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A wide variety of liquid and solid phase crystallized silicon films are investigated in order to

determine the performance limiting defect types in crystalline silicon thin-film solar cells.

Complementary characterization methods, such as electron spin resonance, photoluminescence,

and electron microscopy, yield the densities of dangling bond defects and dislocations which are

correlated with the electronic material quality in terms of solar cell open circuit voltage. The results

indicate that the strongly differing performance of small-grained solid and large-grain liquid phase

crystallized silicon can be explained by intra-grain defects like dislocations rather than grain

boundary dangling bonds. A numerical model is developed containing both defect types, disloca-

tions and dangling bonds, describing the experimental results. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890625]

Crystalline silicon (c-Si) thin-film solar cells on glass

made great advances in the last few years since the solid

phase crystallization (SPC) technology, which CSG Solar
temporarily brought to industrial production,1 is superseded

by emerging liquid phase crystallization (LPC) techniques.

The LPC technology enabled record efficiencies of up to

11.8%2,3 and an excellent electronic material performance

with open circuit voltages up to 650 mV (Ref. 4) so far. Two

extensive review papers describing the technological transi-

tion from the SPC to the LPC technology have been pub-

lished recently.5,6 This Letter addresses current open circuit

voltage (VOC) limitations of c-Si thin-film solar cells on glass

fabricated by SPC1,7–9 and LPC,2–4,10,11 revealing a wide-

spread regime of defect densities. For SPC silicon, there are

two contradicting views coexisting in literature. Wong et al.
claim that shallow trap states caused by dislocations are the

limiting defect type and that recombination over deep defects

is irrelevant for the maximum achievable VOC.12 However,

Fehr et al. discovered a clear dependence between the VOC

and the density of deep dangling bond (DB) defects in the

VOC regime of 50–360 mV.13 By comparing the results with

numerical calculations (see also Ref. 14), the authors found

that the increase in VOC cannot solely be explained by the

reduction of DB defects and suggest either a change in the

capture cross section of the defects or the influence of intra-

grain defects like dislocations. The second view is supported

by the work of Sontheimer et al. analyzing the origin of the

DB defects in c-Si thin-film material with varying grain

size.15 With increasing grain size, an electron spin resonance

signal can be detected which was attributed to open silicon

bonds along the dislocation core16–18 revealing that upon

improving the material quality the limiting defect type

changes from deep DB defects to dislocation related defect

states. Experimentally, the variation of the defect densities is

achieved by performing different crystallization methods,

SPC and LPC, and post-crystallization processes like thermal

annealing (TA) and hydrogen passivation (HP).

For SPC, a nþ/p�/pþ layer stack of amorphous silicon

(thicknesses 30 nm/1.6 lm/50nm) is deposited on SiN coated

glass substrates by electron-beam evaporation.9,19 The nþ
emitter has a phosphorous doping of 2� 1020 cm�3. The p-

absorber layer has a boron concentration of 2� 1016 cm�3,

while the pþ back surface field has a boron doping of

2� 1019 cm�3. SPC is done in a tube furnace at 600 �C lead-

ing to grain sizes of 1–3 lm. Defect healing TA treatments,

such as rapid thermal processing and laser annealing, have

been used to apply plateau temperatures ranging from 900 �C
to 1400 �C for a short time (<1 min).20–26 For the LPC pro-

cess, 10 lm thick nanocrystalline silicon layers with a boron

doping of around 4� 1016 cm�3 are deposited on SiO and

SiO/SiC coated glass substrates by electron-beam evapora-

tion. The silicon layers are recrystallized by scanning a

line-shaped electron beam focus across the sample, locally

melting the silicon.10 The resolidified material features grain

sizes of up to centimeters in scan direction. The LPC absorber

layers are processed to solar cells using a hetero-junction cell

concept described in Ref. 11. An HP process was applied to

both material types for the saturation of open silicon bonds

by atomic hydrogen.27–30

The numerical calculations performed in this Letter

require the knowledge of the concentrations and energy

levels of both defect types, the dangling bonds and the dislo-

cations. In order to quantify the dislocation densities, cross-

sectional transmission electron microscopy (TEM) analysis

and spatially resolved electron-beam induced current (EBIC)

measurements were performed on the SPC and the LPC ma-

terial, respectively. EBIC is used for the characterization of

a)Author to whom correspondence should be addressed. Electronic mail:

christiane.becker@helmholtz-berlin.de. Tel.: þ49(0)30-8062-41392.
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the LPC material since the TEM sample size does not

encompass the inhomogeneous dislocation density of the

LPC silicon. The dislocation related radiative recombination

was analyzed by photoluminescence (PL) spectroscopy. The

energy levels of the D1 and D2 luminescence were measured

by temperature-dependent PL. Electron spin resonance spec-

troscopy was used to determine the density of the paramag-

netic defects which in c-Si are mainly attributed to the

unpaired spins of silicon dangling bonds.27,28 For the sake of

simplicity, the simulation does not regard extrinsic impur-

ities31 and interface recombination which are known to limit

the electronic quality of crystalline silicon solar cells.

The structural difference between the SPC and the LPC

material is visualized in Fig. 1. A defect etch process was

performed by exposing the samples’ surface to a Secco etch

solvent32 for 4 s. On the scanning electron microscopy

images both intra-grain defects (etch pits) and grain bounda-

ries (trenches) are visible. Etch pits appear when the dis-

turbed material around a dislocation core (strain-field) is

removed by the Secco etch. Note, that the scale is different

for the SPC (a) and (b) and the LPC images (c) and (d). In

Fig. 1(a), the SPC sample is depicted, which has not been

processed by a rapid thermal processing technique. The

entire surface of the sample is deeply etched with the grain

boundaries represented by deep trenches. No apparent differ-

ence can be seen when comparing the as-crystallized sample

with the samples annealed at temperatures up to 1050 �C
(not shown here). However, laser annealing above 1200 �C
leads to a reduced etch pit density (Fig. 1(b)), indicating that

there are fewer defects present in the annealed state.

The Secco etched surface of the LPC silicon is shown in

Fig. 1(c) and 1(d). Due to the large grain size and inhomoge-

neous structural quality of the LPC material, a single SEM

image is not representative for the whole sample. Note, that

five out of six randomly chosen sites on the sample showed

no etch pits but only etched grain boundaries (Fig. 1(d)).

Furthermore, the density of intra-grain defects in areas,

where etch pits show the existence of dislocations, is much

lower compared to the SPC samples (Figs. 1(a) and 1(b)).

In order to quantitatively measure the dislocation den-

sities, the silicon samples have been investigated by TEM

and EBIC analysis. Dislocation densities of around 1010 cm�2

were found in the SPC material both, before and after thermal

annealing, and independent of the annealing method and tem-

perature. The reduced etch pit density that was observed in

the SEM images of the high temperature annealing

(Fig. 1(b)) might be due to the annealing of the strain field of

the dislocation, while the deposited energy of these thermal

annealing processes is not sufficient to anneal the dislocation

itself. Hartman et al. discovered that annealing times of sev-

eral hours at temperatures higher than 1100 �C are necessary

to anneal dislocations in silicon.33 Such prolonged thermal

processes, however, are not compatible with the low tempera-

ture glass substrates used for the c-Si solar cells. Hence, the

dislocation density of the final state depends solely on the

crystallization process and cannot be reduced by post-

processing. A density of 1010 cm�2 that is built in during SPC

is inherent for this method.

EBIC analysis of the LPC material reveals an inhomoge-

neous material quality with dislocation densities of higher

than 107 cm�2 in defect-rich regions, but also defect-poor

regions exist where the dislocation density can be estimated

to be lower than 105 cm�2, consistent with previous EBIC

investigations on LPC silicon.34 For comparison, defect-rich

grains in multicrystalline silicon (multi-Si) wafers have dislo-

cation densities of 104–106 cm�2.33,35 In these regions, dislo-

cations are considered to be the main cause for recombination

losses36,37 as dislocation densities greater than 104 cm�2 al-

ready enhance the recombination of minority carriers.38 Since

LPC silicon exhibits similar grain sizes as the multi-Si mate-

rial, it can be assumed, that the regions with dislocation den-

sities of higher than 107 cm�2 have a significant influence on

the charge carrier recombination.

Knowing the density of the dislocations, their recombi-

nation activity was further investigated. PL spectra have

been measured to analyze the radiative recombination paths

in the c-Si thin-films. Characteristic for all SPC spectra (in-

dependent of the post-processing) is the lack of band-to-band

luminescence. Only two defect induced luminescence peaks

at around 0.8 eV and 0.85 eV can be found, which are attrib-

uted to the dislocation related luminescence peaks D1 and

D2 found by Drozdov et al.39 This intense dislocation related

luminescence is in accordance with the high dislocation den-

sities revealed by the TEM analysis. The energy position of

these defect states can also be estimated by PL40,41 by ana-

lyzing the luminescence intensity temperature dependent

from 80 to 300 K. With increasing temperature, the intensity

decreases since more and more charge carriers are thermally

activated to higher energy states. From these temperature-

dependent PL measurements, it follows that the energy levels

of the defect states associated with the D1 and the D2 lumi-

nescence are 163 meV and 122 meV below the conduction

band, respectively.

Due to the spatial inhomogeneity of the dislocation den-

sity in the LPC material, as seen in the Secco etch SEM

images (Fig. 1), a PL mapping was performed. The lifetime

FIG. 1. Scanning electron microscope images of silicon surfaces after a Secco etch process for 4 s. Depicted are the SPC sample without thermal annealing

(a), SPC with thermal annealing at 1400 �C (b), and the LPC material at two different positions of a sample (c) and (d).
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of the charge carriers in this material is high enough to detect

band-to-band luminescence, indicating a low dislocation

density and a high lifetime of the optically excited charge

carriers. However, regions exist where the PL spectra are

dominated by the dislocation related luminescence. Here, the

band-to-band luminescence is strongly mitigated due to a

higher dislocation density.

In order to quantify the dangling bond defects, the den-

sity of paramagnetic spins was measured by quantitative

electron spin resonance spectroscopy. Fig. 2 shows the VOC

of the differently processed c-Si thin-film solar cells on glass

in dependence of the spin density. Open symbols represent

the results after HP and filled data points represent the state

before HP. While the as-crystallized SPC sample (black

filled square) exhibits a spin density of 1.6� 1017 cm�3, the

density is reduced down to around 5� 1016 cm�3 in case of

TA (blue filled circles) and to 1� 1016 cm�3 after HP (black

open square), accompanied by a VOC improvement of around

DVOC¼þ100 mV and þ150 mV, respectively. Combining

TA and HP (blue open circles), improvements of up to

DVOC¼þ300 mV have been measured. The reduction of the

defect density of the SPC material is mainly caused by the

effective saturation of dangling bonds by atomic hydrogen

upon HP processing.27 However, a reduction of the DB den-

sity by a factor of 2–3 is also achieved by thermal annealing

of the SPC sample (SPCþTA), as was observed in previous

studies.42 This improvement can be attributed to the restruc-

turing of defect-rich grain boundary regions and the anneal-

ing of structural defects like stacking faults and dislocations.

These extended defects consist of a series of dangling silicon

bonds, e.g., the open bonds at a core of a dislocation

line.16–18 Although the dislocation density is not reduced, as

revealed by TEM, annealing at high temperatures can pro-

vide the energy to re-arrange the atoms at the dislocation

core and support the formation of reconstructed Si-Si-

bonds.18,43 The general trend of the experimental data in Fig.

2 shows that by reducing the spin density the open circuit

voltage can be improved, as was found by Fehr et al.13 This

trend indicates that the DB defect plays a major role in limit-

ing the photovoltaic performance.

However, comparing the SPCþHP sample (black open

square) with the completely processed SPCþTAþHP

layers (blue open circles), an improvement in the VOC can be

seen, which is accompanied by just a small change to the DB

density, indicating that the thermal post-processing improves

the material quality by annealing defects which are not

detected by the electron spin resonance method.

Furthermore, the LPC samples on SiC/SiO coated glasses

have a defect density of around 3� 1015 cm�3 (orange trian-

gles), which is similar to the completely processed SPC sam-

ples, but have open circuit voltages of up to 540 mV,

indicating that the dangling bond density is not the main dif-

ference between the SPC and the LPC material. By replace-

ment of the SiC/SiO interlayer stack between glass substrate

and silicon by a bare SiO layer, the DB density decreases

considerably to below 8� 1014 cm�3 enabling open circuit

voltages around 570 mV (orange star).

In order to evaluate to what extent the two defect types,

dangling bonds and dislocations, are responsible for the limi-

tation of the open circuit voltage, numerical calculations

have been performed. Three defect states are assumed that

represent the energetic states caused by the dangling bonds

and dislocations (D1 and D2). The DB defect states are dis-

tributed as a Gaussian centered mid-gap between the conduc-

tion and valence band, where the integral over this

distributions equals the respective defect density.42,44 The

standard deviation of the Gaussian is 180 meV. The energetic

position of the dislocation-related defect states are 122 meV

(D2) and 163 meV (D1) below the conduction band, as deter-

mined by temperature-dependent PL.

The simulation calculates a recombination rate Ri
45

Ri ¼
N0vn

thvp
th rn rp np� n2

ief f

� �

vn
th rn nþ n1

gn

� �
þ vp

th rp pþ p1

gp

� � ;

n1 ¼ NC exp
Etrap � EC

kT

� �
; p1 ¼ NV exp

EV � Etrap

kT

� �
;

(1)

for each of the three defect states (DB, D1, and D2), where

N0 and Etrap are the respective defect density and defect

energy level. The total recombination rate is the sum of these

three rates. The material properties of the p-absorber layer

summarized in Table I are those of crystalline silicon, where

le, lh, NC, NV , vn
th, vp

th, and Egap ¼ EC � EV depend on the

doping concentration.46 The simulated nþ/p�/pþ structure

(layer thicknesses, doping concentrations) of the model is

identical to the real SPC samples. A constant surface recom-

bination velocity of 100 cm/s was chosen to solely investi-

gate the influence of the bulk defects. As the capture cross-

section of the DB defects is still a matter of debate in

literature, a mean value of 3� 10�16 cm2 was assumed.47–50

I-V-curves are calculated for each combination of dislo-

cation density and DB defect density. The respective VOC

value is plotted versus the DB density in Fig. 2, where each

curve represents a different dislocation density.

At DB densities larger than 1017 cm�3, the lines are con-

gruent. With decreasing DB density, the curves split up and

each line saturates at a certain VOC value, which depends on

FIG. 2. Open circuit voltage of the c-Si thin-film solar cells versus the den-

sity of paramagnetic spins. Experimental results on LPC and SPC samples

with optional TA and/or HP are depicted by data points. The curves show

the calculated open circuit voltage of the SPC material in dependence of

both, the dislocation and the dangling bond density (curves).
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the dislocation density. This means, that for a certain disloca-

tion density a reduction of the DB density results in no fur-

ther improvement of the VOC since the material quality is

limited by dislocations. For the lowest dislocation density

that has been investigated (107 cm�2), there is no saturation

visible in the shown regime. Hence, at low dislocation den-

sities an improvement of the VOC is still possible by reducing

the DB defect density.

Comparing the experimental data with the simulation, it

can be seen that the influence of dislocations is only relevant

for DB densities smaller than 4� 1016 cm�3, i.e., for LPC

material and SPC silicon after HP (open symbols). For DB

densities >4� 1016 cm�3, i.e., the SPC material without HP,

the solar cells are limited by the deep DB defects.

The experimentally measured VOC values of completely

processed samples (open circles) are enveloped by the two

lines calculated for 1010 cm�2 and 1011 cm�2, which is in

excellent accordance with the measured dislocation density

of 1010 cm�2. The simulation shows that a further reduction

of the DB density will not lead to an improvement of the

VOC unless the dislocation density is also reduced. For the

hydrogen passivated SPC material, this interpretation corre-

sponds to the assumption of Wong et al.12 that the deep DB

defects have no influence on the electrical quality of the SPC

silicon. The alleged contradiction between the model of

Wong et al.12 and the simulations of Fehr et al.13 describing

the direct dependence of the VOC from the DB defect density,

which are also valid in their respective regime of VOC values

and defect densities, is resolved by the investigations in this

work: The limiting defect type changes during the post-

processing (TA and HP) of the SPC material. While there is

a clear dependence from the DB density when analyzing the

process chain of the SPC solar cells (as investigated by Fehr

et al.13), the influence of DB defects can be neglected after

hydrogenation. In this state the dislocations embody the lim-

iting defect type.

The DB density of 3� 1015 cm�3 found for the LPC

samples on SiC/SiO is in the same order of magnitude as the

hydrogenated SPC layers (open circles). So, despite the huge

difference in grain size, and thus the grain boundary to vol-

ume ratio, the crucial difference between these two materials

is the density of intra-grain defects like dislocations and not

the DB density. In order to reach VOC values higher than

500 mV (600 mV), the dislocation density lower than

109 cm�2 (107 cm�2) is required. In this regime, however, the

influence of interface and surface recombination has to be

taken into account.

In conclusion, the influence of dangling bond defects

and dislocations on the open circuit voltage of crystalline sil-

icon thin-film solar cells has been investigated. The densities

and energy levels of the two defect types have been experi-

mentally determined by transmission electron microscopy,

electron beam induced current, photoluminescence, and elec-

tron spin resonance spectroscopy. A comparison of experi-

mental data and numerical simulations revealed that silicon

dangling bonds are the limiting defect type of the c-Si films

for densities larger 4� 1016 cm�3. At spin densities lower

than 4� 1016 cm�3, the maximum achievable VOC depends

strongly on the dislocation density. The results indicate that

the main difference between the small grained SPC and the

large grained LPC is not grain boundary defects but the den-

sity of dislocations.
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