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The influence of oxygen and nitrogen impurities on the performance of thin-film solar cells based

on microcrystalline silicon ��c-Si:H� has been systematically investigated. Single �c-Si:H layers

and complete �c-Si:H solar cells have been prepared with intentional contamination by admitting

oxygen and/or nitrogen during the deposition process. The conversion efficiency of �1.2 �m thick

�c-Si:H solar cells is deteriorated if the oxygen content in absorber layers exceeds the range from

1.2�1019 to 2�1019 cm−3; in the case of nitrogen contamination the critical impurity level is lower

��N�critical=6�1018–8�1018 cm−3�. It was revealed that both oxygen and nitrogen impurities

thereby modify structural and electrical properties of �c-Si:H films. It was observed that the both

contaminant types act as donors. Efficiency losses due to oxygen or nitrogen impurities are

attributed to fill factor decreases and to a reduced external quantum efficiency at wavelengths of

�500 nm. In the case of an air leak during the �c-Si:H deposition process, the cell performance

drops at an air leak fraction from 140 to 200 ppm compared to the total gas flow during i-layer

deposition. It is demonstrated that oxygen and nitrogen impurities close to the p / i-interface have a

stronger effect on the cell performance compared to impurities close to the n / i-interface. Moreover,

thick �c-Si:H solar cells are found to be more impurity-sensitive than thinner cells. © 2009

American Institute of Physics. �DOI: 10.1063/1.3104781�

I. INTRODUCTION

Microcrystalline silicon ��c-Si:H� emerged as a prom-

ising absorber material for photovoltaics. It combines the

advantages of amorphous silicon �a-Si:H� and its thin-film

technology with the stability and long wavelength spectral

sensitivity of crystalline silicon. Solar modules consisting of

a-Si:H top cells and �c-Si:H bottom cells have yielded sta-

bilized efficiencies above 10% on laboratory level. For single

junction �c-Si:H solar modules efficiencies above 8% have

been demonstrated.
1,2

One prerequisite for the fabrication of high-efficiency

�c-Si:H solar cells is a low contamination level of impuri-

ties in the intrinsic �c-Si:H absorber layer.
3

There are sev-

eral possible mechanisms resulting in an unintentional incor-

poration of foreign atoms during �c-Si:H i-layer deposition.

Oxygen, nitrogen, and carbon contaminations may be intro-

duced by impurities in the process gases hydrogen and silane

itself. Other sources for impurities are air leaks and/or out-

gassing in the deposition chamber indicated by an increased

base pressure and in situ plasma cleaning procedures with

SF6 /O2 or NF3 before �c-Si:H deposition.
4,5

The present work addresses the influence of oxygen and

nitrogen impurities on the properties of �c-Si:H absorber

layers and the performance of �c-Si:H solar cells. Whereas

previous studies were restricted to impacts on the �c-Si:H

material properties and to the influence of process gas puri-

fication on the spectral response of �c-Si:H solar cells, we

present a direct relation between oxygen and nitrogen con-

tent, the material properties, I-V-parameters of solar cells,

and external quantum efficiency �QE� measurements.

The previous studies performed by several research

groups revealed that both the presence of oxygen and nitro-

gen influences the electrical and structural properties of mi-

crocrystalline silicon. For the incorporation of oxygen in

�c-Si:H films it was shown that it causes an increase in dark

conductivity
3,6–8

and charge carrier density.
8

Oxygen and ni-

trogen impurities in microcrystalline silicon were found to

lead to donor states.
9,10

Moreover, Electron Spin Resonance

�ESR� studies have shown that oxygen contaminants lead to

an increase in the spin density in microcrystalline

silicon.
10–12

It is found that the degree of hydrogen passiva-

tion has an important influence on the defect density.
13

Therefore, low substrate temperatures during �c-Si:H depo-

sition are beneficial.
14

It is speculated that oxygen atoms in
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microcrystalline silicon are located at the amorphous tissues

and at the grain boundaries.
8

Oxygen and nitrogen impurities

are also found to affect the structural properties of microc-

rystalline silicon. The �c-Si:H deposition regime is shifted

toward a more amorphous growth both for oxygen
8

and ni-

trogen impurities.
9

This paper describes the quantification of critical oxygen

and nitrogen impurity levels for the fabrication of high-

efficiency �c-Si:H solar cells by correlating the oxygen and

nitrogen i-layer content with the corresponding solar cell

I-V-parameters. In parallel, changes in electrical and struc-

tural properties of �c-Si:H absorber layers have been inves-

tigated. Moreover, we study the relationship between air leak

flow and cell performance and the relation between cell

thickness and impurity sensitivity. Also the role of local dis-

tribution of oxygen and nitrogen impurities within the

�c-Si:H absorber layer has been examined. The same group

also investigates the influence of atmospheric contaminants

on the properties of amorphous silicon.
15

II. EXPERIMENTAL DETAILS

Applying a state-of-the-art 13.56 MHz �c-Si:H Plasma-

Enhanced Chemical Vapor Deposition �PECVD� process, all

solar cells were fabricated in a parallel plate capacitively

coupled plasma reactor. It consisted of two electrodes,

150 cm2 in area and 1.0 cm apart, between which a plasma

was ignited by applying a 13.56 MHz rf signal onto the

lower electrode. The substrates �10�10 cm2� were mounted

to the upper electrode. The glasses plates were coated by

in-house magnetron sputtering with ZnO:Al that was tex-

tured subsequently by wet chemical etching.
16,17

In order to

reduce unintentional oxygen and nitrogen impurities, the

SiH4 and H2 feed gases were conducted through a gas puri-

fier �SAES PS11-PG1-Si� before supplying homogenously to

the plasma through showerhead holes in the lower electrode.

For all i-layer depositions the hydrogen flow was kept con-

stant at 360 SCCM �SCCM denotes standard cubic centime-

ter per minute at STP�. All �c-Si:H solar cells were pre-

pared in p-i-n sequence with a cell area of 1 cm2.

Depending on the applied silane flow rate i-layer deposition

rate was between 0.26 nm/s �1.7 SCCM� and 0.52 nm/s �3.5

SCCM� at a substrate temperature around 200 °C. The back

contact was Ag prepared by evaporation. Single �c-Si:H

layers for measuring material properties were deposited on

undoped seed layers deposited under the same conditions as

the p-layers in the solar cells. Corning Eagle 2000 glass and

crystalline silicon �c-Si� served as substrates.

For the preparation of intentionally contaminated

�c-Si:H layers, a controllable leak was installed at the reac-

tor wall of the i-chamber. The controllable leak served either

as air leak or was connected with an oxygen �O2 4.8 purity�

or nitrogen �N2 5.0 purity� gas cylinder. By opening up the

controllable leak, the base pressure of the i-chamber was

varied by three orders of magnitude between 10−8 and

10−5 Torr. For in situ diagnostics an Oriel MS257 spectrom-

eter was used monitoring the optical emission of the plasma

with the aim to identify spectral lines of oxygen and nitro-

gen.

The I-V-curves of �c-Si:H solar cells under illumination

�AM 1.5 spectrum, 100 mW /cm2, 25 °C� were measured

using a continuous light �dc� sun simulator of class A

�Wacom�. For determining the external QE of �c-Si:H solar

cells, monochromatic probe beams with wavelengths from

300 to 1100 nm were used, and the differential spectral re-

sponses at 0 and �0.5 V bias voltage were measured. Sec-

ondary ion mass spectrometry �SIMS� depth profiles were

performed to determine the concentration of oxygen, carbon,

and nitrogen in the �c-Si:H layer using a quadruple instru-

ment �Atomika 4000�. The residual gas pressure in the SIMS

analysis chamber was �10−10 Torr. Primary Cs+ ions at

near-normal incidence with energies of 6 keV were used and

negative secondary ions were detected. Employing a sputter-

ing rate of �0.5 nm /s, we obtain in float zone c-Si the

oxygen and nitrogen detection limits of �5�1017 and �7

�1016 cm−3, respectively.
18

Raman spectroscopy was performed both on single

�c-Si:H layers and on �c-Si:H solar cells of which the

amorphous n-layers were removed by KOH etching. For ex-

citation with 647 nm laser light the estimated probing depth

is about 1 �m. The ratio IC
RS of the crystalline contributions

near 520 and 500 cm−1 to the total integrated intensity of the

Raman scattered TO signal was used as measure for the crys-

talline volume fraction of the film.
19,20

Infrared �IR� absorp-

tion measurements were conducted using a Fourier transform

spectrometer system Nicolet 5700 in order to investigate the

different Si–H and Si–O bonds in �c-Si:H layers that were

deposited on c-Si substrates. IR transmission was measured

in the range of 400–4000 cm−1.

The measurements of dark and photoconductivities were

conducted in a coplanar two-point configuration using

evaporated Ag contacts. To avoid the atmospheric influence,

the measurements �at room temperature� were performed in

high vacuum after annealing the samples for 30 min at

160 °C. The photoconductivity measurements were done us-

ing a tungsten lamp, calibrated with a reference sample

against the intensity of the solar simulator �AM 1.5 spec-

trum, 100 mW /cm2�. Details of the Hall measurements are

described in detail in Ref. 21. Hall samples were structured

and contacted photolithographically in order to minimize off-

set voltages. The typical Hall geometry was 6�1.9 mm2,

having two pairs of Hall contacts. The Hall setup used in the

experiments holds the sample in a dark, evacuated cryostat,

with a magnetic flux of 1.9 T through the samples, while the

base voltage can be set between 10 and 1000 V. The mea-

surement of intrinsic �c-Si:H films is difficult due to of high

sample resistances.

All SIMS depth profiles, Hall measurements, conductiv-

ity measurements, IR absorption measurements, and Raman-

scattering measurements were performed immediately after

taking the �c-Si:H samples out of the deposition chamber.

Thereby an appreciable impact on the measurement results

by the atmospheric indiffusion of H2O, O2, or N2 is reduced

as much as possible.

074509-2 Kilper et al. J. Appl. Phys. 105, 074509 �2009�



III. RESULTS

A. Correlation between air leak flow and �c-Si:H
solar cell performance

With the aid of a needle valve, air was admitted to the

reactor in small quantities. In this way �c-Si:H absorber

layers were intentionally contaminated with both oxygen and

nitrogen. The base pressure in the reactor could be varied by

changing the air leak size. The leak flow �in SCCM� is con-

sidered as a reactor-independent quantity to define an occur-

ring leak in a deposition chamber. For various air leak rates,

the actual air leak flow was estimated by monitoring the

pressure increase versus time with closed pumping valves.

The correlation with the corresponding base pressures �mea-

sured with open pumping valves� is shown in Fig. 1. It is

observed that base pressure pbase rises with air leak flow

Qairleak according to Qairleak� p1.2.

To address the question which air leak flow values dete-

riorate the cell performance due to the incorporation of oxy-

gen and nitrogen, we prepared a series of �1.2 �m thick

�c-Si:H solar cells with air leak and various base pressures.

The absorber layer of each solar cell was deposited in the

desired regime close to the transition to amorphous growth

since highest �c-Si:H solar cell efficiencies are found in this

regime. The crystalline volume fraction is controlled by ad-

justing the silane concentration SC= �SiH4� / ��SiH4�+ �H2��

of the source gas mixture. The open-circuit voltages of solar

cells deposited under efficiency optimized silane concentra-

tion �referred to as “optimum phase mixture”� are typically

520 mV, whereas for higher silane concentrations they in-

crease up to typically 800 mV corresponding to amorphous

i-layer materials.
22,23

For obtaining the optimum phase mix-

ture for all contamination levels in this experiment, silane

flows between 3.0 and 3.5 SCCM �at a fixed hydrogen flow

of 360 SCCM� were needed. When using the same silane

flow for the whole series, the open-circuit voltages of the

cells with higher impurity levels increase considerably, indi-

cating that the material is too amorphous. Therefore, for the

higher impurity levels, decreased silane flows were applied

in order to keep the open-circuit voltage values as constant

as possible.

In Fig. 2 the I-V-values of this series are plotted versus

the corresponding air leak flows. It is seen that a constant

efficiency is found up to a critical air flow in the range from

5�10−2 to 7�10−2 SCCM. At higher air flows, the cell

efficiency starts to drop. This drop is mainly due to a de-

crease in the short-circuit current density in the red spectral

range. The used silane flows at the threshold were 3.0

SCCM. The results imply that the �c-Si:H solar cell perfor-

mance is affected if the air leak flow fraction in relation to

the total gas flow exceeds the range from 140 to 200 ppm.

SIMS depth profiles revealed that the first �c-Si:H solar cell

in this series with a lowered efficiency of 6.2% �prepared at

an air leak flow of 7�10−2 SCCM� contained 7�1018 oxy-

gen and 4�1019 cm−3 nitrogen.

B. Influence of �c-Si:H i-layer thickness

To study the influence of oxygen and nitrogen impurities

on �c-Si:H solar cell with different i-layer thickness, we

prepared a series of �c-Si:H solar cells with a variation in

i-layer thickness from 400 to 3000 nm. The �c-Si:H ab-

sorber layers were prepared with air leaks at corresponding

base pressures of 10−6 and 10−5 Torr, respectively, and a

reference series of �c-Si:H solar cells without air leak has

been made. Analyzing short-circuit current density values in

Fig. 3 at low and high impurity levels �base pressures of 10−6

and 10−5 Torr, respectively�, it can be concluded that thin

FIG. 1. Base pressure pbase vs air leak flow Qairleak for various air leak rate

settings. The dotted line serves as guide to the eyes.

FIG. 2. �Color online� I-V-parameters of �1.2 �m thick �c-Si:H solar

cells as a function of the leak flow Qairleak. Short-circuit current densities and

fill factors are denoted under white �AM1.5�, red �OG590 filter�, and blue

�BG7 filter� light illumination. The dotted lines serve as guides to the eyes.
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�c-Si:H solar cells �dSi�1 �m� are significantly less sen-

sitive to oxygen and nitrogen impurities than thick cells

�dSi�3 �m�. Furthermore it is observed that the decrease in

short-circuit current density of the thicker cells is mainly due

to a decrease in the red response �the spectral range between

600 and 1000 nm�.

C. Role of local distribution of oxygen and nitrogen
impurities

The influence of oxygen and nitrogen impurities on the

solar cell performance in dependence of their local depth

distribution within the �c-Si:H absorber layer was investi-

gated. Hereto, we prepared a �1.2 �m �c-Si:H solar cell

of which the absorber layers were alternately grown with

three different oxygen and nitrogen impurity levels. During

the first 400 nm of i-layer deposition, a large air leak corre-

sponding to a base pressure of 3�10−5 Torr was applied,

which results in high oxygen and nitrogen impurity levels

compared to an uncontaminated reference cell as one can see

in Fig. 4�a� �SIMS depth of �800–1200 nm�. Then the

middle part of the i-layer was deposited with a base pressure

of 10−6 Torr. Figure 4�a� shows the corresponding lower

oxygen and nitrogen impurity levels for this middle part

ranging from �400 to �800 nm. The preparation of the last

i-layer part finally was performed without air leak. A further

decrease in the nitrogen impurity level can be distinguished

at a SIMS depth from �80 to �400 nm. The

I-V-characteristics �not shown� of the �c-Si:H solar cell

with the SIMS depth profile as shown in Fig. 4�a� were simi-

lar to those with absorber layers of continuously high oxygen

and nitrogen contamination; efficiency was 3.7%, fill factor

was 61.3%, and short-circuit current density was

11.2 mA /cm2 at an open-circuit voltage of 532 mV.

A second �c-Si:H solar cell with an i-layer sandwich

structure was prepared with the sequence of air leak sizes

inverted. Figure 4�b� shows the corresponding SIMS depth

profiles. The I-V-characteristics of that �c-Si:H solar were

not affected by this impurity distribution; efficiency was

7.4%, fill factor was 72.4%, and short-circuit current density

was 19.1 mA /cm2 at an open-circuit voltage of 530 mV.

D. Influence of oxygen impurities on the solar cell
performance

A series of �1.2 �m thick �c-Si:H solar cells with

various oxygen gas flows was prepared. For an i-layer depo-

sition in a regime close to the transition to amorphous

growth, we gradually reduce the silane concentration at in-

creasing oxygen gas flow in order to keep the Voc in the

range of 520 mV typical for transition-type �c-Si:H. Figure

5�a� shows the correlation between adjusted base pressure

and measured i-layer oxygen concentration. For �c-Si:H

i-layer depositions without oxygen leak, the base pressure in

the i-chamber was approximately 3�10−8 Torr, and the

measured oxygen concentration in the deposited �c-Si:H

layers was between 2�1018 and 4�1018 cm−3. The deposi-

tion with the smallest oxygen leak size was performed at an

oxygen leak rate that corresponds to a base pressure of 3.8

�10−7 Torr. For this leak size, no change in oxygen concen-

tration could be detected. However, for larger oxygen leaks

the oxygen concentration is systematically increasing as a

function of the base pressure. The Nitrogen concentration of

these films was found to remain small ��N��1018 cm−3�.

Figure 6�a� shows the I-V-parameters measured for

�c-Si:H solar cells as a function of the oxygen concentra-

tion in the i-layer. In this case, the cells with high impurity

content were deposited with reduced silane concentrations in

order to obtain roughly equal open-circuit voltage values.

Whereas �c-Si:H solar cells with low oxygen content were

FIG. 3. �Color online� Short-circuit current density of �c-Si:H solar cells

for white �AM1.5�, red �OG590 filter�, and blue �BG7 filter� light illumina-

tion at different i-layer thicknesses and atmospheric impurity contents. The

dotted lines serve as guides to the eyes.

FIG. 4. �Color online� Oxygen and nitrogen SIMS depth profiles of

�c-Si:H solar cells with i-layer sandwich structures alternately grown with

three different air leak sizes. Compared to �a�, the sequence of applied air

leak sizes in �b� was exactly inverted. As reference also the oxygen and

nitrogen SIMS depth profiles of a solar cell deposited without leak are

shown.
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prepared at a silane flow of 3.3 SCCM, the �c-Si:H solar

cell with the highest oxygen content of 1.9�1021 cm−3 was

deposited at a silane flow of 1.7 SCCM. Solar cells prepared

under these high oxygen flows at a silane flow of 3.3 SCCM

had open-circuit voltages of roughly 800 mV �instead of

around 520 mV�, indicating that i-layer material became

amorphous. The figure shows that for oxygen concentrations

of up to the range from 1.2�1019 to 2�1019 cm−3, the solar

cell efficiency is not affected by impurities. Above this im-

purity level solar cell efficiency starts to drop continuously

due to a reduced short-circuit current density and fill factor.

Figure 6�a� shows that also fill factor and short-circuit cur-

rent density measured under red light illumination decrease

strongly with increasing oxygen concentration, while under

blue light illumination they stay constant also for high impu-

rity levels.

External QE spectra of �c-Si:H solar cells with different

oxygen content are shown in Fig. 7�a�. The sample with an

oxygen concentration of 4.2�1019 cm−3 exhibits significant

QE losses at wavelengths of �500 nm compared to the ref-

erence �c-Si:H solar cell. The QE of the sample with the

highest oxygen content in this series ��O�=1.9

�1021 cm−3� is further decreased for the whole wavelength

range. The strongest differences compared to the uncontami-

nated reference cell occur in the longer wavelength range

from 500 to 900 nm. Furthermore it can be seen that under

negative bias voltage conditions, the external QE of the poor

cells is enhanced. This indicates that oxygen contamination

leads to a charge collection problem in the cells.

E. Correlation between oxygen content and structural
and electrical properties of �c-Si:H films

Figure 7�a� shows a strong decrease in the external QE at

long wavelengths for solar cells with high oxygen content.

High QEs also at long wavelengths are a typical feature of

�c-Si:H solar cells compared to a-Si:H solar cells. There-

fore, it needs to be determined whether this decrease coin-

cides with a decrease in crystalline volume fraction. As men-

tioned before, throughout this series, the silane flow was

adapted in order to compensate for the decrease in crystalline

due to the oxygen incorporation. Raman spectra of �c-Si:H

solar cells with different oxygen content were taken �Fig.

8�a��. It can been seen that the �c-Si:H solar cells with high

oxygen content have a slightly higher crystalline volume

fractions compared to solar cells with low oxygen content.

This means that the decrease in crystallinity with increasing

oxygen concentration was slightly overcompensated by de-

creasing the silane flow during the deposition process and the

decrease in the QE is not caused by a reduced crystalline

volume fraction. It is also noticeable that the band at

520 cm−1 related to the crystalline phase of the sample with

the highest oxygen concentration is shifted to lower wave

numbers. This phenomenon can be attributed to a higher de-

gree of stress in the material
24

or to a smaller grain size.
25

To obtain additional information on the influence of oxy-

gen on the structural and electrical properties, �c-Si:H lay-

ers with different oxygen concentrations and a thickness of

1.1–1.5 �m were deposited on Corning glass and on c-Si

substrates. The films were deposited under the same condi-

tions as at the preparation of absorber layers of the �c-Si:H

solar cells, i.e., with adapted silane flows, in order to prevent

the decrease in crystallinity upon oxygen contamination.

From Raman measurements it can be deduced that the crys-

talline volume fractions of absorber layers in �c-Si:H solar

FIG. 5. Oxygen concentration �O� of �c-Si:H absorber layers vs base pres-

sure pbase of the i-chamber varied by a controllable oxygen leak �a�. The

dotted line serves as guide to the eyes. Optical emission spectrum for a

deposition without nitrogen leak corresponding to a base pressure of 4

�10−8 Torr and for a deposition with nitrogen leak corresponding to a base

pressure of 1.2�10−5 Torr �b�. The difference between the two spectra is

plotted on a different scale. Nitrogen concentration �N� of �c-Si:H absorber

layers and relative N2
+ emission during i-layer deposition vs the base pres-

sure pbase of the i-chamber for various nitrogen leak rate settings �c�. The

dotted line serves as guide to the eyes.
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FIG. 6. �Color online� I-V-parameters of �1.2 �m

thick �c-Si:H solar cells as a function of the oxygen

�a� and nitrogen �b� concentration in the absorber layer.

Short-circuit current densities and fill factors are de-

noted for white �AM1.5�, red �OG590 filter�, and blue

�BG7 filter� light illumination. The dotted lines serve as

guides to the eyes.

FIG. 7. �Color online� External QEs at 0 V �solid lines� and �0.5 V �dotted

lines� bias voltages of �c-Si:H solar cells with various oxygen �a� and

nitrogen �b� contents.

FIG. 8. �Color online� Raman spectra of �1.2 �m thick �c-Si:H solar

cells with absorber layers with various oxygen �a� and nitrogen �b�

concentrations.
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cells and of the corresponding �c-Si:H films on Corning

glass with equal oxygen content are very similar �not

shown�.

Figure 9�a� shows IR absorption spectra of the �c-Si:H

films deposited on c-Si substrates. The �c-Si:H film with the

highest oxygen content of 1.9�1021 cm−3 has additional ab-

sorption around 1050 cm−1 attributed to Si–O bonds. Also

the Si–H stretching mode at 2000 and 2100 cm−1 is affected

by the oxygen impurities. Figure 9�a� shows that for the

samples with oxygen concentrations of 1.1�1019 and 1.4

�1020 cm−3, the absorption peak at �2000 cm−1 is domi-

nating, which indicates that the material is compact. On the

other hand, the �c-Si:H film with a higher oxygen concen-

tration of 1.9�1021 cm−3 shows a major contribution of the

2100 cm−1 absorption peak and an additional contribution

around 2200 cm−1.

Hall and conductivity measurements have been per-

formed to study electrical properties as a function of oxygen

incorporation. The first result was that all samples are n-type,

i.e., electrons are the majority carriers. Figure 10�a� shows

the determined carrier densities n, dark conductivities 	d,

and photo responses 	ph /	d of �c-Si:H films with different

oxygen concentrations. As one can see, all quantities are af-

fected by the incorporation of oxygen in microcrystalline

silicon. The carrier density and dark conductivity increase by

nearly four orders of magnitude with increasing oxygen con-

centration from 1.1�1019 to 1.9�1021 cm−3. For the high-

est contamination level the doping efficiency of oxygen is in

the order of 10−4. Photoresponse decreases with nearly two

orders of magnitude for the same samples.

F. Influence of nitrogen impurities on the solar cell
performance

To investigate the influence of nitrogen impurities on the

performance of �c-Si:H solar cells, a series of �1.2 �m

thick solar cells was prepared by inserting nitrogen and ap-

plying the same procedure as for oxygen impurities. During

the �c-Si:H i-layer deposition process sharp nitrogen emis-

sion lines were observed in the optical emission spectra of

the deposition plasma when applying the nitrogen leak. Fig-

ure 5�b� shows the recorded optical emission spectrum be-

tween 330 and 370 nm for a deposition with �pbase=1.2

�10−5 Torr� and without �pbase=4�10−8 Torr� nitrogen

leak. In this figure also the difference between the two spec-

tra is plotted on a different scale so that three peaks at 337.1,

353.6, and 358 nm are visible, which could be attributed to

molecular bands of the second positive system of nitrogen.
26

FIG. 9. IR absorption spectra of �c-Si:H films with different oxygen �a�

and nitrogen �b� concentrations. The individual spectra are shifted for

clarity.

FIG. 10. Carrier density n, dark conductivity 	d, and

photoresponse 	ph /	d of �c-Si:H films with different

oxygen �a� and nitrogen �b� concentrations.
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In Fig. 5�c� the area of these three nitrogen peaks relative to

the area of the continuum radiation was used as measure for

the relative N2
+ emission. The signal was recorded as a func-

tion of the corresponding base pressure and obeys a 0.9th

power law. Thus, under the applied conditions the relative

N2
+ emission can be used as a measure for the concentration

of nitrogen in the deposition chamber and may be used as

reactor-independent quantity to assess a nitrogen leak.

The correlation between adjusted base pressures and ni-

trogen concentrations in the �c-Si:H absorber layers is also

plotted in Fig. 5�c�. At i-layer deposition conditions without

intentional nitrogen leak, the base pressure in the i-chamber

was �3�10−8 Torr, and the measured nitrogen concentra-

tions in the i-layers were in the range from 7�1016 to 1.2

�1018 cm−3. For a nitrogen leak size corresponding to a

base pressure of 3�10−7 Torr, the amount of incorporated

nitrogen is only slightly higher than for �c-Si:H depositions

without nitrogen leak. However, with increasing nitrogen

leak, the nitrogen concentration increases strongly and obeys

a 1.3th power law with respect to the base pressure.

Figure 6�b� shows the I-V-parameters of �c-Si:H solar

cells as a function of the nitrogen content in the �c-Si:H

absorber layer. SIMS depth profiles revealed that for each of

those solar cells, the oxygen content was sufficiently below

the critical level �O�critical��O��1019 cm−3�, so the following

results can be interpreted as effects of nitrogen impurities

alone. The silane concentration during i-layer deposition was

adapted aiming to keep the open-circuit voltage values con-

stant over the whole series. The �c-Si:H solar cells with low

nitrogen content were prepared at a silane flow of 3.3

SCCM, whereas the �c-Si:H solar cell with the highest ni-

trogen content of 2.5�1020 cm−3 was deposited at a silane

flow of 3.0 SCCM. The figure shows that for nitrogen con-

centrations up to the range from 6�1018 to 8�1018 cm−3,

the solar cell efficiency is not affected. Above this threshold

similar effects can be observed as in the case of oxygen

impurities. Due to a continuous reduction in short-circuit

current density and fill factor, solar cell efficiency starts to

drop with increasing nitrogen concentration. The short-

circuit current density and the fill factor under red light illu-

mination decrease in parallel to the short-circuit current den-

sity and fill factor under AM1.5, while under blue light

illumination short-circuit current density and fill factor re-

main almost the same or drop distinctly less strongly, respec-

tively. Figure 7�b� shows the external QEs of �c-Si:H solar

cells with a nitrogen content of 4.4�1017 and 1.3

�1020 cm−3. The sample with high nitrogen concentration

exhibits significant QE losses at wavelengths of �500 nm

compared to the reference �c-Si:H solar cell. Also here, the

external QE is enhanced under negative bias voltage condi-

tions, indicating a charge collection problem in the cells.

G. Correlation between nitrogen content and
structural and electrical properties of �c-Si:H films

The influence of nitrogen impurities on structural and

electrical properties of �c-Si:H absorber layers was investi-

gated. Raman spectra of solar cells with i-layers with differ-

ent nitrogen contents were taken. They show that �c-Si:H

solar cells with high nitrogen content have similar crystalline

volume fractions compared to solar cells with low nitrogen

content and roughly equal open-circuit voltage �Fig. 8�b��.

Thereby it is demonstrated that the decrease in the short-

circuit current density is not explained by a reduction in the

crystalline volume fraction for high nitrogen concentrations.

The three samples with nitrogen concentrations of up to

7.5�1019 cm−3 showed no shift in the crystalline peak to-

ward lower wave numbers. Under the same deposition con-

ditions, a series of separate i-layers with a thickness of 1.2 to

1.4 �m has been deposited on glass and c-Si substrates. The

Raman spectra were very similar compared to the cell results

in Fig. 8�b�. IR absorption spectra of these �c-Si:H layers

are shown in Fig. 9�b�. It shows that the 2100 cm−1 mode is

not present for the highest nitrogen impurity level that was

prepared.

The performed Hall and conductivity measurements

show that the electrical properties of �c-Si:H films are sen-

sitive to nitrogen impurities �Fig. 10�b��. All samples were

n-type. With increasing nitrogen content from 1.6�1018 to

7.5�1019 cm−3, the carrier density and dark conductivity

increase nearly four orders of magnitude. The photoresponse

decreases nearly two orders of magnitude.

IV. DISCUSSION

The experiments are performed with an intentional im-

purity source �air, oxygen, or nitrogen leak� at the reactor

wall, whereas the regular source gases are admitted directly

into the plasma zone by means of a showerhead electrode.

The experiments simulate contamination mechanisms origi-

nating from leaks or outgassing from the reactor walls during

the �c-Si:H deposition.

Both oxygen and nitrogen impurities in absorber layers

were found to deteriorate the performance of �c-Si:H solar

cells if certain critical impurity levels are exceeded due to a

significant decrease in fill factor and short-circuit current

density. External QE measurements revealed that losses oc-

cur particularly in the wavelength range between 500 and

900 nm, which is attributed to a deteriorated collection effi-

ciency of charge carriers that are photogenerated in the

i-layer bulk.

It is observed that a �c-Si:H solar cell with the inhomo-

geneous oxygen and nitrogen impurity profile in Fig. 4�b�

shows state-of-the-art I-V-values, although a large fraction of

the i-layer volume has oxygen concentrations of up to �1

�1020 cm−3 and nitrogen concentrations of up to �2

�1020 cm−3, which are distinctly above the critical impurity

levels in Figs. 6�a� and 6�b�. Calculations of the average

oxygen and nitrogen concentrations in the absorber layer in

Fig. 4�b� yield values of �O�av=4.2�1019 cm−3 and �N�av

=8.4�1019 cm−3. Microcrystalline solar cells with an

evenly distributed oxygen contamination of �4

�1019 cm−3 lead to conversion efficiencies of 5.8% �Fig.

6�a��. In the case of an evenly distributed nitrogen contami-

nation of �8�1019 cm−3, a cell efficiency of 5.0% was ob-

tained �Fig. 6�b��. Actually, these two values are significantly

lower than the conversion efficiency of 7.4%, which the

�c-Si:H solar cell with the oxygen and nitrogen SIMS depth
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profile in Fig. 4�b� attains. Therefore, it can be concluded

that the location of the contaminant atoms in the device plays

a decisive role. If high concentrations are near to the

p / i-interface, �c-Si:H solar cells react sensitively and the

cell performance is strongly deteriorated. However, at high

oxygen and nitrogen concentrations in the i-layer bulk or

near to the n / i-interface, �c-Si:H solar cells appear to react

clearly less sensitively.

In the following we discuss which effect determines the

�c-Si:H solar cell efficiency drop when the critical oxygen

or nitrogen impurity levels are exceeded. The investigated

different nitrogen concentrations exceeding the critical level

in �c-Si:H films caused no increasing contribution from the

2100 cm−1 mode in the IR absorption spectra, whereas for

�c-Si:H films with oxygen impurities �in which series

higher impurity concentrations were obtained�, a prominent

contribution of the 2100 cm−1 mode was obtained at the

highest concentration. The contribution at 2000 cm−1 origi-

nates from SiH bonds in a compact environment, whereas

the 2100 cm−1 mode is generally attributed to SiH bonds at

void surfaces,
27

indicating a more porous material structure.

However the presence of oxygen atoms in the vicinity of

Si–H bonds can lead to a shift in the 2000 cm−1 mode to-

ward 2100 cm−1 and of the 2100 cm−1 mode toward

2200 cm−1.
28

The presence of a contribution around

2200 cm−1 for the highest �O� in Fig. 9�a� is an indication

that the shift should be at least partly attributed to the

oxygen-induced increased vibration frequency of the Si–H

stretching modes as described in Ref. 28. Therefore, no un-

ambiguous conclusion about the mechanism behind the

higher 2100 cm−1 contribution for the highest oxygen con-

centration can be drawn at the present stage, i.e., there is no

evidence for an increased oxygen-induced void concentra-

tion.

The solar cell results show that the short-circuit current

density and the fill factor are deteriorated stronger if the con-

taminants are located close to the p / i-interface than if they

are located close to the n / i-interface. Furthermore it is ob-

served that the impurity induced decrease in the cell perfor-

mance is stronger for �c-Si:H solar cells with thick i-layers

��3 �m� compared to thin i-layers ��0.5 �m�. These ef-

fects can be a result of a collection problem of charge carri-

ers generated in the bulk of the i-layer. The external QE

measurements of contaminated �c-Si:H solar cells per-

formed under negative dc bias show a significantly higher

signal than without bias voltage. Also this indicates that the

collection efficiency of the photogenerated charge carriers is

reduced under influence of the impurities.

From the Hall measurements on �c-Si:H layers it was

deduced that microcrystalline silicon with oxygen or nitro-

gen impurities is n-type doped. From the literature it is

known that for amorphous silicon the, defect density gener-

ally increases with increasing nitrogen or oxygen

concentration.
10–12

Based on the presented data, possible ef-

fects such as an increased defect density in the amorphous

phase or a disturbance of the band diagram of the microcrys-

talline silicon based p-i-n solar cell cannot be uniquely iden-

tified. It should be noted that for both investigated contami-

nant types at i-layer charge carrier densities of 1017 cm−3,

the solar cell performance is heavily reduced, while at the

low carrier concentration of 1015 cm−3, the cell performance

is already affected.

V. CONCLUSIONS

Microcrystalline silicon layers prepared in an UHV sys-

tem equipped with a gas purifier show impurity levels of

roughly �N�=3�1017 cm−1 and �O�=3�1018 cm−1. An in-

crease in these levels by means of intentional N2 and O2

leaks results in a decrease in the crystalline volume fraction.

In order to compare the material properties at different im-

purity levels of materials with similar crystalline volume

fractions, the source gas silane concentration during the

deposition process was adjusted. The latter series shows an

increase in the charge carrier density with increasing impu-

rity level for oxygen and nitrogen, respectively. In both cases

the �c-Si:H films were found to be n-type. The impurities

also increase the charge carrier mobility in the material. Ac-

cordingly, the dark conductivity increases.

By preparing a series of �c-Si:H solar cells with inten-

tionally contaminated absorber layers, it was shown that both

oxygen and nitrogen impurities deteriorate the cell perfor-

mance when a specific critical level is exceeded. At

�1.2 �m i-layer thickness, the determined levels are

�N�critical=6�1018–8�1018 cm−3 and �O�critical=1.2

�1019–2�1019 cm−3, respectively. The observed efficiency

drop above the critical oxygen and nitrogen impurity levels

is due to a decrease in fill factor and short-circuit current

density. QE losses were particularly found in the wavelength

range between 500 and 900 nm.

It is found that �c-Si:H based solar cells with thin

i-layers are less sensitive to atmospheric contaminants com-

pared to thick solar cells. The distribution of oxygen and

nitrogen impurities within the i-layer affects the solar cell

performance. A high impurity content near the p / i-interface

is particularly critical, whereas a high impurity content in the

i-layer bulk or near the n / i-interface barely deteriorates the

solar cell performance. Additionally, air leak flows were

found to deteriorate the �c-Si:H solar cell performance if

they exceed a fraction of 140–200 ppm related to the total

gas flow during i-layer deposition.
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