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Perovskites
In mesostructured perovskite solar cell devices, charge recombination processes at the interface between
the transparent conductive oxide, perovskite and hole transport layer are suppressed by depositing an
efficient compact TiO2 blocking layer. In this contribution we investigate the role of the atomic layer
deposited TiO2 on ITO-PET substrates in hybrid halide (CH3NH3PbI3�xClx) perovskite solar cells. In the
absence of the TiO2 layer, very low open circuit voltage (VOC = 35 mV) and efficiency (g = 0.02%) values
are observed. The analysis of JV dark current reveals the lack of rectifying behaviour at the above-
mentioned interface. The introduction of ultra-thin ALD layers (from 2.5 to 44 nm) leads to an increment
in all the photovoltaic parameters and, consequently, in the photovoltaic conversion efficiency. A maxi-
mum power conversion efficiency of 9.2% is achieved, much higher than the 4% obtained when a low tem-
perature conventional sol gel TiO2 compact layer is used. The higher quality of the ALD layer in terms of
low defect density and low level of impurities with respect to the solution processed approach has been
highlighted by electrochemical characterization and XPS analysis.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

During the last years, (in)organic metal halide perovskite solar
cells have catalysed the interest of the PV community due to the
remarkable increase in device performance, the viability of low
temperature processing and the easy solution manufacturing steps
(Green et al., 2014; Liu et al., 2015). The perovskite compounds
such as methylammonium lead iodide (CH3NH3PbI3) or mixed
halides (CH3NH3PbI3�x(Cl,Br)x) are characterized by excellent opto-
electronic properties. They exhibit remarkably high absorption
coefficient (104 cm�1 below 700 nm), long charge carrier diffusion
lengths (100–1000 nm), and ambipolar transport behaviour which
led to the development of several device configurations in the last
4 years (Grätzel, 2014). Specifically, in the ‘‘planar” n-i-p or p-i-n
structures,2 the perovskite absorber is deposited between an elec-
tron (ETL) and a hole transport layer (HTL), both meant to selectively
extract the photo-generated charge carriers (Chen et al., 2015;
Correa Baena et al., 2015). In the ‘‘mesoscopic” architecture, which
has achieved the highest performance of 22.1% so far (Green et al.,
2016), the perovskite light harvester is fully infiltrated in a TiO2

mesoporous layer (100–400 nm) which acts as a distributed ETL
(Burschka et al., 2013; Lee et al., 2012). Due to the porosity of this
film, the deposition of TiO2 compact layer on the TCO surface is
required in order to ‘‘block” the charge recombination process that
occurs when the TCO is physically in contact with the perovskite
and/or the HTL (Wojciechowski et al., 2014). Therefore, an effective
compact layer needs to be dense, conformal on the TCO surface,
and virtually pinhole-free. At the same time, this film has to be suf-
ficiently thin to favour extraction and transport of electrons to the
TCO, with low level of impurities in order to limit its contribution
to the series resistance of the circuit of the cell (Conings et al.,
2014; Kim et al., 2015). Among the several deposition methods gen-
erally adopted for this purpose, such as spray pyrolysis (Matteocci
et al., 2014), sputtering (Ke et al., 2014), and solution processed
(Conings et al., 2014), atomic layer deposition (ALD) technique is
an excellent candidate to fulfil the above-mentioned requirements
due to the accurate control in film thickness at sub-monolayer level,
which allows virtually pinhole-free and conformal layers also on
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http://dx.doi.org/10.1016/j.solener.2017.04.028
mailto:m.creatore@tue.nl
http://dx.doi.org/10.1016/j.solener.2017.04.028
http://www.sciencedirect.com/science/journal/0038092X
http://www.elsevier.com/locate/solener


448 V. Zardetto et al. / Solar Energy 150 (2017) 447–453
complex structures (e.g. high aspect ratio substrates, porous materi-
als, 3D architectures) (George, 2010). Recently, thermal ALD process
has been successfully applied for the deposition of TiO2 compact lay-
ers in glass-based perovskite solar cells outperforming the conven-
tional spray-pyrolysis approach (Wu et al., 2014). Compared to the
thermal approach, plasma-assisted ALD enables the fabrication of
high quality films in a temperature range compatible with (conduc-
tive) polymer substrates (Profijt et al., 2011), where the maximum
compatible processing temperature is usually limited to 150 �C
(Zardetto et al., 2011). The exploitation of these type of substrates
potentially contributes to lower the costs of PV production by means
of roll- to- roll (R2R) manufacturing processing (Brown et al., 2014).

In our previous work, we highlighted how the synergy of a
plasma assisted ALD TiO2 compact layer and a low temperature
UV treated TiO2 mesoporous layer provided the highest perfor-
mance when compared to the planar ‘‘n-i-p” and the Al2O3 scaffold
based architectures (Di Giacomo et al., 2015). In this present con-
tribution, we specifically investigate the role of plasma-assisted
ALD compact TiO2 on ITO/PET substrates for methylammonium
mixed halide (CH3NH3PbI3�xClx) perovskite solar cells. The effect
of the thickness was carefully addressed and a systematic compar-
ison with a spin-coated layer deposited from a sol–gel TiO2 solu-
tion was carried out. The higher quality of the ALD layer, in
terms of low density of defects such as pinholes, or even macro-
pores and impurities incorporated during the ALD process, enables
the fabrication of efficient flexible perovskite solar cells (9.2%),
with respect to the performance that can be achieved with the
solution processed TiO2 compact layer (4%).
2. Experimental

2.1. TiO2 compact layers

The TiO2 layers were prepared in a remote plasma reactor
(FlexAL, Oxford Instruments) with a base pressure of �10�5 Torr.
The sample was maintained at 150 �C. A plasma treatment (RF
power of 200 W) was carried out for 3 min before the ALD process.
A single ALD cycle consisted in alternating 2 s of methyl-
cyclopentadienyl tris-dimethylamido titanium precursor (Ti(CpMe)
(NMe2)3 and 5 s of O2 plasma exposure (200W). Between the two
steps, the chamber was purged for 2 s with argon flow. The
heteroleptic titanium precursor was chosen due to the higher
growth per cycle (GPC) in comparison with other most common
precursors, i.e., the homoleptic tetraisopropoxide (TTIP) (Potts
et al., 2010; Sarkar et al., 2010). At 150 �C, the GPC of the process
was 0.055 nm/cycle compared to 0.04 nm/cycle measured for the
process with TTIP precursor.

The solution processed TiO2 compact layer was deposited via
spin coating (2000 rpm for 45 s) from a TiO2 sol gel prepared fol-
lowing the procedure reported by Conings et al. (2014), replacing
the IPA solvent with tert-butanol and adding 5 lL/mL of acetyl ace-
tone after 1 min of water addition in the preparation of the sol gel.
The deposited layer was annealed in air at 145 �C for 35 min.

The thickness of both the TiO2 layers deposited on c-Si (100)
wafers was determined by fitting of the ellipsometric data with
an optical model based on a Tauc-Lorentz function. The ellipsomet-
ric data were acquired using a J.A. Woollam, Inc. M2000U (1.2–
6.5 eV) system. Since the measurement was not directly carried
out on ITO-PET substrates used for the devices, the thickness val-
ues reported in the following sections are the nominal thickness.
2.2. Device fabrication

Flexible perovskite solar cells were fabricated with the follow-
ing architecture: PET – ITO- compact TiO2 layer -mesoporous
TiO2 layer – perovskite layer – hole transport layer – gold top con-
tact. The TiO2 mesoporous layer was spin-coated (1500 rpm for
60 s) from a colloidal dispersion of TiO2 nanoparticles in organic
additives and solvents, and underwent UV exposure with a power
density of 225 mW cm�2 (EC 5000 UV lamp with a metal-halide
bulb PN38560, Dymax) for one hour. Two different colloidal dis-
persions were used for the mesoporous layer. A dilution in ethanol
of a Dyesol 18-NRT paste was used for the ALD compact layer and a
water based dispersion of TiO2 (Sigma-Aldrich) mixed with ethy-
lene glycol and hydroxyethylcellulose was used for the sol–gel.
This choice stems from the fact that the adoption of the dilution
of 18-NRT Dyesol paste results in poor performing devices (see
Table S1) when used in combination of the sol–gel compact layer.
The explanation of this behaviour is under investigation and will
be described in a follow-up work.

The perovskite layer was deposited in a nitrogen filled glove box
by spin coating (2000 rpm, 60 s) from a solution of methylammo-
nium (MAI) and PbCl2 in the ratio 3:1 in DMF and then annealed
at 100 �C for 90 min. The hole-transporting material (HTM) was
deposited by spin-coating in nitrogen atmosphere from a solution
of 2,20,7,70-tetrakis-(N,N-dip-methoxyphenylamine)9,90-spirobi
fluorene (Spiro-O-MeTAD) at 2000 rpm for 45 s and left overnight
in dry air in a closed box. The solution consists of 75 mg of
Spiro-O-MeTAD (Lumtec) dissolved in 1 ml of chlorobenzene, add-
ing also 8 ml of 4-tert-butylpyridine and 14.2 ml of a 520 mg ml�1

LiN(CF3SO2)2N solution in acetonitrile. A patterned gold top con-
tact (80 nm) was finally evaporated to complete the devices.
2.3. Characterization

The IV curves of the solar cells were measured under a Class A
solar simulator (ABET Sun 2000) at AM1.5 and 100 mW cm�2 illu-
mination conditions calibrated with a reference Silicon cell (RERA
Solutions RR-1002) using a Keithley 2420 as a source-meter. The
devices were tested with a black mask (0.2 cm2), in ambient condi-
tion without sealing. Dark JV curves were measured using the same
setup keeping the devices stored in a closed black box. Open circuit
voltage decays (OCVD) were measured using the mechanical shut-
ter of the ABET Sun 2000 sun simulator, while the photovoltage
was recorded with a Tektronics TDS1001B oscilloscope.

The chemical composition of the TiO2 layers was analysed by X-
ray photoelectron spectroscopy (XPS) using an XPS Thermo Scien-
tific K-Alpha KA1066 equipment with a monochromatic Al Ka
(hm = 1486.6 eV) source. Depth profiles were acquired alternating
scan measurements for each single element with sputtering steps
using Ar+ ions. The surface morphology of the deposited films
was studied using an atomic force microscopy (AFM) NT-MDF SOL-
VER tool.

For the electrochemical characterization of the TiO2 films, thin
electrochemical cells were fabricated. TiO2 compact layers were
used as working electrodes. The counter-electrodes consisted of
platinum coated ITO/PET substrates and the liquid electrolyte con-
tained a Co2+/Co3+ redox couple based on (Tris-(2,20-bipyridine)-c
obalt(II)di(hexafluorophosphate) and (Tris-(2,20-bipyridine) cobalt
(III)-tri(hexafluorophosphate) salts dissolved in acetonitrile and
methoxypropionitrile solvents mixture in a ratio 1:4. Cyclic
voltammetry measurements were carried out using an Autolab
PGSTAT302N potentiostat in the range between �1 V and 1 V with
a scan rate of 5 mV/s.
3. Results and discussion

In the first batch of devices, we investigated the role of the
thickness of the ALD TiO2 compact layer. Fig. 1 shows the open cir-
cuit voltage (VOC), short circuit current density (JSC), fill factor (FF)



Fig. 1. Photovoltaic parameters of flexible perovskite solar cells fabricated on ITO-PET substrates as a function of the thickness of the ALD TiO2 compact layers.

Fig. 2. Dark JV curves in a semi-logarithmic plot (i.e. Tafel plot) for flexible
perovskite solar cells fabricated on ITO-PET substrate as a function of the thickness
of the ALD TiO2 compact layers.
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and power conversion efficiency (PCE) for the mesostructured flex-
ible perovskite solar cells as function of the ALD TiO2 thickness. As
we can observe, the devices exhibit poor efficiency (PCE = 0.02%)
without the compact layer, mainly due to the extremely low values
of VOC and FF. After 50 ALD cycles, the presence of 2.75 nm thick
TiO2 film enables working solar cells with an average PCE of 2%,
with a steep increment in VOC and FF. In the case of a 5.5 nm thick
ALD TiO2 layer, the average performance increases to 6%, mainly
caused by the higher value of JSC. After that, thicker layers provide
a roughly constant PCE value, similar to the results for liquid-based
DSCs when ALD TiO2 was introduced in DSC architecture (Kim
et al., 2013).

The dark current density–voltage (JV) analysis provided further
insight into the behaviour of the cell parameters. Specifically, Fig. 2
reports the semi-logarithmic plot of the dark JV curves (Tafel plots)
as function of the TiO2 layer thickness. The device without compact
layer exhibits a symmetric curve, which indicates the absence of
dark diode behaviour, required for a working solar cell. The incor-
poration of the ALD layer introduces the expected diode-shape of
the JV dark curve, although differences are clearly evident as a
function of the thickness. In the reverse bias range, 2.75 nm TiO2

thickness indeed reduces the dark current with respect to the cell
without the TiO2 layer, but a significant decrement (two orders of
magnitude) is achieved only when the TiO2 thickness reaches
5.5 nm. When thicker films are employed, only minimal changes
are observed. Since the current in this potential range is governed
by shunting mechanisms that occur when ITO is in direct contact
with the perovskite and with the Spiro-OmeTAD in case of large
defects in the perovskite layer, the thickness of TiO2 plays a key
role in ‘‘blocking” the charge transfer at this interface. Therefore
2.75 nm thick TiO2 layer is not able to provide an efficient ‘‘block-
ing behaviour” and at least 5.5 nm TiO2 is required. A similar trend
is also observed in the low forward bias range where shunting
mechanisms are still governing the dark JV response, as reported
also for other device architectures (Baumann et al., 2014). Also in
this case, the value of 5.5 nm can be considered a threshold to effi-
ciently limit the dark current. No further variations are observed
when increasing the ALD TiO2 thickness, reflecting the saturation
of the performance we observed when devices were measured
under illumination. For voltages higher than 0.6 V (high forward
bias), the dark JV curves show similar values and the same slope,
independent of the TiO2 compact layer thickness, since the dark
current here is governed by the recombination mechanisms at
the mesoporous TiO2/perovskites heterojunction (Shi et al., 2014).

The open circuit voltage decay (OCVD) analysis was also carried
out to highlight the poor blocking behaviour of the 2.75 nm thick
film. The OCVD of the perovskite solar cell with 2.75 nm thick
TiO2 was compared to the one of a PSC with a thicker TiO2 compact
layer (11 nm, was chosen since it completely belongs to the satu-
ration region). When the illumination source is blocked, the
photo-voltage decays due to the recombination of the photo-
generated electrons with holes. The reduction of the recombination
mechanism at the TCO interface will lead to a longer decay time
because of the presence of the TiO2 compact layer. As a conse-



Fig. 4. JV curves for perovskite solar cells with ALD and sol–gel TiO2 compact layers
deposited on ITO-PET substrates. The solid and dotted lines are for the reverse scan
(from VOC to JSC) and the dashed and short dashed lines arefor the forward scan
(from JSC to VOC).
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quence of that, an enhancement of the electron lifetime is
expected, as already demonstrated in dye sensitized solar cells
(Cameron and Peter, 2003). Fig. 3a shows a substantial difference
in the VOC decay curves for the two devices. As soon as the illumi-
nation source is blocked, the rapid initial photovoltage decay (up to
0.5 V) is very similar for both solar cells, indicating that electron
recombination rate in this photovoltage range is not affected by
the thickness of the TiO2 compact layer. Below 0.5 V, the photo-
voltage decays much slower for the cell with 11 nm thick TiO2 film,
pointing out a more efficient suppression of the recombination
processes at the TCO/perovskite interface. This behaviour is also
consistent with the JV dark analysis where we observed that the
influence of the TiO2 compact layer and the role of the thickness
are more relevant at lower potential values(in this case for lower
photovoltages).

The electron lifetime (sn), reported in Fig. 3b, was calculated
from the OCVD curves using Eq. (1):

sn ¼ � kB � T
e

� dVOC

dt

� ��1

ð1Þ

where kB is the Boltzmann constant, T is the absolute temperature,
and e is the electron charge (Kim et al., 2013). As expected, the thin-
nest ALD layer exhibits a sn which is more than one order of mag-
nitude smaller than that of the 11 nm thick film in the range of
photovoltage lower than 0.5 V.

The ALD compact layer was also compared with a spin coated
TiO2 film, in a second batch of devices. In the case of the solution
processed film, the optimal thickness was found to be approxi-
mately 24 nm (data not reported). Fig. 4 shows the JV curves for
the best flexible solar cells with the two different layers, while
Table 1 lists the average values of the photovoltaic parameters.
The ALD based best device achieves an efficiency of 9.2%, which
is significantly larger than the 4% for the solar cell with the spin
coated compact layer. As we can observe in Table 1, the difference
in performance is primarily due to the JSC and FF values, while the
effect on the VOC is only marginal. Furthermore, the ALD based
solar cell shows only a slight effect in JV curves with respect to
the direction of the scan (small hysteresis), whereas a strong hys-
teresis can be observed in the case of the solution processed based
device.

In Table 1 the values of the shunt and the series resistances
(respectively RSH and RS) are also reported for the best solar cells.
The ALD-TiO2-based device exhibits a RSH value of 2330X cm2,
almost six times larger than the one calculated for the spin-
Fig. 3. (a) Open circuit voltage decay (OCVD) and (b) electron lifetime curves for pero
2.75 nm (black dot line) and 11 nm (blue line). (For interpretation of the references to c
coated TiO2-based device (400X cm2). According to the generic
equivalent circuit description for a solar cell, a high value of RSH

is desired, being associated to an efficient reduction/suppression
of charge recombination processes in the cell (Jenny Nelson,
2003). This result is also confirmed by the OCVD analysis reported
in Fig. 5a where a more sluggish decay for the ALD–based device
and the longer calculated electron lifetime reported in Fig. 5b,
highlight the ability of the ALD layer in reducing the recombination
mechanism at the ITO interface, particularly, with respect to the
spin-coated alternative.

As mentioned in the Introduction, a dense and pinhole-free TiO2

film is a fundamental requirement to achieve the suppression of
the recombination process at the interface between ITO and per-
ovskite (or HTL, in case of large pinhole in the perovskite film).
We can therefore expect that the accurate control of the deposited
material by means of the ALD technique leads to a lower density of
defects (also at the nanoscale level) within the film. Although tech-
niques such as SEM and AFM are widely used to investigate the
surface morphology, the identification of pinholes and defects is
not always straightforward especially for very thin films. From
our AFM measurements we can only notice that ALD layer appears
more conformal to the pristine ITO/glass substrate, with respect to
vskite solar cells with ALD compact layers having two different thickness values:
olour in this figure legend, the reader is referred to the web version of this article.)



Table 1
Average and standard deviation of photovoltaic performance obtained from the reverse scan for perovskite solar cells with ALD and sol–gel TiO2 compact layers deposited on ITO-
PET substrates. Parameters of the champion cells are reported between brackets.

TiO2 layer PCE (%) JSC (mA cm�2) VOC (mV) FF (%) RS (X cm2) RSH (X cm2)

ALD 8.9 ± 0.3 �14.8 ± 0.2 874 ± 13 69 ± 1.4
(9.2) (�14.9) (882) (70) (8.6) (2330)

Sol gel 3.5 ± 0.5 �7.1 ± 0.4 881 ± 6 57 ± 4
(4.0) (�7.5) (876) (61) (17.3) (400)

Fig. 5. (a) Open circuit voltage decay (OCVD) curves for perovskite solar cells with ALD (blue line) and sol–gel (red dot line) TiO2 compact layers on plastic substrates. (b)
Electron lifetime calculated by the OCVD data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. 2D and 3D AFM images of ITO-glass (a, d); TiO2 deposited via plasma assisted ALD at 150 �C on ITO-glass (b, e); sol–gel spin coated TiO2 on ITO-glass and annealed at
145 �C (c, f).
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the solution processed layer, which indeed, exhibits a very differ-
ent morphology, with larger features as reported in Fig. 6. However
a clear indication of pinholes throughout the entire layers was not
observed. Therefore, in order to assess the superior quality of the
ALD layer, an ad hoc electrochemical characterization was carried
out. The two different TiO2 compact layers were placed in contact
with a liquid electrolyte containing a redox couple as described in
Section 2. When in contact, band bending occurs at the surface of
the TiO2 semiconductor with the formation a depletion region
due to the n-type nature of the TiO2. Applying an external poten-
tial, the current measured across the interface should exhibit a rec-
tifying behaviour. For positive voltage (V > 0) the increase of band
bending leads to a higher surface barrier energy that electrons have
to overcome, and current is very low because the lack of hole
minority carriers in the TiO2 (Bard and Faulkner, 1944). However,
the presence of pinholes and defects in the TiO2 film can increase
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the current through the TCO/semiconductor/liquid interface. For
negative bias voltages (V < 0) the energy barrier decreases until
the flat band condition is reached, and the current is exponentially
dependent on the applied voltages according to the diode equation
(Bard and Faulkner, 1944).

In Fig. 7, the current density–voltage characteristics of the cells
with the ALD and the solution processed TiO2 films are reported in
a semi-logarithmic plot (i.e. so called Tafel plots). Both JV curves
exhibit a ‘‘diode” behaviour, as expected. When positive bias volt-
ages are applied, the space charge region within the TiO2 film is
sufficiently thick to inhibit the electron transfer from the Co2+ spe-
cies to the underlying TCO (i.e. oxidation of Co2+) (Bard and
Faulkner, 1944; Cameron et al., 2004; Cameron and Peter, 2003).
The lower current values measured in this potential range for the
ALD-based electrochemical cell point out the excellent blocking
behaviour of the ALD layer, which can be ascribed to a lower den-
sity of local defects i.e. pores and pinholes, with respect to the solu-
tion processed TiO2 film. Also in the low reverse bias range (where
the reduction of Co3+ species occurs) we observe that the ALD layer
inhibits more efficiently the electron charge transfer. For more
negative values, the flat band condition is reached for the TiO2,
and the current densities exponentially increase until saturation
occurs due to mass transport limitation in the liquid electrolyte
(Cameron et al., 2004).
Fig. 7. Current-voltage characteristics of thin electrochemical cells containing Co2+/
Co3+ redox couple based liquid electrolyte.

Fig. 8. Atomic concentration (at.%) of the elements as a function of sputtering time for
substrates.
The series resistance (RS) plays also a crucial role in the overall
device performance, since a high RS value has been observed hav-
ing a deleterious effect on the JSC and FF parameters (Conings et al.,
2014). In the presence of the ALD layer, the series resistance is
8.6X cm2. For the solution-processed TiO2 based device, the RS

value is 17.3X cm2, which can explain the low JSC and FF reported
in Table 1. Since the presence of impurities (i.e. residual of ele-
ments of the precursor) within the TiO2 compact can induce very
high series resistances (Conings et al., 2014; Kim et al., 2015; Wu
et al., 2014), an accurate chemical analysis was performed using
X-ray photoelectron spectroscopy (XPS) depth profiling measure-
ment. In Fig. 8, the atomic concentration of the detected elements
are reported as a function of the sputtering time. In the case of the
solution processed layer (see Fig. 8a), significant levels of carbon
(5%) and nitrogen (1–2%) were detected. The incorporation of the
two elements can be ascribed to the residues of TiO2 precursor
alkoxy ligands (–OCH(CH3)2) and the additives (i.e. nitric acid
and acetyl acetone) used in the sol–gel preparation, which were
not completely removed during the annealing process. For the
ALD layer, only a low level of carbon (1%) was detected (see
Fig. 8b). In this case, the carbon contamination can derive from
residues of titanium precursor ligands (–CpMe(NMe2)3). Further-
more, the relatively longer sputtering time for the ALD film points
out a denser layer, which indicates low level of defect density, con-
firming the results obtained by the electrochemical
characterization.
4. Conclusion

Plasma-assisted ALD of TiO2 has been demonstrated to be a
valid approach to prepare efficient compact layers for flexible per-
ovskite solar cells. JV dark and OCVD analysis pointed out that a
film of 5.5 nm already enables the successful reduction of the
charge recombination processes at the interface between the ITO/
perovskite and ITO/hole transport layers. For higher thickness val-
ues, we observed a saturation of the device performance. The ALD
based device yielded a maximum efficiency of 9.2%, much larger
than the value of 4% when a spin-coated TiO2 was adopted as com-
pact layer. By OCVD analysis, we showed that the adoption of the
ALD layer led to a longer electron lifetime, and we ascribed this
behaviour to the higher quality of the ALD layer with respect to
the spin coated one. By an ‘‘ad hoc” electrochemical characteriza-
tion and XPS analysis, we demonstrated the superior quality of
solution processed (24 nm) and ALD (22 nm) TiO2 layers on conventional ITO/PET
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the ALD layer in terms of low defect density and low levels of
impurities such as carbon and nitrogen.
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