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a b s t r a c t

Monolithic solar modules made from thin-film crystalline-silicon layers of high quality on glass

substrates could lower the price of photovoltaic electricity substantially. This paper describes three

different approaches that we are currently investigating to address the challenge to form high-quality

crystalline-silicon layers on glass substrates. The SLiM-Cut approach is a wafering technique that results

in 50-micron thick layers with aminimum ofmaterial loss.We show that crack initiation can be used as a

means to better control the lift-off process. The epifree approach involves the lift-off of ultra-thin

monocrystallinefilms formedby reorganization of cylindricalmacropore arrays in siliconuponannealing.

So far, films with a thickness of around 1 mm and very simple cells with an efficiency of up to 4.1% have

been achieved. Finally, a seed layer approach is presented based on the epitaxial thickening by thermal

CVDofmonocrystalline silicon layers bondedon glass-ceramic substrates. Very promising cell efficiencies

of 11% and Voc values of up to 610 mV have been achieved using a very simple and non-optimized cell

structure.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Monolithic solar modules made from thin-film crystalline-silicon

layers of high quality on glass substrates could lower the price of

photovoltaic electricity substantially. Around one third of the price of

wafer-based silicon solar modules is currently due to the cost of the

silicon wafers themselves. Using thin crystalline-silicon films on

inexpensive substrates as the activematerial instead of siliconwafers

provides several advantages: First, the silicon consumption can be

reduced drastically which should lead to a substantial cost reduction.

Second, the use of very thin silicon layers allows achieving high cell

efficiencieswith siliconmaterial of relatively lower crystalline quality

compared to that used in wafer-based cells [1], on the condition that

excellent light trapping can be achieved. Although imposing more

severe demands on the quality of surface passivation to achieve the

ultimate efficiency, reducing the thickness of silicon solar cells relaxes

constraints on bulk quality and thus increases the efficiency limit.

Along the years, the different limiting intrinsic phenomena were

described in detail and the recent papers on the subject derive an

efficiency limit fundamentally peaking for a thickness in the range of

40–60 mm [2]. Finally, if the crystalline silicon films can be formed

directly on large-area glass, monolithic modules can be made like in

other thin-film technologies, but with the demonstrated stable

performance over time and irradiation of crystalline silicon. On top

of these advantages, the knowledge about silicon wafer physics can

easily be transferred and applied to crystalline silicon thin films. The

main challenges of achieving highly efficient thin-film silicon mod-

ules are to develop a cost-effective process that enables to form a

silicon layer of sufficient crystalline quality on a large-area glass

substrate and to have an outstanding light trapping scheme in place.

This paper deals with the challenge to form a thin layer of high-

quality crystalline-silicon on a glass substrate. Three different tech-

niques to do so, currently being investigated at imec, are presented,

namely a wafering technique called ‘‘SLiM-Cut’’, a lift-off approach

based on reorganization of porous silicon that does not require

epitaxial growth called ‘‘Epifree’’, and a seed layer approach based

on the formation of a thin monocrystalline silicon layer that is

epitaxially thickened.

2. SLiM-cut

The ‘Stress induced LIft-off Method’ (SLiM-Cut) is a kerf-free

method for thin silicon fabrication, being developed at imec for

photovoltaic applications [3]. This method makes particularly

efficient use of bulkmaterial by reducing kerf losses and producing

wafers with a thickness of around 50 mm, thus cutting down the

silicon cost.

The envisaged SLiM-Cut wafering method relies on a thermo-

mechanical treatment: a high stress field is applied to a silicon

substrate (preferablyan ingotbut so faronlydemonstratedonwafers)

so that a crack propagates in the silicon substrate parallel to the
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surface at a given depth. The top silicon layer is separated from the

parent substrate and processed into a solar cell [3]. The parent

substrate can be re-used. So far, we have routinely made SLiM-Cut

samples with a size of 50 cm2 in the laboratory and one can envisage

making such samples with a size as large as a typical Si ingot. This

method comprises a number of consecutive steps (Fig. 1):

� A material with a thermal expansion coefficient different from

the one of silicon (e.g. metal) is deposited and bonded at high

temperature on a bare silicon substrate.

� The structure is then cooled down. Upon cooling, the overlying

layer induces a very high stress in the silicon. When stress

intensity exceeds the fracture resistance of silicon, a crack

propagates in the substrate. When the right conditions of

applied metal paste with respect to composition and thickness,

peak temperature (ranging between 700 1C and 850 1C) , and

cooling rate (typically air quenching to room temperature) are

met, the crack propagates in the direction parallel to the surface

of the substrate and will spall off the top layer from the

substrate.

� A cleaning treatment is carried out to dissolvemost of the stress

inducing layer: the resulting structure is thus flat and ready to

be further processed.

� The parent wafer is conditioned to be re-used in the first step.

Some years ago, we demonstrated proof-of-concept cells made

fromSLiM-Cutwaferswith a thickness of around 50 mm[4]. Applying

a very simple processwith no front side texturing and no rear-surface

passivation (which arenonetheless crucial for suchultra-thinwafers),

a 1 cm2 solar cell was fabricated, exhibiting an energy-conversion

efficiency of around 10%. Since then, our research hasmainly focused

on improving the material quality and the reproducibility of the

process. In this paperwereport oncrack initiationasameans tobetter

control the process.

During a typical SLiM-Cut wafering process, there are several

crack-fronts nucleating on each sample. If a reproducible foil

thickness is required, the plane of the crack needs to be tightly

controlled. By inducing an artificial singularity in the silicon ingot

before the stress application, one can eliminate random crack

nucleation and reduce the required stress for crack propagation. In

general, different shapes of stress concentrators can be used to

force the onset of the crack propagation during lift off. This thus

brings two advantages to the SLiM-Cut process

(1) It eliminates the stochastic nucleation of cracks at different

depths.

(2) It reduces the required stress for the crack to grow, and thus

diminishes the need for higher temperatures, improving the

foil quality in terms of dislocation density and contamination.

Two types of cracks can be envisaged, one perpendicular to the

final propagation direction, the other in the propagation plane.

Fig. 2 shows the results of three calculations obtained by the

finite element method (FEM) of how the stress is affected by the

sample and paste geometry at the edge of the sample. Since with

the FEM the calculated stresses are averaged over the element, this

calculation gives a relative estimate for a fixed element size, only

allowing a relative comparison for the three geometries. The actual

increase of the local stress is eventually determined by the crack

shape: a low radius of curvature gives a high stress concentration

and thus higher local stress values at the crack tip. The FEM

simulation also shows how the direction and magnitude of the

principal stress is dependent on the presence of the crack. For our

case, a pure mode I (crack opening) stress maximization, the side

notch is preferred.

The crack can be made in different ways but is preferably

shallow and not rounded at the end. A straightforward method for

achieving higher stress intensity is notching the substrate from the

topwith anarrowdiamondbladeof 20 mm.The experimental effect

of doing so is qualitatively shown in the left-hand side of Fig. 3: the

lift off has started on the side of the sample where the notch was

given. Using this simple notching technique enables a much better

reproducibility of the process. However, the mechanical top notch

is ill defined (right-hand side of Fig. 3), causingmore defects / stress

concentrators on a microscopic scale than originally expected.

Furthermore, these defects are expected to be of the same order of

magnitude as the uncontrolled defects that are induced during the

sample preparation of the SLiM-Cut samples. Moreover, it has been

shown that edge finishes coming from grinding or sawing during

sample preparation can have a large impact on the final strength of

the samples [5].

Currently, we are carrying out a feasibility study of laser

ablation to create the notch. The laser process has the potential

to yield a better defined crack with lower radius of curvature and

less unintentional defects (see Fig. 4). Ideally, this type of crack is

induced from the side of the ingot, in the plane of the crack

propagation, to have amaximal reduction of thermal stress needed

for crack propagation.Fig. 1. Schematic of the SLiM-cut process.

Fig. 2. FEM approximation of the increase inmagnitude and change of direction of the principal stress for different geometries: (left) no notch, (middle) top notch and (right)

sub-planar notch parallel to the surface.
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3. Epifree

The ‘‘Epifree’’ process takes advantage of the properties of

macroporous silicon to enable the lift-off of a perfect ultra-thin

layer of mono-crystalline silicon without resorting to epitaxial

deposition. Arrays of pores of appropriate dimensions can indeed

merge at high temperature and transform into a wide plate-like

void under a detachablemicron-thin film. This phenomenon called

‘‘empty-space-in-silicon’’ (ESS) was pioneered by Toshiba [6].

Using the over-layer as the active layer of a solar cell requires to

upscale this technique to centimeter-wide areas and to develop a

specific solar cell process for this ultra-thin material. This Epifree

process is divided into five steps, namely (1) formation of regular

macropores, (2) annealing of these pores, (3) solar-cell processing

of the first side of the film, (4) bonding to a glass substrate and

detachment from the parentwafer and (5) processing of the second

side, while the parent wafer can be re-used (Fig. 5). A proof of

concept with 1-mm-thin working cells of 2.6% energy-conversion

efficiency was presented in [7] and the next developments are

focused on achieving high-efficiency cells. In this sectionwe briefly

present how thematerial is prepared and the latest cell results that

we obtained.

The preparation of a uniform and detachable film requires

etching of a perfectly uniform array of pores with specific dimen-

sions (step 1 of Fig. 5) and its annealing at a temperature over 1000

1C in non-oxidizing atmospheres (step 2 of Fig. 5).

The technique that we currently use to form perfectly uniform

pore arrays is a combination of deep-UV lithography (DUV) with

reactive ion etching (RIE). The perfect control on the array and the

uniformity offered by this process make it attractive in the frame of a

proof of concept. However, because of its complexity and its equip-

ment cost, it is not compatible with a low-cost approach and we are

hence replacing DUV and RIE by two low-cost techniques, nanoim-

print lithography (NIL) and anodization in hydrofluoric acid. The

second process step, annealing at high temperature, has to provide a

sufficient mobility to silicon atoms to enable pore transformation,

and this, for a sufficient time to enable complete pore merging. The

mobility is favored by higher temperatures, lower pressures and

requires a non-oxidizing ambient (e.g. H2 orAr), in order to ensure the

presence of dangling bonds at the pore surface. Moreover, to avoid

formation of defects (surface roughening, pitting, holes or pillars), the

density of particles and the concentration of oxidizing impurities

should be as low as possible [8]. Currently, we anneal thewafers after

pore formation at 1150 1C in hydrogen at 10 Torr in a chemical vapor

deposition (CVD) reactor (Epsilon 2000 fromASM). Ambient pressure

is restored after cooling down to 550 1C. The annealing time was

shown to be dependent not only on pore size and temperature, but

also on wafer area, for pore merging is not synchronous but starts

from the edges of thewafer andpropagates slowly towards the center

[8]. In practice, our experiments demonstrate that 200-mm wafers

covered by 550-nm pores become fully covered by a 1-mm-thin film

after a varying time of 45–60 minutes of annealing in hydrogen

(Fig. 6), and that this floating film is sufficiently stable to be further

processed into a cell. Since the thermal budget will be of utmost

importance for the material cost, we hope in the future to be able to

reduce the annealing time.

Fig. 3. The picture on the left shows a SLiM-Cut sample partially lifted off with a crack starting at the side where a notch was sawn from the top. The SEM-micrograph on the

right shows the morphology of the notch.

Fig. 4. Cross-section SEM picture of a notch made by laser ablation.

Fig. 5. Epifree solar-cell process consisting of five steps of (1) pore formation,

(2) annealing, (3) processing of the first cell side, (4) bonding to a low-cost substrate,

(5) and processing of the second side of the cell with re-use of the parent.
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The solar cells that were fabricated so far aimed at providing a

proof of concept and therefore had a very simple structure. Besides,

the use of a low-cost glass substrate limits the process temperature

below 400 1C. The cells were thus simple amorphous Si (a-Si)/

crystalline Si (c-Si) hetero-junction diodes, p-type based, without

any light-trapping or passivation schemes [7] and reached 2.6% of

energy-conversion efficiency. Their short-circuit current (Jsc) of

14 mA/cm2 was promising for a 1-mm-thin material without light

trapping, but their open-circuit voltage (Voc) of only 340 mV was

very low, despite the low doping of the substrate (�10 ohm cm).

Inclusion of a rear-side passivation was therefore the first neces-

sary step towards high-efficiency cells. A stack of intrinsic and

p+ a-Si layers was chosen as passivation for its simplicity. In fact, it

did not require any other processmodification than depositing a-Si

on the top side of the film after annealing. First, a thin layer of

intrinsic a-Si was deposited to ensure the passivation and then a

thicker layer of p+ was added to serve as a back-surface field (BSF)

and improve the contact with the aluminum (Fig. 7). However, this

deposition highlighted the challenge of processing the top side of

the film, which is at that stage very weakly bonded to its parent

silicon substrate and therefore prone to lift-off. A temporary

bonding technique would be preferable to avoid any risk of lift-

off, but the floating film can however be processed under certain

well controlled conditions that avoid any thermal or pressure shock

[9]. In particular, the a-Si deposition could successfully be realized

by decreasing the pumping rate of the system and loading the

sample at room temperature instead of directly at 170 1C.With this

additional a-Si stack, the efficiency of the best cells increased to

4.1% (Table 1). All cell performance indicators improved, but the

increase in Voc to 430 mV was still limited and always bound to a

decrease in Jsc. This drop in Jsc is probably caused by the strong

absorption coefficient of a-Si for wavelengths below �700 nm [9]

and the reasons for the limited Voc are being investigated. Possible

factors that could decrease the passivating properties of the a-Si

stack are its direct contact with aluminum, which is known to

induce crystallization of a-Si at temperatures as low as 170 1C,

anodic bonding, which subjects the cell to 250 1C and 1000 V for

10 min, damage caused by the direct plasma needed for the

deposition of a-Si, or also the low substrate doping combined with

the thinness of thematerial,which is about as thick as the depletion

region of the cell. For these reasons, an alternative passivating stack

has to be developed for the next cells to prove that high Voc values

can be reached with the Epifree material.

A significant improvement of efficiency will require not only an

efficient rear-surface passivation but also a thickermaterial. In fact,

with the low absorption coefficient of silicon, an increase from 1 to

2 mm would strongly improve the Jsc of the current cells. The film

thickness is directly and only related to the pore dimensions and

interdistance [10], and limited by the annealing time [11]. Opti-

mizing the film thickness therefore means finding the pore array

morphology with the largest pores and interdistance that can be

annealed in a few hours only. For this purpose we designed a new

DUV lithography mask that will let us test different arrays and

determine the most suitable to achieve films thicker than 2 mm. In

theory, thicknesses from 3 to 5 mm may be obtained, which open

the way to advanced cell processes and high device efficiencies.

4. Seed layer approach

The ‘‘seed layer approach’’ is a two-step process in which a thin

crystalline-silicon seed layer is first created, followed by epitaxial

thickening of this seed layer (Fig. 8). At imec, we perform the

epitaxial thickening by thermal chemical vapor deposition (CVD).

Although high-temperature CVD restricts the type of substrates

that can be used, it provides two main advantages compared to

other techniques: it achieves the growth of high quality epitaxial

layers leading to enhanced electronic properties of the silicon

absorber layers and, at the same time, it provides a deposition rate

above 1 micron per minute, which is an important parameter in

view of achieving a high throughput.

In the past, wemade promising thin-filmpolycrystalline-silicon

(pc-Si) solar cells at imec by using aluminum-induced crystal-

lization (AIC) of amorphous silicon to obtain the seed layers.

Maximum pc-Si cell efficiencies of 8.0% and 6.4% were reached

on opaque alumina and transparent glass-ceramic substrates

respectively [12,13]. Although the AIC process enables the fabrica-

tion of pc-Si layers with large grains [14,15], the limited structural

and electronic quality of our present AIC seed layers was found to

be one of the main cell-efficiency-limiting factors [16]. Seed layers

of better quality are therefore needed to improve the cell efficien-

cies. We are currently working on improving the AIC seed layer

quality, but are also looking for alternatives.We recently published

the first results on monocrystalline-silicon cells made by an

Fig. 6. (a) Regular pores with a diameter of 550 nm and a pitch of 800 nm obtained

by DUV lithography and RIE and (b) transformation of these pores into a single void

with an overlaying film of 1 mm thickness after annealing for 60 min at 1150 1C in

hydrogen.

Fig. 7. Schematic cross section of the Epifree cells.

Table 1

Improvement of the energy-conversion efficiency of Epifree solar cells after

passivation of the rear side of the cell by a thin stack of a-Si layers.

Cell Jsc (mA/cm2) Voc (mV) FF (%) Efficiency (%)

Reference 13.7 338 53 2.5

Passivated rear 12.8 426 75 4.1
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alternative seed layer approach [17] and in this paper we report on

recent improvements.

Monocrystalline-silicon seed layerswere created at Corning Inc.

by transferring 300 nm-thin (0 0 1)-oriented monocrystalline-

silicon layers onto glass-ceramic substrates using Corning’s

proprietary technology that is based on anodic bonding and

implant-induced separation [18]. The size of the seed layers that

can be transferred like that is only limited by the size of the Si

substrate that is used to start from. For this work we have used 4

inch substrates. Corning’s spinel glass-ceramic (code 9664) sub-

strates were used since these substrates can withstand the high

temperatures needed for the thermal CVD and they have a

coefficient of thermal expansion (CTE) that matches the CTE of

silicon [19]. The transferred seed layers were then epitaxially

thickened into monocrystalline-silicon absorber layers at imec by

thermal CVD. Layers with a p+/p structure were grown consisting

of 2 micrometer p+ (�5�1019 cm�3) and 2–8 micrometer p

(1016 cm�3). The p+ layers act as back surface field (BSF) and

the p-type layers as absorber layers in the resulting solar cells. The

resulting epitaxial layers had various thicknesses and a typical

defect density in the order of 105 cm�2 [17], well below the

109 cm�2 observed for our AIC layers [16].

Simple solar cell structures (Fig. 9)weremade from the epitaxial

mono-silicon layers grown on the glass-ceramic substrates, show-

ing efficiencies of up to 11%. The main difference between the

structure of these cells and the cells reported in [17] lies in the

contacts: interdigitated finger patterns were used this time for

emitter and base contacts instead of having the base contacts at the

periphery of the cells as in [17]. The use of such interdigitated

contacts compared to base contacts at the periphery of the cellswill

slightly lower the current density of the cells due to enhanced

shadowing losses but will boost the fill factor from below 50% to

above 70% due to a lowered series resistance. All reported cells had

an area of 1 cm2. We investigated the influence of the p-layer

thickness on the cell results and applied the same plasma texturing

process that removed around 1.5microns of the original p-layer on

all samples. This plasma texturing reduces the front surface

reflection and enhances the current densities of the cells [20].

Table 2 summarizes the solar cell results of the investigated layers.

The best single cell efficiency was 11%. The Voc values above

600 mV illustrate the good material quality of these thin mono-

crystalline-Si layers on glass-ceramic substrates. Since these Voc

values are a lot higher (600 mV versus 530 mV) than the ones

reported in [17], thematerial quality of the cells reportedheremust

be substantially better than that of the cells reported in [17] since a

difference in contact structure alone cannot account for such a

difference in voltage. The reason for this different material quality

is yet unknown. The Jsc values are still relatively low due to the

absence of advanced light trapping structures in these cells and the

fact that the cells are in substrate configuration on transparent

substrates and do not have a back reflector incorporated. Themuch

lower fill factor of the thinnest cells is probably an artifact due to

the processing andhence not inherently related to a layer thickness

of 2 microns.

5. Conclusions and outlook

We presented three different approaches that are currently

under investigation at imec to form a thin layer of crystalline-

silicon for solar module purposes. The SLiM-Cut approach is a

wafering technique that results in 50-micron thick layers with a

minimum of material loss. We showed that crack initiation can be

used as a means to better control the lift-off process. The epifree

approach involves the lift-off of ultra-thin monocrystalline films

formed by the reorganization upon annealing of cylindrical macro-

pore arrays in silicon. So far, films with a thickness of around 1 mm

and very simple cells with an efficiency of up to 4.1% have been

achieved and future development will focus on fabricating thicker

films. Finally, a seed layer approach was presented based on the

epitaxial thickening by thermal CVD of monocrystalline Si layers

bonded on glass-ceramic substrates. Very promising cell efficien-

cies of 11% and Voc values of up to 610 mV were achieved using a

very simple and non-optimized cell structure.

Besides improving the quality of the Si material obtained by

these three approaches, we will focus in the near future also on

using more advanced cell structures to obtain higher cell efficien-

cies. Advanced light trapping features such as plasmonic particles

and nanostructured layers will be the key to obtain high current

densities in these thin Si solar cells.
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