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Diamond-like carbon (DLC) thin films were deposited by pulsed
laser deposition (PLD) on Si-(100) substrates in the substrate tem-
perature range of room temperature (RT) to 300 �C. The structural,
hydrophobicity, mechanical, and morphological properties of the
DLC films were investigated by Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), nanoindentation, water contact angle
(CA) measurement, atomic force microscopy (AFM). It was found
that the DLC films deposited at RT were purely amorphous in struc-
ture with high sp3 bonding and had very smooth surfaces. Raman
and XPS results indicated a structural transition from amorphous
to nano-crystalline graphitic nature, structural ordering of DLC
films, and decrease of the sp3 content with increasing substrate
temperature. Degradation of the surface morphology and enhance-
ment of the surface roughness with the substrate temperature were
observed by AFM. It was also found that the mechanical properties
such as nanohardness, elastic modulus, plastic index parameter,
and elastic recovery decreased with the increasing substrate tem-
perature. The CA measurements indicated that the hydrophobicity
of DLC films increased with the substrate temperature and was sen-
sitive not only to sp2/sp3 ratio, but also to the ordering of sp2 clus-
ters. The observed hydrophobicity, mechanical and morphological
properties were attributed to structural changes during deposition
based on the sub-plantation model and stress induced mechanism.
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1. Introduction

Diamond-like carbon (DLC) thin films have been widely investigated due to their fundamental
and technological importance. DLC films exhibit a unique combination of properties such as high
hardness, chemical inertness, optical transparency, wear resistance, and good biocompatibility [1–
5]. Thus, DLC films are excellent for several important applications such as protective coating for
magnetic recording disks, cutting tools, optical component, biomedical coatings, and micro-elec-
tromechanical devices (MEMs) [1,6–9]. Depending upon the presence of hydrogen in the structure
of thin films, DLC films are manifested in the form of either hydrogenated amorphous carbon (a-
C:H) or unhydrogenated amorphous carbon (a-C). Structure of unhydrogenated DLC films is usually
considered as an amorphous mixture with the chemical bonding composition of sp2 and sp3 hybri-
dized carbon atoms [10]. It is well known that ratio of sp3/sp2 hybridized carbon atoms and clus-
tering of sp2 phase in the microstructure of films determine the properties and quality of
unhydrogenated DLC films. In general, the larger the sp3 bond, the closer the DLC film characteristic
to those of diamond (diamond-like) such as high mechanical hardness, while the higher the content
of sp2 bonded carbons gives more the graphite-like properties [11–13]. Chemical bonding of carbon
atoms and properties of the DLC films have been also observed to depend upon the deposition
method, because energy of carbon species during deposition plays a vital role in determining
sp3/sp2 ratio in the films [10,14,15]. Ion beam deposition, Mass-selected ion beam deposition
(MSIB), and filtered arc cathode deposition (FCVA) have been used to deposit hydrogen free DLC
films [16–19]. Tang et al. [16] have been investigated DLC films deposited using the MSIB method
and observed that the DLC films with high optical band gap, low surface roughness and high ther-
mal stability obtained through mass-selected carbon ions species with ion energy of 100 eV. In a
study of DLC films deposited by FCVA, Motta et al. [17] observed a variation in the contact angle
as a function of the substrate bias voltage. Xu et al. [18] have been studied the effect of laser
annealing on amorphous carbon films, which were also deposited by FVCA, and showed that the
vertical oriented carbon films formed by laser irradiation.

Pulsed laser deposition (PLD) is an attractive technique which is used for the deposition of a-C films
[15,20,21]. In addition to the ablation of high energetic carbon species from graphite target, PLD has
outstanding advantages of preparing DLC films owing to the simplicity of preparing a target, ability of
optimizing important deposition parameters such as laser energy, wavelength, and repetition rate
[21–23]. The present study was aimed to investigate correlations between microstructure and
hydrophobicity properties of PLD diamond-like carbon films. Moreover, the effect of substrate tem-
perature on the hydrophobicity, morphology, and mechanical behavior of the DLC thin films was stud-
ied in detail. In the present paper, a thorough study was performed to understand the details of
structural change and chemical bonding roles on the aforementioned behaviors.

In this regard, unhydrogenated DLC thin films were deposited by PLD technique at different sub-
strate temperatures. Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were carried
out on DLC films to investigate structural properties and chemical bonding state. Mechanical,
hydrophobicity, and morphology properties of these films were studied using nanoindentation, water
contact angle (CA) measurement, and atomic force microscopy (AFM).
2. Experimental

The DLC films were deposited on single crystal silicon-(100) substrates by PLD technique using
high purity pyrolytic graphite rod as target, which was rotated during deposition to avoid pinhole for-
mation and maintain ablation rate constant. Prior to the deposition, the substrates were cleaned by an
ultrasonic bath using the successive use of deionized water, acetone, and ethanol for 15 min. After-
wards, the substrates were rinsed in deionized water and dried by an argon steam. The silicon sub-
strates were located at the distance of about 7 cm from the graphite target. A KrF excimer laser
(k = 248 nm and duration = 20 ns) with the repetition rate of 10 Hz and energy per pulse of 200 mJ
was used for the ablation of the graphite target. The laser beam dimensions were about 4 � 2 mm2
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on the surface of graphite target. The base pressure in the deposition chamber was 1 � 10�6 Torr and
deposition process was performed at about 3 � 10�6 Torr. The DLC films were deposited by 10,000
laser shots at different substrate temperatures of RT, 100, 200, and 300 �C.

Field emission scanning electron microscopy (FE-SEM: Hitachi model S4460) and an atomic force
microscopy (AFM: Park Scientific Instruments, AUTOPROBE CP) were used to study the thickness, sur-
face morphology, and surface roughness of the films. Thickness of all the DLC films was determined
from the cross-section FE-SEM images to be approximately 230 nm. Fig. 1 shows a typical result of
the thickness of DLC film using cross-section FES-EM image. Structural properties and chemical bond-
ing of the films were investigated using Raman spectroscopy (excitation wavelength of 532 nm and
power of up to 2 mW) and X-ray photoelectron spectroscopy (XPS: Specs model EA10 plus). The
mechanical properties of the films were characterized by nanoindentation using continuous stiffness
measurement (CSM) technique. In order to investigate hydrophobicity behavior of the films, water
contact angle (CA) measurement was performed by commercial contact angle meter (Data physics
OCA 15 plus).

3. Results and discussion

3.1. Structure and composition

Raman spectroscopy is a nondestructive important characterization tool for obtaining microstruc-
tural information and bonding structure of amorphous carbons [24–27]. Raman spectra of DLC films
are characterized by two spectral features, i.e. D band (disorder) and G band (graphite), which appear
in 1100–1800 cm�1 wavenumber region [28]. The G peak is attributed to both breathing and stretch-
ing modes of any pair of sp2 sites, whether in chains or in aromatic rings, while the D peak is attributed
to only the breathing mode of sp2 sites caused by aromatic rings.

Fig. 2 shows the Raman spectra of the DLC films that were deposited at different substrate tem-
peratures: i.e. from RT up to 300 �C. Significant changes in the shape of the Raman spectra were
detected as the substrate temperature increased. It can be observed that the shape of the Raman spec-
tra for the film deposited at RT consisted of a broad (G) peak at about 1554.6 cm�1 and was nearly
symmetrical. With increasing the substrate temperature, shapes of the Raman spectra and broad
(G) peak changed significantly. For the film deposited at 100 �C, the broad (G) peak was skewed so that
an apparent (D) shoulder occurred at around 1380 cm�1. Particularly, this (D) shoulder became stron-
ger as substrate temperature increased from 100 to 300 �C. The D and G features became significant at
200 �C and separation occurred obviously as the substrate temperature increased to 300 �C. However,
changes in the shape of the Raman spectra with substrate temperature were related to the structural
changes, discussed below:
230 nm

Fig. 1. A cross-sectional FE-SEM image of typical DLC film deposited at RT.
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Fig. 2. Raman spectra of the DLC films deposited at different substrate temperatures.
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Fig. 3. Deconvoluted Raman spectra of the DLC films deposited at (a) RT, (b) 100 �C, (c) 200 �C and (c) 300 �C.
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In order to quantitatively investigate the results, the Raman spectra of the films deposited at dif-
ferent substrate temperatures were deconvoluted into two Gaussian peaks associated with their
microstructures and the parameters of interest were extracted. Fig. 3 shows the deconvoluted Raman
spectra corresponding to the DLC films deposited at different substrate temperatures. According to
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Fig. 3, due to the symmetric nature of the shape of the Raman spectra for the film deposited at RT, its
spectrum can be well fitted by a single Gaussian line with the peak centered at 1554.6 cm�1. This
behavior indicates that the film is purely amorphous with no sp2 clusters in the structure [18,28].
However, the Raman spectra of the films deposited at 100, 200, and 300 �C, cannot be fitted by a single
G band and an additional Gaussian D band is required to perfect the fit of original spectrum (Fig. 3).
Appearance of the D band as well as the increase in its intensity with increasing substrate temperature
could be due to the formation and growth of the clusters of sp2 sites in sixfold aromatic rings [12,28–
30]. As shown in Fig. 3, there are two temperature ranges for the D band including RT where Raman
spectra show almost no D band and 100–300 �C at which the D bands appears and then the D and G
band eventually are separated at 300 �C. This behavior reveals that the films become nanocrystalline
graphite by clustering aromatic rings and lead to the crystallization of the amorphous phase [30,31].

Fig. 4 shows the variation of G band position, intensity ratio of D and G bands (I(D)/I(G) ratio), and
full width at half maximum (FWHM) of G band as a function of substrate temperature. As shown in
Fig. 4, as the substrate temperature increases from RT to 300 �C, the peak position of the G band shifts
toward higher wavenumbers and the intensity I(D)/I(G) ratio increases clearly. On the other hand, the
FWHM of G peak decreases with increasing substrate temperature. Variations of G peak position and
I(D)/I(G) ratio are the important changes in the deconvoluted Raman spectra of DLC films and provide
the major qualitative information about their structure and chemical bonding.

The above results can be explained on the basis of three-stage model, describing the Raman spectra
of the disordered carbons reported by Ferrari and Robertson [1,28]. They also proposed ordering pro-
cess of a-C films in terms of ordering trajectory. There are two fundamental ordering processes: (a) sp3

sites are converted into sp2 sites and (b) sp2 clusters grow and eventually are ordered in aromatic rings
[28]. The present results seem to correspond to the trend of ordering of amorphous carbon at stages 3
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Fig. 4. Variation of the (a) G peak position and I(D)/I(G), and (b) FWHM of G peak as a function of substrate temperature.
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as well as 2, where the increase in I(D)/I(G) ratio together with G peak position shifts to higher
wavenumbers corresponding to the structural transformation from amorphous carbon (a-C) to
nano-crystalline graphitic nature. According to the three-stage model, the RT deposited film is highly
sp3 bonded and placed in the a-C state at stage 3 [32]. Due to the absence of D peak, I(D)/I(G) is almost
zero, revealing that the majority of sp2 sites that exist in the film are in a short olefinic sp2 chains and
no sp2 clusters are formed [28,33].

In Fig. 4(a), the shift of G peak to higher wavenumbers with increasing substrate temperature may
suggest that some sp3 sites have been converted into sp2 sites [33,34]. This conversion leads to an
increase in the size and number of the sp2 clusters. Since the G peak is related to the vibrations of
all sp2 sites in both chain or ring and the D peak is due only to aromatic rings, the existence of a D
peak and its intensity corresponds to the presence of aromatic rings [28,35]. Thus, the increase in
I(D)/I(G) ratio reveals that the clustering of sixfold aromatic rings in the present DLC films is increased.
As shown in Fig. 4(b), the I(D)/I(G) ratio increases with the substrate temperature due to increased the
size and number of ordered aromatic rings at higher substrate temperatures. Because of the sp3 to sp2

conversion with increasing substrate temperature, the available sp2 sites are enhanced, which leads to
increase in the size and amount of the clusters of sp2 sites at higher substrate temperatures. On the
other hand, the FWHM of the G band depends on the structural order caused by bond angle and bond
length distortions. It has been found that the existence of defect-free and unstrained clusters in films
leads to lower FWHM of the G band [30,36,37]. However, Fig. 4(a) shows that the FWHM of the G band
decreases with the substrate temperature, which can be attributed to reduced (enhanced) amorphiza-
tion degree (ordering) of DLC films [1,37].

In order to determine the bonding states in detail and obtain the sp3 content in the a-C films, XPS
analysis was employed. Fig. 5 shows a typical survey scan spectrum for a DLC film deposited at 100 �C.
The observed peaks located around 284.8 and 532.8 eV are due to the photoelectrons excited from the
C1s and O1s core levels, respectively [38]. The presence of oxygen is related to the absorbed con-
taminations from the laboratory environment in preparation or handling periods [39]. The feature
in the binding energy range of 960–1030 eV is attributed to the carbon KVV Auger transitions [38].
Fig. 6(a) shows C1s high resolution XPS spectra of DLC films for different substrate temperatures.
Changes in the lineshape and peak positions of the XPS C1s peaks can be observed as the substrate
temperature is increased. Moreover, the C1s peak position shifts toward lower binding energies, the
peak width is narrowed, and its shape becomes asymmetric, indicating the transformation of sp3 sites
into sp2 sites with the increase of substrate temperature [40]. Fig. 6(b) shows the variation of the
FWHM of C1s peak of DLC films as a function of the substrate temperature. Decrease in the FWHM
of C1s suggests that the sp3 content decreases with increasing substrate temperature, which implies
an increase in sp2 content [41,42].
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In order to estimate sp3 content in the films, the C1s XPS peaks are deconvoluted into three distinct
Gaussian–Lorentzian peaks using Shirley backgrounds [15,43–45]. Fig. 7 shows the deconvoluted
spectra of C1s peaks of DLC films deposited at different substrate temperatures. The first peak is locat-
ed at 284.3 ± 0.1 eV and corresponds to sp2 hybridized carbon atoms, while the second occurs at a
higher binding energy, namely 285.2 ± 0.1 eV corresponding to sp3 hybridized carbon atoms. The
observed peak positions in this work are almost identical to those reported in the literature
[15,43,46] for a-C films deposited by PLD. The third peak in the binding energy ranging from 286 to
289 eV is due to CAO (or C@O) bonds [38]. Fraction of sp3 hybridized carbon atom is estimated from
the ratio of the corresponding peak area to the total C1s peak area (Fig. 8). It can be seen that the per-
centage of sp3 hybridized carbon atom in the films decreases with the substrate temperature, which is
in good agreement with the Raman spectroscopic investigations, resulting in an increase in graphitic
fraction and size of sp2 clusters in the film with the substrate temperature.

Thus, the results obtained from visible Raman and XPS analysis confirm the phase transition from
amorphous to nano-crystalline graphitic structure and the ordering of a-C at stage 2 or stage 3 of the
disordering model as a function of substrate temperature. The sub-plantation model [1], stress
induced mechanism [47,48] and mobility of ad-atoms can be also used to explain the structural trans-
formation and ordering in a-C films deposited at elevated substrate temperatures. At RT, the thermal
mobility of carbon ad-atoms is low and carbon interstitials are immobile, which leads to limited sur-



280 282 284 286 288 290
Binding energy (eV)

RT

200°C

In
te

ns
ity

 (a
.u

.)

 C-C sp2

 C-C sp3

C-O(C=O)

300°C

100 °C

(d)

(c)

(b)

(a)

Fig. 7. Deconvoluted XPS spectra of C1s peaks deposited at (a) RT, (b) 100 �C, (c) 200 �C and (c) 300 �C.

A. Modabber Asl et al. / Superlattices and Microstructures 81 (2015) 64–79 71
face diffusion. At this substrate temperature, the carbon species (with sufficient energy, i.e. beyond the
penetration threshold) that have penetrated into the surface are trapped in subsurface positions and
induce compressive stress on incorporation and so form a sp3-rich amorphous carbon network via
sub-plantation processes [1]. The intrinsic stress in the film is the cause of high stain energy formation
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within the film [33,49]. During deposition at higher temperatures, the substrate temperature
enhances the thermal mobility of carbon ad-atoms and causes them to migrate to the surface, these
stresses are relieved which results in the formation of ordered sp2 rich clusters via surface diffusion
and the energy of the surface become minimized [47,48,50]. Structural changes were observed to
affect the morphology, mechanical and hydrophobicity properties of DLC films, as discussed in the
subsequent sections.
3.2. Morphological studies

Variation of surface morphology and roughness of the films with the substrate temperature was
investigated by AFM technique. Figs. 9 and 10 show the AFM images and surface roughness for various
DLC films. The AFM images indicated that the surface of all films was very uniform and smooth. The
RMS surface roughness of all the DLC films, evaluated by averaging (rms) on 1000 nm � 1000 nm win-
dow, was observed to be less than 2 nm. The micrographs as shown in Fig. 9 clearly indicated that sur-
face of the film deposited at RT was smoother with a denser microstructure and lower surface
roughness than those of deposited at higher temperatures. However, with increasing substrate tem-
perature during deposition, the films exhibited a large number of features morphological and became
rougher, which is confirmed by roughness analysis (see the variation of surface roughness value in
Fig. 10). Value of surface roughness increased from 0.24 to 1.9 nm when the substrate temperature
increased from RT to 300 �C (Fig. 10). Degradation of the surface morphology and enhancement of
the surface roughness may be attributed to the growth of sp2 clusters, ordering of sp2 clusters, and
development of clusters size, as indicated by Raman investigations [16,30].
3.3. Mechanical properties

Nano-mechanical properties of the DLC films were investigated by nanoindentation technique. The
load versus displacement curves of DLC films deposited at different substrate temperatures with the
maximum indentation load of 1 mN are shown in Fig. 11. It can be seen that the film deposited at RT
had lower hysteresis between loading–unloading curve, minimum penetration depth, and residual
penetration depth as well as higher recovery during unloading. The hysteresis, penetration depth,
and residual penetration depth increased with the substrate temperature, which can be attributed
to enhanced graphitic character of the films at higher substrate temperatures as validated by XPS
and Raman studies.

In order to avoid the substrate effects, the indenter penetration depth for the present samples did
not exceed 25% of the film thickness [41,51–53]. Fig. 12 shows the change of nano-mechanical para-



Fig. 9. AFM images of DLC films deposited at (a) RT, (b) 100 �C, (c) 200 �C and (c) 300 �C.
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meters such as hardness (H), elastic modulus (E), plastic index parameter (H/E), elastic recovery (%ER),
and hres/hmax as functions of substrate temperatures. In this figure, hmax and hres are displacement at
the maximum load and residual displacement after load removal, respectively. It was found that, with
increasing substrate temperature H, E, H/E, and %ER decreased, while hres/hmax increased. H and E were
about 32 and 308 GPa for RT and reduced to 13 and 147 GPa for DLC films deposited at 300 �C, respec-
tively (Fig. 12 (a)).

It has been reported that the plastic index parameter (H/E) is an indirect measure of wear resis-
tance and a high value of H/E is required for applications such as protective coating on magnetic stor-
age media [54,55]. Value of H/E decreased with the substrate temperature (Fig. 12(b)), indicating that
more fraction of load was dissipated in plastic deformation and hence large plastic strain was expect-
ed [41,55]. Elastic recovery (%ER) has been found to be another important parameter for hard films,
which is associated with the quality of the coating and a high value of %ER is more suitable for the
tribological applications [41]. The elastic recovery of DLC films deposited at different substrate tem-
peratures can be calculate by the following relation,
%ER ¼ ðhmax � hresÞ
hmax

� 100: ð1Þ
Fig. 12(c) shows the changes of %ER with the substrate temperature. It is observable that the %ER
decreased from about 84% to 54% with increasing substrate temperature from RT to 300 �C. The hres/
hmax ratio has been also found to be another parameter for studying the elastic and plastic behaviors of
hard films [55]. Fig. 12(c) reveals that the hres/hmax ratio increased with the substrate temperature and
followed an inverse relationship with the %ER variation. The observed reduction in the values of H, E,
H/E, and %ER together with evolution in the value of hres/hmax ratio with increasing substrate tem-
perature may be attributed to the reduction of sp3 content (diamond-like bonding) as revealed by
Raman and XPS analysis.
3.4. Hydrophobicity

Hydrophobicity characteristics of the DLC films can also provide information about the structure
and surface composition of these films. Thus, hydrophobicity of the DLC films deposited at different
substrate temperatures was studied by the CA measurement. It has been found that a higher CA
implies a lower surface energy and a hydrophobic surface [56,57]. Surface energy of a film is associ-
ated with surface dangling bonds. Thus, the surface of the film with less number of dangling bonds has
lower surface energy.
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Fig. 13(a)–(d) shows the measured CA of sessile deionized water dropped on the surface of DLC thin
films deposited at different substrate temperatures. For comparison, the CA of the uncoated silicon
substrate as a reference was measured as 54� (Fig. 13) and showed that silicon substrate surface
was hydrophilic in nature. The results demonstrated that the CA of the DLC thin films tended to
increase with the substrate temperature. In addition, it was revealed that the CA slightly increased
with increasing substrate temperature up to 100 �C and significantly increased at further increase
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of the substrate temperature. A surface with CA of less than 65� usually has a hydrophilic nature and
the CA of 65� or above is related to hydrophobic surface [58]. The results showed that the DLC films
deposited at different substrate temperatures represented hydrophobicity. Apparently, as the sub-
strate temperature increased, the films became more hydrophobic.

It is well known that several factors such as surface chemical bonds, roughness, and structure may
have an influence on surface energy and CA [59,60]. Change in the CA of the DLC film surface deposited
at different substrate temperatures should be associated with a change in the surface energy. As a
result, the films deposited at 300 �C had the largest CA, in which the graphitic domains (sp2 content
and graphitic ordered sp2 clusters) were also higher (see Figs. 4 and 8). Totally, the CA and hence
hydrophobicity, which is shown in Fig. 13, were found to increase with the increase in sp2 content
(sp3 decrease) in the DLC films (Fig. 8). It has been assumed that the hydrophobicity of carbon mate-
rials is sensitive to the sp2/sp3 bonding ratio on the surface [57,61]. Also, it has been reported that the
sp2-rich surfaces exhibit larger CA than sp3-rich surfaces [57,62,63]. In fact, the contact angles of about
35� and 78� were reported for natural diamond and graphite, respectively [61]. This phenomenon
attributed to the difference in the free surface energy between the basic crystallographic faces of dia-
mond and graphite and proposed that the low surface energy of graphite planes resulted from the
absence of reaction centers (dangling bonds) on the surface leading to hydrophobicity of the graphite
surface [61]. On the other hand, it has been shown that decrease in surface energy is related to an
increase in sp2 bonding content and formation of nanocrystalline graphite [64,65]. Thus, it can be sug-
gested that the enhancement of CA of DLC films with increasing substrate temperature may be
ascribed to the increase of the sp2 content, clustering of sp2 carbon and ordering of sp2 clusters, as
revealed by XPS and Raman studies.

Also, the CA could be correlated with the density of DLC films and increase with the decreased of
the density of films. It is well known that the density of DLC films tends to follow an inverse relation-
ship with the variation of the sp2/sp3 ratio in the films; i.e. higher sp2/sp3 ratio implies lower density
[1]. The Raman and XPS results (Figs. 4 and 8) revealed that, as the substrate temperature increased
during deposition, the sp2 content increased and hence the density of the surface films decreased. It
has been also suggested that reduction in the density of the surface results in the drop in lattice energy
and hence surface energy [63,65–69]. Thus, the increase of the CA may be attributed to the reduced
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density of the films. However, one must note that, when the sp2 content increases to some extent and
the nanographitic clusters are formed (i.e. at the substrate temperature of 200 �C), density and struc-
tural order of the films are similar to those of graphite by forming sixfold rings of threefold coordinat-
ed sites (i.e. aromaticity), which can be used to explain the significant increases of the contact angles
of the DLC films deposited at the substrate temperatures of the above 100 �C. This behavior indicates
that CA in the DLC films is sensitive not only to sp2/sp3 ratio, but also to the ordering of sp2 clusters.
4. Conclusions

In this study DLC thin films were deposited on Si-(100) substrates at temperatures in the range of
RT–300 �C by PLD technique. It was observed that the structure of DLC thin films structure changed
from amorphous carbon to nano-crystalline graphitic nature with increasing substrate temperatures.
Raman and XPS analyses indicated structural ordering, clustering of sp2 bonded carbon atoms, and
decrease of the sp3 fraction with the substrate temperature. It was found that, at RT, the films had
the highest values of mechanical properties (such as nanohardness, elastic modulus, plastic index
parameter, and elastic recovery) and the lowest value of surface roughness and were very smooth.
The mechanical properties and homogeneity of the DLC films decreased while the surface roughness
increases with the substrate temperature. Our results indicated that the DLC thin films became more
hydrophobic at higher substrate temperature.
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