistent with the two to three orders of magnitude lower
etch pit density than at 1100 C. Instead, after RIE, single pad-to-pad resistances were used to calculate
the contact resistivity based on the area of the Ag pads. However, for the polished sample, the pad-to-pad

resistances obtained were unreasonably high (80107 ), which is comparable to the resistance of a single
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pinhole. We tentatively ascribe this e ect to poor adhesion of the poly-Si layer to the polished wafer

surface, which is known to a ect a-Si:H Ims deposited to low-roughness surfaces via PECVD [89].

3.4.2 Bifacial back-junction cells analysis using electron beam-induced current
measurements

Bifacial cells were fabricated for three di erent types of textured c-Si wafers | front-side inverted
pyramids with a polished rear, front-side v-grooves with a polished rear, and double-side randomly
textured. In each solar cell, the pinholes were created by annealing at 1100C after the deposition of
intrinsic a-Si:H, but before the introduction of dopants | the pinhole formation is thus independent of
dopant type. The contact resistivity of <100 m cm?, measured onn* poly-Si, is su ciently low for
obtaining functional solar cells that can be analyzed using EBIC. We note that the in-di usion of boron
and the contact resistivity in the p* poly-Si/SiO4 rear may be di erent. The EBIC technique allows for
the analysis of pinholes in SiQ on di erent textures without the need for TMAH etching. Figure 3.7 shows
the J-V curves obtained at 1-sun for the three solar cells at room temperature. In all three solar cells, the
p-n junction is on the back side. For solar cells with v-grooves and the inverted pyramids, the back side is
polished. Note that these solar cells were not optimized for the highest e ciency but simply used for
characterization with EBIC. The 10{16% e ciency, obtained at 1-sun and plotted in Figure 3.7, was
su cient for EBIC measurements.

We have previously detected pinholes or conduction channels in poly-Si/SiQ contacts using
SEM-based EBIC analysis [61, 62]. In plan-view EBIC, a focused electron beam scans over the solar cell,
generating electron-hole pairs. The EBIC signal depends on the probability of creating electron-hole pairs
and the collection of carrier current. The collection probability is a function of the local passivation, local
electric eld, and the passivating contact's local conductivity. Regions where the carriers are more easily
collected due to missing SiQ exhibit a higher current than surrounding regions, where the insulating 2.1
nm SiOy layer hinders transport. Thus, brighter spots in EBIC maps indicate a locally thinner tunneling
SiOy layer or pinholes. The generation of electron-hole pairs by e-beam on nonplanar surfaces depends on
the surface texture, which creates local variations of the electron beam interaction volume. For example,
on a randomly textured surface, the pyramid tips appear dark, and the valleys between the random
pyramids appear bright. This is because the energy density deposited from the electron beam is lower at
the tips compared to the valleys [62]. Thus, in the analysis of the contrast in EBIC images, the e ect of
surface texture must be di erentiated from the contrast that arises due to di erences in transport or

recombination of excess charge carriers.
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Figure 3.7 J-V curves obtained at 1-sun for three bifacial solar cells annealed at 110QC to induce SiOy
breakup. The solar cells were illuminated from then* poly-Si side, without any illumination of the p*
side. The inset schematics show the double-side randomly textured (left) and inverted pyramids or
v-grooves (right) solar cell cross sections (Ag gridlines on both sides are not shown).

EBIC images and corresponding SEM micrographs for both sides of these solar cells with random
pyramids, inverted pyramids, and v-groove texture are shown in Figure 3.8 and Figure 3.9. The ratio of the
electron beam-induced current,l gg|c , to the beam current, I, is also shown for each image in Figure 3.8
and Figure 3.9. Thelggic /| ratio is an order of magnitude lower for EBIC scans on then® poly-Si/SiOy
contact (Figure 3.8) than that in the p* poly-Si/SiO4 contact (Figure 3.9). Additionally, no bright spots
due to pinholes were observed in the EBIC image for thex* poly-Si/SiO, contact in Figure 3.8, while
several bright spots are clearly visible in the EBIC images for thep® poly-Si/SiO, contact in Figure 3.9.
Digital exaggeration of contrast of the images in Figure 3.8 also did not produce any visible contrast due to
pinholes. This observation cannot be attributed to a lack of pinholes in then* poly-Si/SiOy contact due to
the following reasons. First, when then® poly-Si/SiO contacts were etched in TMAH, etch pits due to
pinholes in SiO; were clearly observed (see Figure A.1 in Appendix A). Second, as described in Section 3.3,
the pinholes were created after deposition of intrinsica-Si:H, and both sides of the sample were subjected
to an identical SiOy breakup protocol. Third, the solar cell e ciencies are >10%, which implies both
contacts are su ciently conductive for EBIC imaging. We speculate that the di erences in the EBIC

images for then* poly-Si/SiO4 contacts (Figure 3.8) and those for thep* poly-Si/SiOy contacts
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Figure 3.8 SEM (a.1, b.1, and c.1) and EBIC images (a.2, b.2, and c.2) for scans on the front side high-low
junction (n* poly-Si/SiO/ n-type c¢-Si) in solar cells with (a) double-side textured random pyramids, (b)
inverted pyramids on the front, and (c) v-grooves on the front.

(Figure 3.9), where pinholes are clearly visible, are due to the magnitude of the electric eld associated
with each contact structure. The EBIC measurement relies on the electric elds within the solar cell to
separate the electron-hole pairs generated by the incident electron beam in the SEM so that the electrons
and holes can travel to the contact of the appropriate polarity and contribute to the EBIC signal. For an
n-type wafer, the electric eld associated with the n* poly-Si/ SiO, contact is signi cantly weaker than

the eld associated with the p* poly-Si/SiO4 contact due to a higher built-in potential in the latter case.
Additionally, the Jgo value is lower for then* poly-Si/SiOy contact than that in the p* poly-Si/SiOy
contact, and the electron di usion length is longer than that for the holes. These two e ects allow the

electrons to di use laterally over longer distances near then™ poly-Si/SiO, contact prior to collection
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Figure 3.9 SEM (a.1, b.1, and c.1) and EBIC images (a.2, b.2, and c.2) for scans on the rear sigen
junction (p* poly-Si/SiO/ n-type c-Si) in solar cells with (a) double-side textured random pyramids, (b)
inverted pyramids on the front, and (c) v-grooves on the front. The back side of the inverted pyramids and
v-groove textured samples is polished. The inverted pyramid in (c) is due to imperfections in the protective
SiNy layer on the polished side, which results in the occasional formation of inverted pyramids during the
texturization of the front with KOH.

compared to holes near thep™ poly-Si/SiO, contact. As a result, at the n-type contact, the beam-induced
current can be collected simultaneously from several pinholes in the vicinity of the electron beam, and due
to this e ect, a sharp contrast is not obtained between regions where pinholes are present or absent. For
the n* poly-Si/SiOy side, the spatially averaged EBIC signal is signi cantly lower compared to thep*
poly-Si/SiO side. During the collection of the EBIC scans for then-type contact, the carriers are
generated within 1 m from the n-type contact. This means that the minority carriers, holes, have to

di use across the entire thickness of the wafer prior to collection. During the collection of the EBIC scans
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for the p-type contact, the majority carriers, electrons, have to di use across the thickness of the wafer. We
speculate that the lower beam-induced current for then-type side compared to thep-type side may be due
to the higher recombination probability for the holes (minority carriers) prior to collection. Figure 3.9
shows the EBIC images of thep* poly-Si/SiO4 contact on the n-type wafer, which, unlike the n*
poly-Si/SiO4 contact, clearly shows several bright spots due to pinholes on a randomly textured surface
(Figure 3.9a) and the polished back side of the inverted pyramid (Figure 3.9b) and v-groove solar cells
(Figure 3.9c). The pinhole densities in these EBIC images were determined using DotDotGoose [90], and
are shown in Table 3.1. For the random pyramids, the etch pit density obtained from TMAH etching is
almost a factor of 5 higher than the pinhole density obtained from the EBIC images (see Table 3.1). A
plausible reason for this discrepancy is that in EBIC imaging, if the pinholes are in close proximity, the
beam current would be collected simultaneously from more than one pinhole, which creates larger single
spots from pinholes clusters, leading to an undercount of the pinhole density. These clusters can be seen in
Figure A.2 in Appendix A. In contrast, on the polished back side of the inverted pyramid and v-groove
textured solar cells, the pinhole density obtained from TMAH etching is an order of magnitude lower than
the randomly textured surface (see Table 3.1). As a result, the average distance between the pinholes is

larger, which allows for individual pinholes to be imaged as a single bright spot in the EBIC measurements.
3.5 Summary and conclusions

Poly-Si/SiO (SiOx 2 nm) passivating contacts were grown on random upright pyramids, uniform
v-grooves, inverted pyramids, and polished Si(100). After SiQ breakup at either 1050 or 1100 C, the
textured surfaces had approximately 6 to 10 times higher pinhole density than the polished Si(100) sample.
We speculate the higher propensity for SiQ breakup on textured surfaces to be due to nanoscale roughness
that forms during the alkaline etching used to texture c-Si [61]. For the polished Si(100) samples, there was
agreement within a factor of 1{3 between the pinhole densities estimated via TMAH etching and EBIC
imaging. However, di erences of approximately one order of magnitude were observed for the random
upright pyramids, which may be a consequence of the di culty in counting pinholes in EBIC images where
the pinhole densities are'’ 1 10’ cm 2. Notably, at 1050 C, we observed that the pinholes are created
predominantly at the vertices of the inverted pyramids. These high-curvature structures appear to be more
prone to thinner SiO4 growth and SiOy disruption. This result indicates that texture can be exploited as a
means to precisely engineer pinhole formation in solar cells using poly-Si/SiQcontact structures. Finally,
in our solar cells, we observed clear di erences in the EBIC images of poly-Si/SiQ contacts of di erent
polarities on n-type Si substrates. While EBIC images of then* side did not reveal any pinholes, pinholes

were observed in EBIC images of the* side. These observations could not be attributed to the lack of
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pinholes in the n* poly-Si/SiO4. We attribute the observed e ect to the longer di usion length of minority
carriers in the vicinity of n* poly-Si/SiO,. While regular inverted pyramids are not of practical
application in Si solar cell manufacturing, several photolithography-free wet chemistry processes exist
[91{93], which could enable the mass production of random inverted pyramids texture in Si wafers. While
v-grooves still require photolithography, our study may be of value for niche applications where superior

light-trapping [94] is warranted, such as in all back contact point-focus Si concentrator solar cells [95].
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CHAPTER 4
NANOPINHOLE PASSIVATING CONTACT SI SOLAR CELLS FABRICATED WITH
METAL-ASSISTED CHEMICAL ETCHING

Reprinted with permission from Advanced Energy Materials 2023, 13, 2203579.
C. L. Anderson, W. Nemeth, H. L. Guthrey, C.-S. Jiang, M. R. Page, P. Stradins, S. Agarwal

4.1 Abstract

Monocrystalline Si (c-Si) solar cells with passivating contacts based on doped polycrystalline Si
(poly-Si) on 2.0 nm silicon oxide (SiQ;) require >1000 C thermal processing to create conducting
pinholes in the SiQ, layer. However, this high thermal budget can induce bulk defects in the Czochralski
c-Si wafers used as the cell absorber layer. In this work, it is demonstrated that pinholes can instead be
created using metal-assisted chemical etching on planar or textured morphologies, at room temperature.
This wet process creates up to 200 nm wide conducting pinholes that are directly observed with
transmission electron and atomic force microscopies. High-performance hole-selective poly-Si/SifiO 4
and electron-selective poly-Si/SiQ, passivating contacts are fabricated and implemented in laboratory-scale
solar cells. This process development signi cantly broadens the range of passivation layer materials, their
thicknesses, and surface morphologies, which enables the design of poly-Si contacts with superior

passivating quality.
4.2 Introduction

Monocrystalline Si (c-Si) solar cells are electronic devices that convert photons into free charge-carriers,
namely electrons and holes, via &-Si absorber layer. In an operating cell connected to an external load,
free charge-carriers that are short-lived recombine within the cell. Excess electrons and holes with
su ciently long lifetimes di use and drift to be separated and collected at carrier-selective contacts,
generating current. For maximum power conversion e ciency (PCE), it is paramount that premature
charge-carrier recombination is suppressed. Thus, in addition to low resistivity, ideal selective contacts must
mitigate interface defects via surface defect passivation [96]. To that end, heavily-doped polycrystalline Si
on silicon oxide (poly-Si/SiOx) passivating contacts have been industrially deployed. Generally, passivating
contact structures prevent the formation of a highly-defective metal electrode interface with thec-Si
absorber. In poly-Si/SiOy contacts, the mitigation of c-Si surface defects is accomplished by chemical

passivation provided by SiQ,, and the doped poly-Si layers provide excellent charge-carrier selectivity [41].

2https://doi.org/10.1002/aenm.202203579
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The SiOy layer must be thin enough,/ 1.7 nm, for charge-carrier transport via quantum tunneling. If the
SiOy layer is thicker, then it must contain discontinuities such as nanopinholes to allow for conduction.
Even for SiOy thickness/ 1.7 nm, conduction via hanopinholes can be signi cant for structures where
passivation and conductivity have been optimized [38, 41, 43, 52]. Fabrication of both tunneling-[97] and
pinhole-enabled poly-Si/SiO; contacts is very sensitive to minor variations in the SiQ; thickness, especially
on textured surfaces [61, 98] that are required for e ective light trapping. Currently, for optimal light
trapping and surface passivation tradeo s, the front side is textured by an alkaline solution to create
random upright pyramids, and the rear side is planarized. While the planarization of the rear may come as
a byproduct of the overall cell processing, it is also required to preserve the surface passivation of the rear
contact. Both electron- and hole-selective poly-Si contacts show lower performance on textured surfaces
when compared to planarized surfaces, which is partly attributed to di erences in SiQ breakup on Sf 100y
and Sif 111g surfaces and the surface roughness of thefSillg pyramid facets [61, 98]. Thus, so far,
electron-selective, phosphorus-dopedn(* ) poly-Si/SiO  contacts have been industrially deployed on the
planarized rear side of these cells based am-type c-Si wafers. Hole-selective, boron-dopedp(* )
poly-Si/SiO 4 contacts have not yet been implemented, and typically achieve signi cantly lower passivation
performance than the phosphorus counterpart [39, 46, 55, 58]. Boron-doped passivating contacts with
passivation quality comparable to phosphorus-doped ones have only been realized in poly-Si or2.2 nm
SiOy structures thermally annealed at>1000 C for 30 min, which causes local SiQ) breakup (i.e.,
pinhole formation that is necessary for charge-carrier transport) [82]. However, this high thermal budget is
unattractive because it can induce defect formation in the bulk of Czochralski (Cz)c-Si, such as oxygen
precipitates. Si solar cells featuring poly-Si/SiQ, contacts remain <5% of the world's market share [99],
even though industrial record PCE of 26.1% has been reported [100]. Thus, enabling the deployment of
high-performance poly-Si contacts on textured surfaces, or high-performance boron-doped poly-Si contacts
on planar surfaces, could promote more widespread adoption of poly-Si passivating contacts.

In this Article, we demonstrate a room temperature wet chemistry process for controlled and
reproducible formation of pinholes in SiQ, or other more e ective dielectric passivation layers. We apply
this process to fabricate pinhole-enabled poly-Si passivating contacts. With microscopy and passivation
analyses, we show that the pinhole density can be tuned for better tradeo s in surface passivation.
Crucially, our process does not constrain the passivation layer to ultrathin SiQ: we demonstrate this with
laboratory-scale c-Si solar cells that feature a passivating 10 nm SiQ/SiN y bilayer. We show that the
introduction of the SiN layer greatly enhances the passivation quality of boron-doped poly-Si contacts,
while the nanosized, engineered pinholes allow hole transport without appreciable loss in passivation|

even on textured morphologies. Oxidative dissolution via metal-assisted chemical etching (MACE) has
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been demonstrated for various semiconductors including Si, Ge, SiC, GaAs, and GaN [101]. In Si-based
photovoltaics, MACE is used for the texturing of Si wafers [99, 102]. Herein, instead of texturing, we use
MACE to create mesopores [103{105] in hydrogenated amorphous Sa{Si:H), to fabricate poly-Si on
locally-etched SiQ, (PLEO) and poly-Si on locally-etched SiN,/SiOx (PLENO) passivating contacts
(Figure 4.1a{h).

Figure 4.1 Idealized processing steps for the fabrication of electron-selective’ poly-Si on locally etched
SiOx (PLEO) and hole-selectivep™ poly-Si on locally etched SiN,/SiOy (PLENO) passivating contacts.
The front n* -type contact is at the top (red) and the rear p* -type contact is at the bottom (green). a) A

2 nm SiCy layer (yellow) was thermally-grown on both sides of ann-type Czochralski Si wafer. Next,

30 nm intrinsic hydrogenated amorphous Si { a-Si:H) was grown by plasma-enhanced chemical vapor
deposition (PECVD) (gray layer) on the thermally-grown SiO « layer. Subsequently, Ag nanoparticles (gray
spheres) were grown on the surface of thea-Si:H layer. b) The substrate was etched in an aqueous
HF:H,0O, solution to form mesopores across th&-Si:H/SiO, Im stack. c) The Ag nanoparticles (NPs)
were chemically removed. For then-PLEO front contact, 20 nm phosphorus-doped-Si:H (red layer) was
grown via PECVD, which also lled the mesopores. d) The sample was annealed to crystallize botla-Si:H
layers into poly-Si. During crystallization, the dopants di used from the doped a-Si:H layers into i a-Si:H,
and were also activated. e{h) Shows the analogous processing steps for the fabrication of tpé -type
contact. In (e) and (g), respectively, 8 nm SiN, and boron-dopeda-Si:H layers were grown via PECVD.
Detailed description for fabrication of the contacts can be found in section B.1, in Appendix B.
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4.3 Results and discussions

4.3.1 Pinhole density control in poly-Si on locally etched SiO x (PLEO) contacts

In our 2-step MACE process, Ad ions in the dilute AgQNO 3 aqueous solution (0.00125% w/v) were
reduced on the 30 nm intrinsic (i) a-Si:H layer, leading to sparse nucleation of Ag NPs (Figure 4.1a,e).
The Ag* reduction proceeds via hole injection from the Ag ions onto the i a-Si:H layer [101]. The
electroless plating of Ag NPs onto thei a-Si:H layer produced 10{30 nm diameter Ag NPs. The samples
were subsequently immersed in an HF:KHO, aqueous solution for 5 s to induce the MACE process, etching
mesopores across théa-Si:H layer and etching openings in the dielectric layer; the latter is henceforth
called pinholes (Figure 4.1b,f). The mesopore and pinhole etch rates were controlled by diluting with KO,
an initially 4.1 M HF:2.9 M H ,0, aqueous solution, henceforth referred to as 100% strength MACE
solution. In this etch mechanism, Ag NPs in contact with the Si surface act as a catalyst for the corrosive
etching of Si by forming local galvanic corrosion nanocells. In analogy to the divalent oxidative dissolution
of Si to form porous Si under anodic etching [106{108], the cathodic reaction (Equation 4.1) can be

attributed to H ,O, reduction

H,0,+2H* +2e | 2H,0 4.1)

and the corresponding anodic reaction (Equation 4.2)

Si+2H* I Si*" +H,+2e 4.2)

is followed by the chemical dissolution of Si* via HF attack (Equation 4.3)

Si*" +6HF |  BH" +SiFZ (4.3)

After pinhole creation, the Ag NPs were e ciently removed with a heated NH 4,OH:H,0O, aqueous
solution. At this stage, to visualize the density of pinholes in SiQ, with a scanning electron microscope
(SEM), the samples were treated in a 60 C tetramethylammonium hydroxide (TMAH) solution for
pinhole \magni cation." TMAH etches Si much faster than SiO 4 and creates inverted pyramid etch pits in
the underlying c-Si substrate by etching through the pinholes in SiQ formed during MACE (Figure 4.2a)
[45]. This visualization method gives the density of the pinholes but not their size, the latter being
measured separately with transmission electron microscopy (TEM). Our goal here was to produce pinholes
of a few nanometers in diameter and 19{108 pinholes per cn? in density. These parameters have enabled
the 26.1% record PCE cell with pinhole-enabled poly-Si/SiQ contacts, in which the pinholes were formed

via > 1000 C thermal SiO4 breakup [68]. Figure 4.2b shows an SEM micrograph of the etch pits formed on
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a random-pyramid textured c-Si sample. By diluting the 100% strength MACE solution with H,O, the

etch pit density decreased drastically from 5 10’ to 10* cm 2 on planarized substrates with no texture
(Figure 4.2c{f). We attribute this e ect to diameter-dependent etch rate by the Ag NPs. Previously, Lee et
al. showed that larger Au NP clusters etched deeper intac-Si than smaller clusters [105] and suggested
that the higher etch rate was due to the higher surface area of the clusters. Since our electroless plating of
Ag resulted in an Ag NP size distribution, we expected that mesopores in our samples would be etched at
di erent rates across the i a-Si:H/SiO, Im stack. Thus, for more diluted MACE solutions, the smaller Ag
NPs could only partially etch through the i a-Si:H layer, and never reached the SiQ layer to create a

transport pinhole.

Figure 4.2 a) Schematic for the TMAH etching procedure to \magnify" the pinholes in the SiO4 layer. The
highly-selective Si/SiOy anisotropic etchant quickly removed thei a-Si:H layer. The slower etch rate of
SiO4 allows the pattern of pinholes in the SiQ, layer to be transferred onto the c-Si in the form of inverted
pyramid etch pits. SEM micrographs of TMAH etch pits in b) alkaline-textured and c{e) polished samples.
The etch pits shown in (b, c), (d), and (e) were created through mesopores formed in 100%, 50%, and 33%
strength MACE solutions, respectively. f) TMAH etch pit density as a function of the MACE solution
strength, measured on polishecc-Si samples. The error bars refer to the standard deviation in etch pit
density observed for multiple SEM images captured at di erent locations of the same specimen. g)
Metal/poly-Si/SiO 4 junction resistivity as a function of the MACE solution strength. Open symbols
correspond to PLEO contacts fabricated using process steps shown in Figure 4.1a{d. The closed symbols
correspond to PLEO fabricated with two additional intermediate processing steps: after Ag NP removal,
room temperature TMAH was used to selectively remove the a-Si:H layer, which was followed by
subsequent PECVD ofi a-Si:H.

To investigate contact resistivity as a function of MACE solution strength and etch pit density, metal
pads were evaporated ontan-type PLEO for transfer length method (TLM) measurements. PLEO
structures were fabricated by following the processing steps described in Figure 4.1a{d. Additionally,
poly-Si between the metal pads was removed using reactive-ion etching (RIE) with S The nal contact
structure appears as inset of Figure 4.2g. This RIE step ensures that current transport between the metal

pads can only occur through the poly-Silc-Si interface. Thus, the contact resistivities reported herein refer
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to the contributions of the metal/poly-Si contact and the poly-Si/ c-Si junction and serve as an upper range
for the poly-Si/ c-Si junction resistivity. We observed that decreasing the MACE solution strength from
100% to 33% increased the contact resistivity from 20 to 60 m cm?, respectively (Figure 4.2g).
Contacts fabricated using 25% strength MACE solution were too resistive for TLM analysis. For a

passivating contact with pinholes in parallel, the contact resistivity . can be quanti ed as

l — Npinhole (4.4)

c pinhole
where Npinhole aNd  pinnole - are, respectively, the areal number of pinholes within 1 crh and the contact
resistivity of an individual pinhole. As mentioned above, and shown in Figure 4.2f, reducing the MACE
solution strength from 100% to 33% corresponds to nearly 100 times reduction in the pinhole density
(measured as etch pit density). Thus, the corresponding increase in contact resistivity by a factor of three
is not consistent with Equation 4.4. To further investigate this inconsistency, we fabricatedn-type PLEO
contacts with two additional intermediate processing steps: after the Ag NP removal step, the 30 nmi
a-Si:H layer was selectively removed using TMAH at room temperature, followed by subsequent deposition
of i a-Si:H. These additional steps eliminate the high aspect ratio mesopores in the 30 nmi a-Si:H layer
(Figure 4.1c), which ensures all pinholes in the SiQ layer can be directly contacted by thei a-Si:H that is
subsequently deposited. Except for that additional TMAH step followed by PECVD of i a-Si:H, all
subsequent processing steps were identical to the protocol described in Figure 4.1a{d. The contact
resistivities for the structures with the modi ed processing sequence are plotted in Figure 4.2g. The
relatively higher contact resistivity observed for the contacts that did not undergo the additional room
temperature TMAH etch step is tentatively attributed to partial clogging of the high aspect ratio

mesopores in thei a-Si:H layer during the subsequent phosphorous-doped-Si:H deposition (Figure 4.1c).
For contacts fabricated with the additional room temperature TMAH etch step, the contact resistivities
remained largely insensitive to the MACE solution strength and were below 5 m cm?. We attribute this
apparent insensitivity to the uncertainty in TLM measurements when measuring relatively low values of ¢:
this uncertainty arises due to systematic errors in the metal pad distance and their width [109] when

deposited using Si shadow masks.
4.3.2 Imaging of mesopores in PLEO precursor structures ( i a-Si:H/SIO )

Cross-sectional TEM imaging of the sparse mesopores in thiea-Si:H/SiO, stack is challenging if the
mesopore density is< 10’ cm 2. Therefore, TEM specimens were prepared for samples treated in a 100%
strength MACE solution (Figure 4.2f). Prior to focused ion beam (FIB) milling of the sample, the surface

was coated with Pt via electron-beam deposition (Figure 4.3a). Pt decorated the mesopores, creating

41






	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Symbols
	List of Abbreviations
	Acknowledgments
	Dedication
	Introduction
	Motivation
	Power conversion efficiency of single-junction Si solar cells
	Surface passivation and charge-carrier selectivity
	Surface passivation
	Charge-carrier selective contacts

	Thesis outline

	Characterization Methods
	Lifetime measurements via the photoconductance decay (PCD) method
	Contact and sheet resistance measurements via transfer length method
	Pinhole detection using electron-beam induced current measurements 

	Understanding SiOx layer breakup in poly-Si/SiOx passivating contacts for Si solar cells using precisely engineered surface textures
	Abstract
	Introduction
	Experimental methods
	Synthesis of regular-textured surfaces
	Poly-Si contact fabrication and characterization

	Results and discussion
	Characterization of pinhole density and location by the TMAH etching technique
	Bifacial back-junction cells analysis using electron beam-induced current measurements

	Summary and conclusions
	Acknowledgments
	Funding

	Nanopinhole Passivating Contact Si Solar Cells Fabricated with Metal-Assisted Chemical Etching
	Abstract
	Introduction
	Results and discussions
	Pinhole density control in poly-Si on locally etched SiOx (PLEO) contacts
	Imaging of mesopores in PLEO precursor structures (i a-Si:H/SiOx)
	Imaging of mesopores in PLENO precursor structures (i a-Si:H/SiNy/SiOx)
	Symmetric structures and solar cells: passivation by PLEO and PLENO passivating contact structures

	Summary and conclusions
	Acknowledgements
	Conflict of Interest

	Pinhole electrical conductivity in polycrystalline Si on locally etched SiNy/SiOx passivating contacts for Si solar cells
	Abstract
	Introduction
	Experimental methods
	Results and Discussion
	Correlation between contact resistivity and pinhole detection via EBIC
	Imaging of pinholes in PLENO structures with and without undercut

	Summary and Conclusions
	Acknowledgments

	Conclusions
	Summary of results
	Final remarks and suggestions for future study

	References
	Supplemental information for Chapter 3
	Supplemental information for Chapter 4
	Experimental Methods
	Fabrication and characterization of poly-Si on locally-etched SiOx (PLEO) passivating contacts
	Fabrication and characterization of poly-Si on locally-etched SiOx/SiNy (PLENO) passivating contacts
	Fabrication and characterization of solar cells featuring PLEO and PLENO passivating contacts


	Room temperature pinhole formation: labware and detailed process flow 
	Copyright Permissions
	Introduction
	Publications


