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This paper presents the improved method of obtaining the stable hydrogenated amorphous silicon (a-Si:H) due to the

protocrystalline nature of the Si:H materials. The latest experiments and results on silicon thin film solar cells are presented

in this publication. The relation of microstructure and the efficiency of amorphous and microcrystalline silicon single photo-

voltaic structures as well as tandem on glass and triple on steel foil solar cell are also discussed.
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Efficiencies for single junction amorphous a-Si:H and

microcrystalline µc-Si cells made by plasma-enhanced che-

mical vapour deposition (PECVD) have now exceeded

8-10% [1] and multijunction devices with one intrinsic

layer µc-Si:H and one intrinsic layer a-Si:H allow for ab-

sorption of a greater percentage of the solar spectrum, then

with each layer used individually, and give higher effi-

ciency.

It has been reported that hydrogenated microcrystalline

silicon (µc-Si:H) solar cells do not show light-induced deg-

radation under prolonged light soaking [2,3]. In addition,

the high long wavelength absorption makes µc-Si:H solar

cell suitable as a substitute for hydrogenated amorphous

silicon-germanium alloy (a-SiGe:H with the higher content

of Ge) bottom cell in multijunction structures. Since the

first µc-Si:H solar cell reported in 1994 [2], significant

progress has been made by using various techniques such

as very-high-frequency (VHF) glow discharge [2–4], reac-

tive magnetron sputtering (RMS) [5,6], high power and

pressure radio-frequency (RF) glow discharge [7,8],

hot-wire CVD [9], and Gas-Jet [10]. Recently, the

a-Si:H/µc-Si:H double-junction solar cell with an initial ef-

ficiency of 14.1% and an a-Si:H/µc-Si:H hybrid module

with an initial efficiency of 11.7% have been reported [11].

The aim of this paper was to find new methods which

provide higher efficiency of silicon thin film solar cells in

relation to the mentioned above. Depositions were per-

formed on ZnO covered glass substrates and Al/ZnO put

on a steel foil. The structures of p-i-n-p-i-n and

n-i-p-n-i-p-n-i-p Si:H were studied by cross sectional

TEM and XRD analysing. The analyses of FF, Voc and Isc

of the structures were also carried out.

The samples were manufactured in Kraków, Poland,

and in PennState, USA. The layers were made by means of

the reactive magnetron sputtering (RMS) and RF plasma

enhancement chemical vapour deposition (RF PECVD).

The photovoltaic laboratory was built that contains modern

3-chamber RF PECVD apparatus and also a special system

of the gas cabinets with suitable installations. This labora-

tory is created in a totally new room of 90 m2 with a mod-

ern filtering system that ensures much higher degree of

cleanness.

In the series of publications, the authors presented the

stages of their work that at the end leaded to the manufac-

turing of the multilayer solar cells. Research has been per-

formed on:

• the electrode system, among them many on ZnO and

ITO layers as well as connection electrodes [6],

• double-side antireflection layers on glass [13],

• the nature of the phase changes: an amorphous silicon –

microcrystalline silicon [14,15],

• the thin-layer amorphous silicon pin cell made on glass

by means of the sputtering, and also RF PECVD, an ef-

ficiency 7% [16],

• the thin-layer pin cell on the microcrystalline silicon,

made on glass by means of the sputtering technique and

RF PECVD, an efficiency 4.5% [16],

• the photoconductivity, the Staebler-Wronski effect and

the degradation of cells [17],

• the silicon solar cell – tandem type – on glass, an effi-

ciency 7.5% [18],

• the layers and silicon pin structures on the stainless

steel. The series of triple-junction cells was manufac-

tured on the stainless steel, with efficiency up to 10%

[17,19].
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Amorphous samples were fabricated by a conventional capa-

citatively coupled RF (13.56MHz) PECVD in a multichamber

system. The source gas was silane diluted by hydrogen, and

diborane or phosphine was used as doping gas. Typical pres-

sure was 0.5 Torr. Other conditions were as follows: RF

power was 0.2–0.6 W/cm2 and anode – cathode distance was

1–2 cm. The rate of layer deposition did not exceed

0.5–0.6 Å/s. Microcrystalline (� c-Si:H) samples were depos-

ited under high gaseous pressure conditions in which high

quality materials were obtained at a high growth rate up to

5 Å/s. The pressure used in this work was around 2 Torr, it is

significantly higher pressure than in conventional conditions.

The µc-Si:H i-layer were deposited using the following condi-

tions: RF power was varied in the range of 1.0–1.5 W/cm2, an

anode-cathode distance of 1–4 cm, a flow rate of silane in the

range of 2–80 sccm, hydrogen dilution of 90–99.5% and the

Ts held either at 150�C to 300�C. The back ground pressure of

the deposition chamber was less than 2×10–7 Torr, whereas

the reactor buildup rate is as high as 9×10–6 Torr×l/s. In the

presented setup, concentration of oxygen was typically

2×1019 cm–3 in non-doped � c-Si:H films, and this value was

independent of the deposition temperature of 200–250�C [12].

The a/µc Si:H samples were prepared in the area (10×10 cm)

system situated on the anode side of the RF electrode.

The new specially configured RF PECVD three-cham-

ber apparatus was built at the Electronic Department in

Kraków. It makes possible to obtain not only amorphous

and microcrystalline silicon films but also polycrystalline

Si films. The substrate temperature can be changed from

20�C to 700�C. Parts of the apparatus are presented in

Fig. 1.

The solar cell surface areas were from 0.25 cm2 to

18.0 cm2. The growth conditions of a/µc i-layer were varied

to optimise the device performance. The choice of optimal

amorphous and microcrystalline layer deposition tempera-

ture and other parameters results from analysis of the char-

acteristics shown in Figs, 2, 3, 4, 5, 7, and 8.
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Fabrication of the intrinsic layers using PECVD with mod-

erate hydrogen dilution of silane allowed for a significant

progress in improving the performance and stability of

a-Si:H based p-i-n and n-i-p solar cells.

The thin film of a-Si:H prepared under H2-dilution con-

ditions, R = [H2]/[SiH4] – depending on substrate and RF

power – evolves from the amorphous phase to a mixed

(a + µc)-Si:H phase and to a single phase with a thickness

shown in Fig. 2. Likewise, a significant progress was

Improvement in silicon thin film solar cell efficiency
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Fig. 1. Parts of the RF PECVD apparatus made by authors (not in a scale).



achieved, particularly in p+ and n+ layer manufactured by

a RMS method with the changed hydrogen content in a gas

mixture (Fig. 3).

Conditions of high hydrogen dilution (single phase) for

all sputterings of the doped films can be seen just above

R � 10 (= H2/Ar) for typical 200 Å thickness of the p+ layer

(Fig. 3) [15], whereas in the case of PECVD such condi-

tions appear at R � 40 (= H2/SiH4).

In these diagrams, the Si:H bulk layer thicknesses at

which these transitions occur can be plotted as continuous

functions of a key deposition variable that is used to con-

trol the phase, typically the H2-to-SiH4 gas flow ratio R.

The phase diagram depends not only on the other

fixed deposition conditions, such as plasma power, sub-

strate temperature, and total gas pressure, but also on the

substrate since the latter exerts a strong influence over

crystallite nucleation. Deposition phase diagrams are very

convenient in the design of devices since they describe the

regimes of layer thickness and deposition parameter space

within which single-phase a-Si:H, (a + µc)-Si:H and sin-

gle-phase µc-Si:H are obtained. As a review of such phase

diagrams Fig. 5 shows the proposed schematic structure

of ~5000 Å thick Si:H films on R = 0 a-Si:H substrate

films, given as a continuous function of R along with the

thicknesses of the a�(a + µc) and (a + c)�µc transition

boundaries. In such structures, the cone angle for crystal-

lite growth is relatively constant at 15–20� (Fig. 4) and the

nucleation density increases rapidly when increasing

R [20].

Correlations of the phase diagrams for intrinsic Si:H

layers with the corresponding electronic properties and

p-i-n device performance demonstrate that the optimum

i-layers are obtained at the maximum possible R value for

the desired thickness without crossing the a�(a + µc)

boundary of the phase diagram into the mixed-phase

growth regime. It should be emphasized that because the

R value at this phase boundary depends on both the nature

of the substrate and the i-layer thickness. These aspects of

the materials or device structure must be specified in or-

der to identify the optimum conditions. For i-layers de-

posited on amorphous film substrates (such as the p or

n-layers of p-i-n or n-i-p solar cells), the optimum a-Si:H
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Fig. 2. The film thickness db, at which the different phase

transitions occur during Si:H film growth in RF PECVD normal

process, plotted as a function of the hydrogen dilution ratio

R = H2/SiH4 using glass substrate.

Fig. 3. The film thickness d for the phase transition from a-Si:H to

µc-Si:H, for p+ and “i” RMS films, plotted against the hydrogen

dilution ratio of Ar. The range of mixed a-µc or coalescent clusters

was separated from the microcrystalline range.

Fig. 4. Cross-sectional transmission electron microscopy image for

the final R = 20 Si:H deposition. Indicated a representative conical

microcrystalline structure, and the points near the substrate

interface identifying the nuclei from which the nucleation density

is estimated.

Fig. 5. Schematic of the structure of Si:H films prepared as a

function of R. The dashed and dotted lines identify the a�(a + � c),

and (a + � c)�� c transitions, respectively. The arrows denote Si:H

i-layer process found to optimise the performance of p-i-n solar

cells.



i-layer material has been described as protocrystalline

Si:H. As its name implies, protocrystalline Si:H ulti-

mately evolves into (a + µc)-Si:H if the film is allowed to

grow beyond the desired thickness for which the deposi-

tion process was optimised. The unique characteristic of

protocrystalline Si:H is its higher stability to light induc-

ing degradation when measured for both materials and de-

vices. Finally, because the a�(a + µc) transition de-

creases in thickness with increasing R, two-step and even

multi-step i-layer processes can be designed on the basis

of the phase diagram in order to optimise solar cells. Per-

formance levels beyond those accessible in one-step pro-

cesses were demonstrated.
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With respect of these, amorphous Si:H films were depos-

ited in the multichamber system in normal RFCVD condi-

tions with H2 dilution less than 14:1. Simple solar cell

structures of p-i-n and n-i-p configuration were fabricated

onto ZnO/ITO coated glass with the p-type material fabri-

cated using a SiH4, CH4, and B2H6 gas mixture. The typical

properties of the wide band gap “p” material were a Tauc

optical gap of 1.9 eV and a photoconductivity of

~2×10–6 (�cm)–1. The n+ layer was prepared using a SiH4

and PH3 gas mixture. The resultant n+ material exhibited a

dark conductivity of 2×10–3 (�cm)–1.

The microcrystalline i-type layers with the thickness of

1 � m or 0.3 � m were manufactured under the modified

RFCVD conditions (a two-step process). A rule was that

the initial 10–20 Å were made under increased H2 dilution

up to 200:1, and then returned back to the conditions where

H2 dilution was about 14:1. The choice of these conditions

was made on the basis of the analysis of characteristics

shown in Figs. 2, 3, 4, and 5.

The analyses were carried out on the basis of the cross

section TEM pictures of the structure of stainless

steel/Al-ZnO/n+/i-µc Si so as to control the incubation layer

of the microcrystalline films (to be published). Using this

method of deposition we limited the amorphous layer in re-

lation to the one made without special recipe. This, in turn,

limited a negative influence of the amorphous incubation

layer.

Microcrystalline p-i-n or n-i-p structures inside solar

cell structures were constructed with the µc p-type material

fabricated using a SiH4, H2, and Trimethylboron gas mix-

ture. The typical dark conductivity of the � c p-type mate-

rial was 8×10–2 (�cm)–1. The µc n+ layer was prepared us-

ing a SiH4, H2, and PH3 gas mixture which exhibited a dark

conductivity of 1 (�cm)–1. The devices were deposited

onto ITO coated glass with a thin layer of ZnO of 9 ��V.

Improvement in silicon thin film solar cell efficiency
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Fig. 6. Schematic multilayer structure and I–V characteristic of solar cell with area of 0.25 cm2 manufactured on the basis of

microcrystalline (SNS 393) or amorphous (SNS 302) silicon layer as well as ZnO:Al and p+ layer obtained by RFCVD method.



The ZnO layer was deposited using DC-sputtering of

Al-doped Zn. The texture of the ZnO:Al substrates was

formed by the wet etching process and the surface mor-

phology was varied by changing etching time. Surface

morphology of the substrates and films are controlled by

the atomic force microscopy (AFM) [5].

Subsequent layers which constitute the solar cells, ob-

tained by means of the RMS, create the mixed interlayers

that diminish the carrier mobility and conductance of this

structure, because of additional defects and recombinations

centres. Therefore usage of the ZnO:Al/p+ a-Si:H structure

has a great advantage over ITO/p+ a-Si:H structures be-

cause the layers of ZnO:Al are more hermetic and resistant

to diffusion and chemical mixing with the overlapping

layer, i.e., p+ a-Si:H. The Zn:O layers expose features of a

semiconductor layer which can create an efficient

heterojunction with a p+/i a-Si:H layer and thus influence

the distribution on the electrical field in the structure of a

cell. We provided the manufacturing condition of the

glass/ZnO:Al and p+ a-Si:H on ZnO:Al films by RMS in

Refs. 13 and 14.

Not only the base crystallization of i a-Si:H during RF

PECVD process is essential, but also the nature of influ-

ence of ZnO/p+ on a-Si:H crystallization, as well as its in-

fluence on performance of the p-i-n a-Si:H solar cell. A

precise control of obtaining the amorphous and micro-

crystalline p+ silicon layer was worked out [15,16]. We in-

dicated that single crystallized p+ layer forced Si i-layer

crystallization to the depth of about 70 nm. This negatively

influences the amount of light that reaches the active zone

of the cell, and diminishes Vbi and VOC as well. Exemplary

results of the influence of the bottom p+ layer on crystalli-

zation of the i-layer are contained in Ref. 16. For the influ-

ence study we used interference Bragg analysis of the

multilayer system.

A current-voltage I-V characteristics of the fabricated

solar cells were measured under the conditions of AM1.5,

100 mW/cm2, and 25�C.
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The analysis of the effusion velocity in the vacuum condi-

tions of 10–8 Torr and leakage not exceeding 10–6 Torr�l/s

in dependence on temperature show, at the one hand – the

stability regions of the material, and at the other – the tem-

perature thresholds that need to be overcome to result in

full policrystallisation of the silicon layer (Figs. 7 and 8).

In accordance with those data, the poly-Si structure with

the triple junction was manufactured.

On the other hand, a significant reduction in

photodegradation of solar cells was achieved by using hy-

drogen dilution of silane-processing gas during film

growth [21]. Beyond a certain dilution threshold value,

the silicon films become microcrystalline. Shortly before

achieving this threshold one observes evidence of greater

structural order or substantial regions of intermediate

range order [22] in the amorphous film [23,24]. Transmis-

sion electron micrographs show regions that have a crys-

talline-like appearance. This produces no microcrystalline

X-far diffraction peaks, but a narrowing of the amorphous

Si (111) peak. In addition to the transverse optical (TO)

vibration band near 475 cm–1, one finds in the Raman

spectra a TO band at 490 cm–1 that grows with the frac-

tion of the ordered regions. Despite the dilution ratios R of

20:1 and larger, the total H concentrations in the RF

plasma-deposited films remains near 8–10 at. %. How-
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Fig. 7. The hydrogen effusion velocity vs. temperature for silicon

layers obtained by the RFCVD and RMS methods for various

hydrogen content in a layer. A dependence of the effusion velocity

for amorphous layers is also shown.

Fig. 8. The hydrogen effusion velocity vs. temperature for silicon

layers obtained by the RFCVD and RMS methods for various

hydrogen content in layer. A dependence of the effusion velocity

for microcrystalline layers is also shown.



ever, the distribution of H becomes more heterogeneous

with the ordered regions containing less H and the sur-

rounding amorphous material proportionately more. The

shift of the Si-H wagging mode from 635–640 cm–1 to

about 620 cm–1 observed in the infrared spectra of

near-threshold material [24] suggests a change toward a

surface-type Si-H bonding environment. Presumably, this

gives rise to the sharp peak near 400�C in the hydrogen

effusion spectrum [25] (Figs. 7 and 8).

These amorphous films already crystallize near 550�C
– a temperature significantly below the 650�C crystalliza-

tion temperature of films grown without H dilution. The

amorphous-microcrystalline phase boundary depends not

only on the dilution ratio R but also on the film thickness

d, as shown in Fig. 5, because the ordered regions grow

with the growing film [26]. Other parameters affecting the

evolutionary phase boundary are: a substrate material, de-

position rate and temperature, and the frequency (13.6 or

80 MHz, or microwave) of the plasma-deposition process.

A sudden decrease in the open circuit voltage is a useful

signal that the i-layer thickness has exceeded the phase

boundary when the film is incorporated in a solar cell

[27]. As a fraction of amorphous-ordered regions in-

creases with film thickness before the microcrystalline

borderline, the dangling bond concentration decreases

[28]. This spatial variation suggests that optimised a-Si:H

films might be obtained by varying (decreasing) the H di-

lution during a growth. Eight to ten percentage of H is far

more than needed to saturate potential dangling bonds.

Because H diffusion decreases with H concentration, one

also expects the SWE to diminish.

In Fig. 9, the comparison of the photodegradation of the

single-junction and multi-junction cells is presented. It de-

scribes the subsequent processes put forth in this work that

lead to a decrease in photodegradation.
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The exemplary I–V characteristics, as well as a view and

the layered structure of tandem cells made by the authors,

are shown in Figs. 10, 11, and 12.

It can be observed that the tandem structures manifest

good Voc but much worse FF and Jsc in comparison to sin-

gle structures.

In the triple-junction cells, shown in Figs. 13 and 14 –

looking from the side of light incidence – despite of an

amorphous a-Si:H p-i-n structure, the second amorphous

a-Si:H p-i-n structure was used, but with a small dope of

GeH4, i.e., less than 1%. The two gave a high total VOC

round 1.7 eV.

As a third structure, the p-i-n silicon single crystal was

used, made under temperature 450�C with R = 10. All

things considered, the setup is quite innovative, and among

ten pieces from the series, a sample with an efficiency of

10.25% was found (Fig. 15).

An analysis of the reasons of small values of the fill

factor FF is led using the equations describing the I(V)

Improvement in silicon thin film solar cell efficiency
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Fig. 9. Normalized solar cell output for a single-junction (after

authors) and multijunction (after NREL data) devices illustrating

the enhanced stability for multijunction devices.

Fig. 10. The comparison of the characteristics of the single junction

cell and the double junction cell made on the first one.

Fig. 11. The layer cross-section of tandem-junction solar cell on

glass shown in Fig. 12.



characteristics for the following simplified analytical

model

where JPh is the photocurrent, JS is the dark saturation current,

Jrec is the recombination current in p-i-n a-Si:H diodes, �� is

the product of the hole and electron mobility, J(V) is the cur-

rent density, RS is the series resistance, Rsh is the shunt resis-

tance, n is the diode ideality factor, k is the Boltzmann’s con-

stant, and q is the elementary charge. It is considered in the

KBN report No. PBZ KBN 05/T11/98 [17].

The most important question is whether the integral

1

E x
G x dx dx

( )
( )��

�

��
	


�

has an analytical solution. Therefore, for the function E(x),

the simplest linear function E(x) = ax + b was assumed. It
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Fig. 12. A view of the experimental structure of a tandem-junction

solar cell on glass, made by the authors.

Fig. 13. The layer cross-section of triple-junction cell shown in

Fig. 14.

Fig. 14. A view of a triple-junction cell on stainless steel with size

of 5×5cm2, made by authors.

Fig. 15. The I-V characteristic of the best solar cell chosen from the

series of triple-junction cells with big area, and its parameters.
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is a single-exponential model in conjunction with the cited

formula for the recombination for a single pin a-Si:H cell.

The simulation characteristics for different basic parame-

ters are shown in Figs. 16 and 17.

The resulting comparison of these simulations helps

in explanation of an increase in the FF value at the de-

creasing luminance intensity of the incident light. This

can be seen in Fig. 18. It is correlated with an existence

of a large serial inner resistance of the cell. These are the

only qualitative indications, since the single-junction cell

model was used to the analysis of the multi-junction

structure.

Nevertheless, we expect that the reason of the small

FF is the oxide inter-layer which was created itself among

subsequent cells during displacement of a sample to many

vacuum chambers. It shows up that the applied hydro-

gen-ion cleaning was not sufficient. It is even more evi-

dent (the total FF degradation) in the case of a tandem

cell where the hydrogen-ion cleaning was not applied at

all (Fig. 10).
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In this paper, it was shown that an optimal H dilution,

microcrystallization, lower thickness and other opera-

tions reduce the SWE effect and increase solar cell sta-

bility.

After the analysis of the tandem structures on glass,

as well as the structures made on a stainless steel, the tar-

get decision was undertaken to manufacture the series of

samples in the triple-junction technology on stainless

steel.

These cells were manufactured on the 5×5 cm2 area and

consisted of three sandwich-layers as follows: from the

back – Al/ZnO mirror, then polycrystalline p-i-n Si struc-

ture – made in the higher temperature of about 450�C, then

the amorphous p-i-n Si(0.5–1.0%)Ge:H structure, as well

as the amorphous p-i-n a-Si:H structure with an ZnO elec-

trode and polysilicone protection.

For the 5×5 cm2 structures, the following parameters

were obtained: FF = ~0.58, Voc = ~2.19 V, Isc = ~6

mA/cm2, � = ~7.7% at the luminance of 1 sun. At the other

hand, for the 25 cm2 samples it was possible to obtain a

10.5% increase in efficiency.

The measurements of the characteristics I–V from the

intensity of luminance showed that the very important role

plays the serial resistance, and therefore a modification of

the electrode system and an avoidance of the oxide

inter-layer can lead to increase in FF up to the level of

0.67–0.68.

The irradiation for many hours with intensity of 2 sun

caused only about 10% degradations of the properties what

is a very good result.
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Fig. 16. The group of characteristics for various serial resistance

values.

Fig. 17. The group of characteristics for various photon flux values.

Fig. 18. I–V characteristics of an average triple-junction solar cell

on stainless steel, illuminated through filters controlling intensity

of light. It is seen the change of FF from 0.506 to 0.581, what

indicates the substantial role of serial inner resistance after aging

with light of 10 sun for 48 hours.
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