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The first energy conversion efficiencies of over 5% are reported for evaporated solid-phase crystallised (SPC)

polycrystalline silicon thin-film solar cells. All cells have a size of 2 cm2 and are formed on planar glass

superstrates. Back surface reflectance is provided by a simple coating with commercial white paint. The best

cells have short-circuit current densities of about 19mA/cm2 and external quantum efficiencies peaking at

above 80%. The diffusion length in the base of the solar cells is larger than the base thickness, providing

significant room for further efficiency improvements via an increased thickness of the base layer. Additional

improvements are expected via the use of textured glass sheets, boosting the light trapping capabilities of the

cells. Copyright # 2009 John Wiley & Sons, Ltd.
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Thin-film solar cell technologies receive increasing

interest from the photovoltaics (PV) industry1 due to

their potential to produce electricity at significantly

lower cost compared to wafer based crystalline Si

(c-Si) technologies. This cost reduction is possible

through the combination of large-area deposition onto

low-cost foreign substrates, more streamlined proces-

sing and monolithic cell interconnection, while at the

same time consuming only a fraction of the expensive

semiconductor material.2–4 Polycrystalline silicon

(pc-Si or poly-Si) on glass is a promising thin-film

PV technology since it makes use of an abundant raw

material and since it benefits from decades of expertise

that has been gained with c-Si in the semiconductor

industry. Compared to other thin-film PV technologies,
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such as CdTe, CIGS and a-Si:H/mc-Si:H, pc-Si on

glass offers the advantage of not relying on transparent

conducting oxide (TCO) layers for current collection.

Furthermore, unlike the a-Si:H based modules, this

technology does not suffer from light-induced degra-

dation via the Staebler–Wronski effect.5,6 State-of-the-

art solid-phase crystallised (SPC) pc-Si on glass mini-

modules have recently surpassed the 10% efficiency

mark, with an open-circuit voltage of about 500mV

and a short-circuit current density of nearly 30mA/

cm2.7,8

In order to make the pc-Si on glass technology

economically competitive in the rapidly growing PV

market, it is desirable or even necessary to further

increase its efficiency and to reduce the associated

module production cost.9,10 Presently, crystalline

silicon on glass (CSG) solar is the only manufacturer

of poly-Si on glass modules. The CSG module

production11 is based on a batch deposition of a-

Si:H using large-area PECVD (plasma enhanced



568 O. KUNZ ET AL.
chemical vapour deposition) reactors (KAI-1200 from

Oerlikon Solar). The PECVD of a-Si has the advantage

of being reliable and well proven, since KAI reactors

were initially developed for the AM-LCD display

industry.12 The downside is a rather high cost of such

PECVD tools and low achievable deposition rates (of

the order of 30 nm/min). This is particularly proble-

matic for the production of PV modules where the Si

deposition step accounts for a significantly larger

fraction of the final product cost compared to LCD

displays.11 E-beam evaporation as an emerging

alternative deposition method of the a-Si films can

potentially lead to substantial cost savings because of a

much higher deposition rate (up to 1mm/min) and the

feasibility of continuous in-line processing.13,14 High-

throughput evaporators are industrially used for barrier

coatings and optical coatings. However, their appli-

cation for the PV industry needs yet to be developed.

In the present paper, we demonstrate that e-beam

deposited SPC poly-Si thin-film solar cells are capable

of achieving respectable efficiencies in excess of 5%

on planar glass superstrates. This result is particularly

encouraging since only minor light trapping is present

in these devices through a simple pigmented diffuse

back surface reflector (BSR)—commercial white

paint.15

Figure 1 presents the good progress that has been

made with this solar cell type within the last two years.

The best conversion efficiencies of evaporated SPC

poly-Si thin-film solar (EVA) cells achieved at UNSW

from different developmental stages are displayed.

Stage I represents a mesa-type sample that is added for

reference purposes.16 The corresponding sample size is

about 0�136 cm2 and the cell was deposited in substrate

configuration. In this case the emitter was contacted

with a TCO layer. The stages IIa and IIb are the first
Figure 1. Evolution of EVA cell efficiency at UNSW
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cells produced with the metallisation scheme devel-

oped at UNSW. The improvement for the cell of stage

III was achieved through the application of a

pigmented diffuse BSR. The cell of stage IV had an

inverted structure, i.e. an n-type base and thicker

aluminium fingers. This led to a significant perform-

ance increase, particularly due to a decrease in series

resistance leading to a higher fill factor (FF). The

improvement of the p-type EVA cell of stage V is

related to a reduced absorber doping and to a further

decrease in series resistance. More details on these

improvements can be found elsewhere.17–19 In the

present paper, we concentrate on the last stage (VI) and

discuss the corresponding device performance in some

detail, as well as the steps that were taken to achieve

this promising efficiency result.

The devices are referred to as EVA solar cells,

due to the use of evaporated a-Si precursor diodes.13

The a-Si diodes are deposited by means of e-beam

evaporation under non-ultrahigh vacuum conditions

(base pressure �2–3� 10�8mbar, deposition pressure

�1–2� 10�7mbar) onto planar 5� 5 cm2 SiN-coated

borosilicate glass superstrates from Schott AG (Boro-

float33). The SiN layer serves as both the antireflection

coating and as barrier layer for contaminants from the

glass. It can be deposited by PECVD or sputtering.20

The dopants (B and P) are added in situ during the a-Si

deposition process using high-temperature effusion

cells. The presented solar cells are used in the

superstrate configuration, i.e. illumination is per-

formed onto the glass side of the devices. The emitter

is therefore located directly on the SiN layer, while the

back-surface-field (BSF) layer is located at the air-side

surface of the devices. After SPC (�24 h at 6008C),
the poly-Si diodes receive a rapid thermal anneal (RTA)

at a temperature of �9008C for �4 min to activate

dopants and to anneal point defects in the poly-Si films.

Thediode fabricationprocess is completedwith adefect

passivation treatment in a hydrogen plasma at plateau

temperatures of �6508C for �20 min. The plasma

termination temperature is 3508C. In this work the

hydrogen passivation is achieved using a low-pressure

chemical vapour deposition (LPCVD) system with an

inductively coupled remote plasma source. The post-

deposition treatments RTA and hydrogenation are

essential for achieving appreciable efficiencies of SPC

poly-Si solar cells on glass, for both silicon deposition

technologies (PECVD and evaporation).21,22 The total

thickness dSi of the poly-Si films is currently around

2mm, but is likely to increase in the near future as

explained below.
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Table I. Design parameters of p-type EVA solar cells in

superstrate configuration

Parameter Details

Glass 3.3mm; borosilicate, planar

AR coating 60–70 nm; SiN; PECVD; n� 2.1

Emitter � 200 nm, nþ; �400V/sq

Base � 1800 nm; p�; deposited at � 300 nm/min

BSF � 100 nm; pþ; � 1000V/sq

Back reflector commercial white paint

SPC �24 h at 6008C
RTA 4 min at �9008C
Hydrogenation 20 min at �6508C; remote plasma
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All cells of this work were metallised using the

device fabrication scheme recently developed at our

Centre.18 This metallisation scheme utilises Al line

contacts located in plasma-etched grooves to contact

the highly doped emitter layer. The BSF contact is also

established via Al line contacts (4 lines per emitter grid

line). A shunt mitigation etch is necessary to remove

shunting through sub-micron sized pinholes that are

inherent to this material, as described elsewhere.19 Due

to the nature of this device fabrication scheme (using

interdigitated line contacts), the resulting EVA solar

cells can be illuminated from either side (‘‘bifacial’’

cells). To enhance the response to long-wavelength

light and to mechanically protect the metal electrodes,

we apply a thick layer of commercial white paint

(Dulux) to the back surface of the metallised solar

cells.23 The structure of a metallised EVA solar cell

with and without the white paint BSR is schematically

displayed in Figure 2, while typical design parameters

of p-type EVA cells are summarised in Table I.

The main benefit of the white paint BSR is that a

large fraction of the photons reaching the rear solar cell

surface are returned back into the silicon, thus

minimising the fraction of photons that escape at the

air side of the cell. The white and grey arrows in

Figure 2 represent possible light paths. Weakly

absorbed photons returned by the BSR thus travel at

least twice through the silicon film. Pathlength

enhancement due to oblique light paths (resulting

from the scattering events in the pigmented BSR) is

also present. However, this effect is rather modest since

the refractive index mismatch at the BSR/silicon
Figure 2. Schematic of an EVA solar cell in the superstrate

configuration. To illustrate the different light paths, both BSR

cases (air or white paint) are shown in this schematic. (Note

that for the results reported in this work—unless stated

otherwise—the paint was applied to the entire rear surface

of the solar cells.)

Copyright # 2009 John Wiley & Sons, Ltd.
interface tends to refract light toward the interface

normal. The resulting light has approximately a

‘‘focused Lambertian’’ distribution with a scattering

half angle of only about 24–338 due to the low

refractive index of the BSR layer (nBSR� 1�5–2).15
After metallisation into 2 cm2 devices, the base

doping density N of the cells is measured using

impedance analysis (Z-analysis).24 This method

determines the active base doping density in the

absorber layer of the solar cell. We use impedance

analysis instead of the classical capacitance analysis

because it is more tolerant to diode non-idealities such

as a high series resistance Rs, a low shunt resistance Rsh

and a high diode saturation current. These non-

idealities are often encountered when developing new

types of solar cells. Excellent agreement between the

measured Z-analysis data and the small-signal

equivalent-circuit model was obtained for all presented

the cases, leading to a high degree of confidence in the

extracted base doping density values.

Table II lists the base doping densities and other

measured parameters of a small selection of finished

EVA cells. As can be seen, some of the presented cells

have a conversion efficiency exceeding 5%. To our

knowledge the efficiency of 5�2% is the highest value

published as yet for an evaporated SPC silicon solar

cell. An important feature of all these EVA cells is the

very lightly doped base layer, with an active doping

density of well below 1� 1016 cm�3.

The highest short-circuit current densities achieved

so far are around 15 and 19mA/cm2 before (Si/air) and

after (Si/paint) application of the white paint BSR,

respectively. These values are excellent considering

that all cells were deposited on planar glass and

therefore feature only modest light trapping. It should

be noted that, in order to avoid errors from spectral

mismatch of our halogen lamp-based solar simulator,

we determined all Jsc values by multiplication of the
Prog. Photovolt: Res. Appl. 2009; 17:567–573
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Table II. Measured parameters of selected EVA solar cells. All cells have an area of 2 cm2 and feature a white paint back

surface reflector. The base doping density was determined via Z-analysis and the silicon thickness via optical fitting of the

reflectance data. The short-circuit currents of the unpainted (‘‘Si/air’’) and painted (‘‘Si/paint’’) cells were determined via

integration of the EQE data with theAM1.5G solar spectrum. Rsh and pFF resulted from Suns–Voc measurements. Leff was

obtained via PC1D fitting of the devices’ quantum efficiencies, assuming a rear surface recombination velocity Sback of

1� 105 cm/s

Cell N

(cm�3)

dSi
(nm)

Voc
(mV)

Jsc (Si/air)

(mA/cm2)

Jsc(Si/Paint)

(mA/cm2)

pFF

(%)

FF

(%)

Rsh

(Vcm2)

Rs

(Vcm2)

Eff.

(%)

Leff
(mm)

A 2�1Eþ 15 2070 422 14�94 19�21 73�1 64�5 Infinity 1�99 5�23 >3�5
B 3�2Eþ 15 2080 426 14�54 18�55 72�8 64�4 Infinity 2�35 5�09 2�50
C 4�6Eþ 15 2132 435 14�41 18�46 72�8 64�7 1380 2�09 5�20 1�75
D 5�0Eþ 15 2085 429 13�75 17�57 72�6 61�9 Infinity 3�39 4�67 1�60
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measured external quantum efficiency (EQE) curves

with the AM1.5G solar spectrum and subsequent

integration from 300–1200 nm. For each cell, the light

intensity of our solar simulator was then adjusted such

that the measured Jsc agreed with the Jsc calculated

from the EQE data. The light beam during the EQE

measurement was smaller than the total cell area and

was placed in the centre of the cells. To validate this

approach we also measured a calibrated Si wafer

reference cell with the same set-up. The deviation

between the cell’s nominal current and the integrated

cell current obtained from the EQE measurement was

only 0�3%. Additionally, it should be pointed out that

this measurement principle still leads to a significant

underestimation of the performance of an equivalent

large area solar cell because a large portion of light is

diverted outside of the active cell area. For our cell size

and cell configuration we measured a current loss of

about 9% for the best of our cell, i.e. the quoted Jsc
values can be seen as rather conservative values.25

Prior to this work, the best reported Jsc of EVA cells

was 15�6mA/cm2.18 The significant Jsc improvements

reported in this work result mainly from an optimis-

ation of the base doping density, leading to the use of a

rather lightly doped base layer (N �3� 1015 cm�3).

Note that for such a low base doping density the space

charge region width of the p–n junction takes up about

one third of the base thickness (�500 nm for

N¼ 3� 1015 cm�3 and a forward-bias voltage of

0�4V) and hence the dominant transport mechanism

for a significant fraction of the photo-generated

minority carriers is drift rather than diffusion.

In order to distinguish between metallisation and

diode related cell properties, we also list the pFF that is

obtained via Suns–Voc measurements26 in Table II.

Suns–Voc is a method that measures the open-circuit

voltage of a solar cell as a function of the light
Copyright # 2009 John Wiley & Sons, Ltd.
intensity. Suns–Voc curves are essentially identical to

dark I–V curves with the exception that no series

resistance effects are present and that the light-induced

current density is not known. A Suns–Voc curve that is

shifted by 1 Sun therefore represents a light I–V curve

that could be achieved if no series resistance effects

were present. Both the pFF values and the open-circuit

voltages are comparatively low for these cells, hinting

at some problem with the silicon deposition process.

The pFF and the Voc of the cells are limited by space

charge region recombination occurring in the p–n

junction depletion region and/or at grain boundaries.

This seems to be different to equivalent cells with light

absorber doping that are deposited via PECVD and that

have much higher Voc and pFF values. We are unsure

what experimental problem presently limits the

pFF and Voc of our EVA cells, but we believe that it

is not of a fundamental nature since EVA cells with Voc
values of about 500mV and with pFF of around

76% were deposited by us in the past.

Compared to our earlier devices, we were able to

reduce the series resistance from �4Vcm2 to roughly

half of this value, leading to improved fill factors FF.

This was mainly achieved by (i) deposition of wider

contact fingers and (ii) deposition of higher purity Al

films. The latter was realised by altering the deposition

process (deposition at lower pressure and faster pump

down), giving Al films with lower specific resistance.

The better conductance is attributed to a reduced

oxygen and nitrogen contamination of the evaporated

Al films.27

Quantum efficiency (lines and symbols) and

reflectance R curves (dashed and solid line) of the

best EVA cell made as yet (cell A) are displayed in

Figure 3. The notations ‘‘Si/air’’ and ‘‘Si/paint’’ refer

to the cases without and with white paint BSR. It

should be mentioned that the front Al electrode (see
Prog. Photovolt: Res. Appl. 2009; 17:567–573
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Figure 3. Measured quantum efficiency curves (EQE¼
triangles; IQE¼ diamonds) of cell A from Table II prior

to (open triangles) and after (filled symbols, ‘‘Si/paint’’)

application of the paint BSR. Note that ‘‘Si/air’’ refers to

the case where no paint is present. The reflectance curve of

the painted cell (solid line) and the PC1D fit to the EQE curve

(no paint) are also shown (open circles)

Figure 4. Measured light J–V curve (filled circles) and P–V

curve (open circles) of cell A. The corresponding pseudo J–V

curve as obtained fromSuns–Voc data is also shown (solid line)
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Figure 2) covers about 3% of the total front surface

area of the solar cell, while the rear electrode covers

about 15% of the total rear surface. As can be seen, the

white paint BSR increases the long-wavelength

response considerably, leading to a peak EQE value

of about 80% (IQE �90%). The effect of the diffuse

BSR on the reflectance curves is seen in increased

long-wavelength reflectance values but also in a

decrease of the amplitude of the interference fringes.

The latter effect is due to diffuse reflection of photons

at the Si/paint interface. The reflectance value at the

EQE peak wavelength (�500 nm) is about 10%. This is

a good value considering the use of planar glass and the

fact that �3% of the cell’s front surface is covered by

the Al front electrode.

The reflectance and quantum efficiency curves (no

paint present) of the cells from Table II were modelled

using the one-dimensional numeric device simulator

PC1D28 and the standard material parameters for c-Si.

Good agreement between the measured and modelled

data was achieved in all the cases (see, for example, the

open circles in Figure 3). In poly-Si films, the minority

carrier transport is affected by recombination pro-

cesses within the bulk of the grains and at grain

boundaries. For this reason a lumped effectiveminority

carrier diffusion length Leff needs to be defined in order

to describe the minority carrier transport.29 For an

efficient solar cell Leff has to be larger than the base
Copyright # 2009 John Wiley & Sons, Ltd.
thickness to ensure minority carrier collection from the

entire base region. If the base layer is not significantly

thinner than Leff, the latter can be determined with

good accuracy from the drop of the quantum efficiency

curves for l>�500 nm via PC1D fitting. For all cells

of this paper the rear surface recombination velocity

Sback at the Si/air interface was set to 1� 105 cm/s in

the PC1D model. This is a reasonable value for a non-

passivated and heavily doped c-Si surface. However, it

should be pointed out that the modelled curves are

almost completely insensitive to Sback. Even when the

limiting value of Sback¼ 1� 107 cm/s was used, Leff
was essentially unchanged. No change in the modelled

curves could be seen for values of Sback lower than

1� 105 cm/s.

It is evident from Table II that the diffusion length

for the two cells with N<�4� 1015 cm�3 is clearly

larger than the base layer thickness (which is in the

range 1700–1800 nm), allowing the deposition of

thicker absorber layers to achieve higher short-circuit

currents. An increase in Jsc by 1.7mA/cm2 was

modelled with PC1D for cell A by changing the

modelled base thickness from 1.7–3mm and leaving all

the other model parameters unchanged. This provides

room for further current gains through the deposition

of thicker base layers in the case of very lightly doped

EVA cells.

Figure 4 presents illuminated J–V data that were

measured on cell A. For comparison, and to illustrate

the effect of the series resistance, we added the pseudo

J–V curve that was obtained from Suns–Voc measure-

ments (solid line). The Suns–Voc data reveal that there

is a negligible shunt resistance effect (compare
Prog. Photovolt: Res. Appl. 2009; 17:567–573

DOI: 10.1002/pip



572 O. KUNZ ET AL.
Table II) and that the gentle slope of the J–V curve near

short-circuit conditions is related to the cell’s series

resistance. The Suns–Voc data also indicated that there

is significant n¼ 2 recombination present in the diode,

affecting both the pFF and the open-circuit voltage.

The pseudo efficiency Jsc�Voc� pFF of this device,

i.e. the efficiency that would be obtained for Rs¼ 0, is

about 5�9%. This demonstrates the necessity to further

improve our metallisation scheme to increase the FF

(and hence the efficiency) of EVA solar cells. This is

particularly important for future devices that are

expected to have higher short-circuit current densities

due to better light trapping and thicker base layers.

All cells of this work were deposited on planar glass

sheets since this simplifies the optimisation of the

metallisation scheme and the device structure. How-

ever, to increase the light absorption properties of the

cells, we have started efforts to transfer the EVA

process to textured glass superstrates. The texture is

realised with the AIT (aluminium-induced texturisa-

tion) method recently developed at UNSW.30 We use

mildly textured glass to avoid problems with non-

continuous silicon films (film cracking) that can occur

as a result of the high directionality of e-beam

evaporation as deposition method.31 Preliminary

results achieved on these mildly AIT textured glass

sheets look promising. The silicon films have no cracks

and the metallisation can be carried out as usual.

Further significant efficiency improvements are thus

within reach of the present EVA cell technology.
CONCLUSION

Evaporated SPC poly-Si thin-film solar cells (‘‘EVA’’

cells) with conversion efficiencies of above 5% were

presented. These are the highest efficiencies ever

reported for such devices. These efficiencies are

respectable if one considers the fact that the cells

were formed on planar glass superstrates and they

confirm that evaporation is a promising low-cost

method for the fabrication of SPC poly-Si thin-film

solar cells. Compared to earlier EVA cell results, the

improved efficiencies resulted mainly from a lowering

of the base doping density, giving significantly higher

short-circuit currents. Another important contributor

was the reduction of the series resistance via deposition

of Al grid fingers with better conductance.

The effective minority carrier diffusion lengths in

the base of lightly doped EVA cells have been

determined by PC1D modelling of the measured
Copyright # 2009 John Wiley & Sons, Ltd.
quantum efficiency. They were found to clearly exceed

the base layer thickness of the cells. This provides

significant room for efficiency improvements via the

deposition of thicker base layers. The open-circuit

voltages and pseudo fill factors of the presented solar

cells are modest. The reason is not understood but is

believed to come from problems during the silicon

deposition step and is not inherent to this type of the

solar cell. More efficient light trapping is expected to

further boost the short-circuit current density and

efficiency of EVA solar cells. Thus, the solar cells

made from evaporated SPC silicon on foreign

substrates appear to be a promising candidate for

the low-cost generation of PV electricity.
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