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Abstract

STEM X-ray microanalysis has been applied in the characterization of
phosphorus segregation to individual grain boundaries in thin-film silicon.
Heavily doped material annealed between 650°C and 800°C was examined. The
extent of seg’reg’atioh‘varied from boundary to boundary in a given vsampl'e.- This
lead to an average segregation energy of 7.5 Kcal/mole. Using the coincident.
site lattice model of grain boundary structure, the amount of segregatiqn for a.
few boundaries was correlated with boundary type. It appears that geometricél'
models may have some basis for pred‘fbtihg structural and energetic features of

diamond structure materials.
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L Introducti’on

Due to the many applications of chemically vapor-deposited polycrystal-
line silicon in integrated circuit technology and inexpensive solar cells, its
properties have been studied extensively during the past ten years. The grain
boundaries (GB) in this material distinguish it from single-crystal silicon (aside
from the relative crystal misorientation from grain to grain). Thus, all this
research aims at elucidating the 'electron.ic properties of the. GB's. It is im-.
portant to appreciate how difficult a problem this is in solid state physics: truly
fundamental understanding of the problem cannot be expected until the subject

of defects in crystals has progressed beyond its infancy. Nonetheless, the basic

properties of thin-film polycrystalline silicon (referred to as'polysilicon by

industry) are well-documented and may be explained by simple, approximate
models. | |

Workers .in this field generally fail to acknowledge the foundations for
their research. It has long beenz recognized that lattice defects in a
semiconductor, in addition to dopants,v introduce states in the band gap. In par-
ticular, the basic features of GB's were elucidated approximately thirty years
ago.l_‘: Current models of pdlysilicon essentially extend these notions about
individual GB's to geometrically idealized models of polysilicon.

“These models should consider two salient features of semiconductor GB's:

they induce defect states .in the band gap which may serve to capture majority

» carriers and ‘they may exhibit segregation of the dopant species, possibly

electrically neutralizing fhese atoms. Until recently, only the former effect had

4-6 This is not surprising since the subject of

been considered in any detail.
grain boundary segregation is more familiar to metallurgists than to electrical

engineers.



This thesis describes an investigation of dopant segregation to silicon
GB's, a field in which but a few papers have appeared.7.ll Some of this work
infers segregation by examining properties which it affects (e.g. resistivity)
while all utilize techniques which average. over the effect of many GB's (and
possibly other defects in the material). The present study aims to obtain direct
information from individual GB's by. use of fine probe STEM/X-ray
microanalysis. The intent is to present direct proof of vphos_p;horus-segrégat-ion~
‘to silicon GB's and correlate segregation properties with the structure of
individual GB's. | |

Note that our attention is’limitéd to equilibrium as opposed to non-equili-
brium segregation. The former occurs within a few- atomic. layers of tﬁe-inter»
face, serving to reduce GB energy. The latter is associated with phenomena
shch as interfacial movement and forced diffusion and may extend for several

hundred angstroms beyond the GB.

- II. Experimental

A. Material Studied

CVD silicon was selected for this study due to its wide technological
applications. Due to the solute concentration detection limits of X-rvay‘ micro-
analysis, it was additionally decided to examine heavily doped material. Speci-
fically, the original material 'consist'ed of wafers coated with 2750& of silicon
- by the LPCVD (low-pressure, chemically vapor-‘deposited) process and heavily
phosphorus doped via a cycle of 40 minutes at 950°C in PH3. |

This material was sputter-coated with 1500}& of SiO2 (to prevent out-

- diffusion) and divided into several pieces for various annealing treatments given



in Table 1. For the heat treatments, the samples were sealed in quartz ampules
in an argon atmosphere. This allowed use of the available metallurgical
furnaces. |

‘TEM specimens were . prepared from each sample. 3mm discs were cut
with an impact drill, mechanically thinned to ab‘oﬁt 5 mils, chemically thinned
from thé‘ back side to a point near perforation (with a solution of 1 HF; 2CH3:
3HN03), and finally ion-milled. This minimized prefereﬁtial etching at the GB's. .
B. Transmission Electron Microscopy

TEM provided a survey of defects in the pélysi’licon. It was particularly
~ used to search_ for precipitates which potentially could nucleate at 'GB's_ and/or
“remove phosphorus from substitutional lattice sites reducing‘ the effective”
concentration of phosphorus in the matrix. |
C. STEM Microanalysis of ‘Grain Boundaries »

A Ph‘ilips EM400 (LaB6 filament) equipped With a Kevex energy dispersive
spectrometer was operated in STEM mode. This instrument has a 40& minimum
probe di_émeter. :

The STEM‘- work in this study is in part an éxercise in pushing the
- technique to tvhe limits of its usefulness. Getting the most ffom this method is
first a geometr_ical problem. As depicted in Fig. 1, the STEM probe is sampling
the. porﬁion of a.GB which inter'sects the: probe.. To simplify, we ‘may consider
the GB to be a nearly two—dimehsional» defect (GB bthickhéss is on the_ order of
lOR ).12’13' The probe thus samples GB material and adjacent graiﬁ material
~ which dilutes the signal due to any segregation at the GB. The optimum case
has the GB plane perfectly paréllel to the probe and the probe exactly centered
on the GB. For a 40/‘; diameter probe, assumving no beam spread’ing, and a GB

(<] : . ) .
thickness of 10A , the ratio of grain- to GB in the probe is 2.14. Any



experimental situation will easily be much worse than this. Salient factors are:
ANGULAR DISPLACEMENT OF BEAM AND GB--a beam misalignment of 2.3°
in the above case will just allow the "top" and "bottom" of the GB to lie in the
probe. In other words, as the GB plane tilts from the probe its "signal"
decreases; TRANSLATIONAL DISPLACEMENT OF PROBE AND GB--for a GB
projected width of»l;O/O\ and a probe diameter of QDR , perfect alignment is
clearly impossible. S[je'cimeri drift is an important factor here (probe placement
must be checked every 10-20 seconds while acquiring a spectrum). In addition,
there is a small displacement between the probe on the STEM CRT and the
actual probe _pos_ition on the foil, leading to another soufcs of inécpuracy; and
BEAM SPREADING--Monte Carlo calculations and expex':imental estimations
indicate significant beam spreading,la but there is reason to doubt these
findings. The former employ scattering models whiéh may not agéurately
-depict the physical situation, while the latter are subject t-o. the errors
introduced by the factors discussed above. Recent experimental observations
suggest beam spreading due to inelastic scattering is negligible in reésonably
thin foils15 (about 1500/‘; thick). It is possible, hpwever, to quantify bearh
spréading dye .to the angular convergence of the probe b.y a simple geometrical
analysis. in the EM400, utilizing fhe second condenser aperture, this angle is
experimentally found to be 3.6° In a 15002\" thick foil, the effective beam
broadening is _243; a relatively sméll correction to the-lOOZu probé used in the
experimental work. |

Practically, visual placement of a Z&U;« or 100/3« probe on a GB is likely
very inaccurate. The convergent beam diffraction pattern appearing in thé
microscope while in STEM mode 4allows ‘much greater precisiAon for positioning

the probe. This method is not only recommended, but likely a hecessity.



The second experimental feature important to this study is the small
phosphorus concéntration being éxamined. Phosphorus - is detectable to
approximately .2 at% (see Appendix A): with the dilution effect previously
considered, the excess P concentration measured with the probe on a GB is on
this order (and for heavily doped material only slightly above the background
concentration). Thus, statistical considerations figure heavily in_to data
analysis. Spectra here characteristically exhibit a strong Si peak with a slight P
"peak" oﬁ its shoulder (Fig. 2). The concentration difference between GB and
grain is generally not observable by eye.

The problem then is to extract the P peak counts. The approach employed
is to acquire a GB spectrum over >several minutes, moving the probe along the
GB. A second spectrum is then acquired, scanning the probe over a small region |
surrounding the GB of interest. The number of counts in the second spectrum is

increased over the first so that its counting ‘error is small relative to the first

spectrum. The second spectrum is then subtracted frorﬁ the ‘GB spectrum after

normalizing. The numbér of counts in an appropriately selected window about
the P f)eak are then dué to P atoms segregated at the GB. This method of
background subtractidn is normally impossible, since the shape -of the
background varies and the relétive peak heights chahge greatly with different
concentrations. Here th9ugh, the slight P concentration variaiidn ‘will have
negligible effect. |

Finally, the random counting error in the P peak is proportional to the
square root of the total counts in the P peak window (including background) in -
the original GB spectrum. This large source of error may only be minimized‘
with long counting time and by maximizing beam current with the largest

condenser aperture and/or increasing filament bias. Statistical considerations

- are given in Appendix B.



-In practice, the specimen is loaded in a low-background holder which has a
single tilt degree of freedom. This must be set approximately 30° toward the
detector to maximize collected X-rays. .This limitation combined with the very
small grain size of the material ¢ 500/: diameter) complicates vertical
alignment of a GB. One must examine a region of the foil until finding a suita-
ble boundary, tiltiné somewhat to bring the grains into contrast. A projected
GB width of ioofi is-the best regularly obtainable,.this' being chosen.as a

standard."

D. Axis'-Angle. Pair Determination

As a test of the applicability of coincident site lattice (CSL) theory to
silicon GB's (see IVA), microdiffraction was employed to evaluate the type.of
GB (i.e. near coincident versus general GB) in a few cases. This is done by first
finding the axis-angle pair for the GB. The relative orientation of any two
grains may be given in terms of a common crystallogi'aphic axis and a rotation
about this axis.r This aXis'—angle pair is evaluated from two pa‘ir§ of diffraction
patterns taken from the relevant grains,vbefore and after tilting fhe specimeh.
Details rﬁay_ be found in Ref. 16. The CSL is then found by comparing with
tables of CSL's and their associated axis-angle pairs.17 How closg an axis-angle
pair must be to an exact coincident orientation to be considered a "special" or
well-ordered GB is open to debate. We use the. criterion that the boundary must -
be within f degrees of an exact CSL -orientation, where § = 15° -1 (Ref. 18).

z -1 is the fraction of shared lattice sites for a'given CSL.



III. Results
A. Auger Analysis

Since estimates of phosphorus diffusivity at the ‘high concentrations and
relatively low temp.er'at:ures employed are specuiative, Auger depth concentra-
tion profiles indicated the extent of diffusion in the annealed specivmens‘(e.g.
Fig. 3). These profiles exhibit a fairly un.ifor.m concentration, while showing
that extensive diffusion ha§ occurred. On this "basis, an apprbximately
equilibrium condition of the material for thermodynamic considerations is
assumed. The phosphorus concentration in the thin film is .6% + .2%. This
variation is acceptable since the level of se_gfegation- is a weakly varying
function of the matrix phosphorus concentration (Appendix C). Also note that
for the 650° 700°% and 750°C anneals, the polyéilicoﬁ remains éupersaturated‘:
This complicates the thermodynamic analysis as discussed beiow.

B. TEM
v : _ o o

Fig. 4 is a typical micrograph. Grain size is in the range ~ 500A- 2000A.
Many stacking faults are present. No structure was visibl’e.' in the GB's, with one
exception: a single boundary exhibited a dislocation structure typical of a low
éng‘le'boundary (Fig. 5).

Three distinct possible precipitates are observed. Some of the annealed .
and chemically thinned specimens éxhibited round, precipitate-like objects
approximately ZOOX' across (Fig. 6). These were rembved by ion-milling and so
are likely a »SUrfe‘lce'effect. due 'to the chemical etching of he.avily doped and
annealed silicon. |

fhe materiél annealed at 650°C and 700°C also contained a few objects
exhibiting dislocation loop type contrast (Fig. 7). These may originate from

vacancy or interstitial condensation or may be phosphorus ‘atom platelets.



Assuming the final possibility to be true, there-are too few to significantly alter
the cdncentration of phosphorus atoms in substitutional lattice positions.

The third feature appears as dark spots approximately 253 across. These
are present at all annealing temperatures and in the unannealed silicon (Fig. 8). '
Similar -appear‘ing defects have been observed in arsenic doped silicon whére' it
is suggeéted that they are arsenic atom t:lust'._ers.36 Mandurah et g_l_._g, in.-an
investigation -of “arsenic-segregation in LPCVD silicon- via resistivity measure-
fnen;s, addressed the question of arsenic atom clustering in their specimens.
Théy examined material of three different average ars.enic concentrations, .4%,
.12%, and .04%, the first being about the same as the phosphorus concentration
in this study. Though clustering would likely be significant at .4%, no
anomalous behavior was observed. We thus assume for the present study that
phosphorus clustering is not affecting the extent of GB segregation.

C. STEM/Microanalysis |

- Since observations were near or below the limits of detectability of phos-
phorus in a siliéon matrix, it was very -important; to optimize all factors during
data acquisition. | In particular, probe current and.acquife time were increased
to ﬁ‘heir practical limit. Still, error was very large, limiting the quantitative
potential of this work. In Table II, the raw data for GB's observed are given (i.e..
listed by annealing-temperature with silicon- peak.counts and GB phosphorus
exce#s counts presented and standard deviation, O, fof the latter as discussed in.
IIC). The time of data collection for each observation varied with GB length,
contamination rate, and operatar experience. The surface excess concentration

14 cm'z], by use of the

is also given, in units of a (100) monolayer [6.8 x 10
Cliff-Lorimer method for quantification of the X-ray data14 and a simple

geometrical analysis, as described by Doig and Flewitt,37 to convert excess



phosphorus observed by the probe to the excess phosphorus concentration at the
GB. Note the error inherent in the measurements (o versus PKa) and the

variation in amount of segregation (last column).

- D. Axis-Angle Pairs

Axis-angle pairs were determined for six GB's which exhibited varying
levels of segregation. This small number is due to the difficulty and time
consuming nature of the analysis on such fi'n.e-grained rhat_erial: the STEM
microdiffraction pattern has a small angular extent while it is generally impos-
sible to tilt to an easily recognizable orientation. These GB's aré listed in Table
III where I and its associated axis-angle pair are given for the nearly
coincident boundaries. ’Note' that the nearly coincident boundéries exhibit

lower levels of phosphorus than do the random GB's.

IV. Discussion

A. Correlation of Segregation with GB Structure |

The most obvious conclusion of this study is that phosphorus segregates to
silicon GB's under appropriate conditions (this only being indirectly proven until
now). More. intrigu-ing, though, is the observation that segregation varies from
GB to GB. This clearly suggests a variation in GB structure, something
completely ignored in previous studies which employed techniques averaging
over the effect of many GB's (e.qg. kHall effect or resisténce measure_ments)j'll

A salient question then is what may reasonably be said about GB structure
in silicon.' Our squrées are essentially based on studies of metals in which non- |
directiona! bonding and ‘a single atom basis has provided a foundation for
extensive work utilizing geometrical modéls. Notably, Bollmann's "O-lattice"

'theory provides a basis for predicting structural features of a given GB, based

on a knowledge of the relative orientation of the two grains and the particular
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GB plane.lg’20

13,21

The remarkable success of this theory is well documented in
metals. However, the situation in semiconductors is complicated by strong
directional bonding and electronic effects which may be expected to obviate the
use of a geometrical theory that only takes the lattice in question into account.
Relatively little work has been done on the structure of semiconductor grain
boundaries (low-angle, dislocation array boundaries are an exceptidn).ZI-zs.

A general silicon GB .could consist of a disordered layer independent of the '
relative orientation of the neighboring lattices. In the first systematic study of
silicon GB structure, the priedicted secondary dislocations of O-lattice theory
were not bbserved inaZ=5 boundary.25 However, since this work, theoretical
and experimental studies have appeared confirming various aspects of this
theory in semiconductors. Miler2® has demonstrated (for <110> tilt boundaries)
that several coincident orientations lead to iower energy configurations than
that for a random GB. These reduced energy structures are possible since
germaniqu and silicon bonds may bend ~ 25° before breaking (i.e. forming a
dangling bond). = This factor was long ago employed by Hornstra27 to model -
diamond structure dislocations with a minimum of dangling bonds.
‘ Experimentally, secondary dislocations have been obsérvéd in several different

boundaries in germanium.za'30

It thus appears that geometrical models provide
at least a partial basis for predicting semiconductor GB structure and energy
' and; conséquent‘ly, susceptibility to segregation. The basic notidn is that highly
disordered GB's provide reduced energy sites for seéregated atoms--and have
more potential for energy reduction--than do GB's near coincident orientations
which exhibit good matching.v A limited amount of experimental work
supporting this expected behavior existé, entirely for metals.le’n’32 Though
systematic and quantitative data are lacking, the evidence clearly indicates

substantially reduced segregation at near coincident and low angle (i.e. near X

= 1) GB's.
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Relating this to the present study, we note in Table III that the low-angle
and twin boundaries (known to be well-matched) exhibit low segregation, és
expected. The two random boundaries have a relatively high degree of segre-
gation. Most significant though are the two near coincident boundaries which
evince minimal segregation. This supports the contention that CSL theory can
predict well-ordered GB's in semiconductors, simultaneously indicating that fhis
is a basis for predicting segregation behavior. No hard conclusions may be
drawn, though, due-to the error .in the measurements and thelimited data. .
Clearly, further research on a material more amenable -than polysilicon is
warranted. - |
B. Thermodynamic Considerations

A few caveats must first be mentioned concerning analysis of segregation:
- in semiconductors. Though our heavily doped material is dilute by metallurgicaf
standards -4 (< 1%), silicon doping of .01% or more causes significant structural‘_.
and electronic effect.s.:”3 Aggrega;es of dopant atoms, dopant and silicon-
atdms, or dopant étor-ns and vacancies may form, while -the large strain has long

been known to produce 'dislocations.M

The dopant may also interact with
oxygen in the polysilicon. These possibilities werve considered in IIIB.
Thermodynamic theories of segregation cannot .take detéils of GB
structure into account, but our lack of such. information obviate§ this concern.
It is clear, though, that the structural changes lead to a variation inithe heat of
adsorption amoﬁg GB's, while also likely leading to a range of values for a given
GB (depending on the specific environment of an adsorbed atom).  Since we have

no data concerning the latter, a GB is here assumed to have a single energy

value which may be thought of as an average over its.available sites.
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A simple model appropriate to this study (as outlined in Appendix C) gives:

c JO/RT
cC - _e__7_
GB = ;| ce@/RT

.where CGB is the concentration of phosphorus at GB sites, C is the matrix
concentration of phosphorus, and Q is the free energy of segregbation. Experi-
mentally, we.-have .C and CGB" as—-a function of temperature -(assuming a GB -
width of 10/& ). Clearly, Q is a function .of GB type as indicated in the previous
section. The above equation then yields a family of curves with Q as a
parameter.

The data may best be interpreted as exhibiting a maximum and a minimum
"Q. Several GB's exhibit no segregation above the detection limitv at all

temperatures studied, this providing an upper limit for Qmi . We may also use

n
the GB's with maximum segregation to set an upper limit on Q. Choosing CGB =

1 to correspond to 6.8 x ltlm‘cm°2 (the atomic density of a (100) plane)* we find

that

Keal

Qax = 10 mole
Q < 5Kca\l

min mole

In Fig. 9 a curve is fitted to the average values for segregation at each

temperature. This gives

Keal

Q=75
mole

*
A saturated GB contains approximately one monolayer of solute.13 .
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N

Kcal
ole found by Mandurah

This compares reasonably well with the value of 10.2
et al. ? They examined phosphorus segregation via resistivity measurements in
material doped by ion implantation and annealing to yield an average concen-
tration of .04%, about one tenth the value in this study. The material was
evaluated for annealing temperatures in the range 800°C to 1000°C, this con-
tiguous to the range examined here. Furtﬁer studies are required to specify the
source of the discrepancy.

V. Conclusions

Phosphorus segregation to silicdn Gst exhibits a large variation at a given
annealing température from which is deduced a corollary variation in boundary
structure. It appears that a basis exists for predicting some segregation -
~properties--and hence structural features--utilizing geometrical GB mbdels. -
Further systematic work is suggested on relatively large grained matefial _(oné
vmicx_'on to bicrystal).

When modeling the electronic properties of polycrystalline silicdn, one
 must take account of the thermal history of the silicon,-apblying segregatioh
theory to find the number of dopant atoms at GB's. The assumption of dopant
neutralization at GB’s may then‘be appl_ied. For more -devtailed understanding,
further studies on the electronic and physical structure of siliéon .GB's are
required, including consideration of possible changés in the electronic defect
states con’cbmitant with the type and:leve.l of dopa‘nt at the GB.

The limited applicability of STEM microanalysis to semiconductor
problems is evident. Clearly, work in this field must be carefully selected if

fruit ful results are to be expected.
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Appendix A

Detection Limits
The detection limit of an element in a matrix is generally expressed as a

14 Since theoretical estimates of MMF are

minimum mass fraction (MMF),
somewhat questionable, it seems best-to express MMF in terms of spectra
obtained with the instrument employed in the data collection. We take as a

)1/2

minimally significant phosphorus peak N = B(ZNBKG y where N is the

minimum detectable number of phosphorus counts and NBKG is the number of
counts in the continuum under the phosphorus peak. For a spectrum with 2 x 105
silicon peak counts, this gives MMF = .17%. For 4 x 104 counts, it becomes
37%. |

Our ability to measure variations in concentration is somewhat better
_than this. This is accomplished, as described in IIB, by reducing the error in the

reference spectrum where a larger probe and hence much higher cdhnting rate

may be utilized.
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| Appendix B

Error Analysis
Absorption effects are assumed to be negligible. It is assumed that error
is dominated by the random nature of the X-ray production process. The error in:

counts attributable to segregated atoms is taken to be:

si1?
P+“{;B p

N
NSI

where N('SDB is the number of counts in the phosphorus peak (including back-
ground) for the GB spectrum,t.NP is this value in the corresponding matrix

_ spectrum, and I\F and N are the related silicon peak counts.
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Appendix C.
Thermodynamic Model of GB Segregation

 Due to the semi-quantitative nature of the data, a simple model as

outlined by McLean35 is applied. The free energy of solute atoms is

0
1]

- PE:+.pe - KTIn ©

© .
]

In n! N! - In(n-p)! pt-(N-P). P!

where E is the energy of a solute atom at a grain site, e is this energy at a GB
site, P the number of dopant atoms at grain sites, p the number.at GB sites, N
the number of grain sites, n the number of GB sites, and" the configurational

entropy of the dopant. Minimizing g gives:

2, - o w0 &)

n-p ~ N-P
or
c _ c eQ/RL
GB ") .c+ce®RT
where
_ B _P
Cas = N'C =%
cal

The energy of segregation terfn, Q, is expressed in these units due to common

' usagé: With C « 1:
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c Q/RT
Chg = e _
GB 1_+ O/RT
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Table 1
Anneal Temperature ~ Anneal Time
650°C 282 hr
700°C 193
750°C 285

800°C 2%
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Table II

Grain Boundary X-ray Data

[e) .
(100A Prabe)

Anneal SiKa F’K(1 g Concentration
Temperature (GB Excess) (monolayers)
650°C 41,430 203 49 .28

. 40,436 - - 36 - 46 .05

9,400 - 30 28 .18
. 5,471 . 54 21 Ly
12,196 118 29 56
17,403 53 35 .18
10,003 33 26 .19
700°C 26,088 : 236 72 ' 52
36,032 38 74 .06
54,103 195 84 21
11,254 - 98 47 .50
13,965 68 46 .28
6,496 -19 29 -7
18,949 130 60. .40
- 750°C 7,559 60 . 18 - .46
' 12,619 C 2 22 01
16,081 95 27 34
5,462 27 14 .29
15,589 8 - .25 .03
12,190 15 21 07
" 8,242 35 18 .25
9,632 S xn . 2 .19
11,975 22 23 11
800C - 19,525 57 33 A7
| 8,006 15 19 1
11,964 115 24 55
18,288 76 28 .24
16,203 529 .02
16,767 11 29 . .04
10,646 o 19 0

- 20,632 68 30 : .19
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Tablev 11

- CSL./Segregation Correlation

Observed " Monolayers
- GB Type Segregated
I 11<110>/50.5° .17 + .10
I 17<221>/61.9° <.24
Random S5+ .12
-Random - v 24 + .09
L3 Twin <.09
- Z 1 (low angle) <.15

(All 800°C anneals. See Table II)
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Figure Captions

Schematic view of specimen region sampled by a small electron
probe. |

Typical X-ray spectra (smoothed) depicting a matrix spectrum (dots)
and a GB spectrum (solid line). | |

Sample Auger depth concentraiton profile, comparing the unannealed
material with that annealed at 650°C for 283 hours.

Typical TEM view of polysilicon, showing several'grains and twins.
TEM image (BF) of a low angle boundary .

Arrows indicate surface features appearing in chemically t;hinned,
annealed specimens. |

Dislocation loops in a specimen annealed at 700°C.

Arrows indicate possible phosphorus _:-itom clusters. This specimen

. received the doping treatment, but was not subsequently annealed.

Theoretical curve fitted .to eXpérimentalv points for the average

- degree of segregation at each temperature.
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