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Impact of Ge introduction on Cu,SnS; absorber/buffer interface
Kazuki Hamamura, Kazuma Kawamoto, Jakapan Chantana, Takashi Minemoto
Department of Science and Engineering Ritsumeikan University

Abstract In this work, the impact of the Ge introduction into Cu,SnS; (CTS) on photovoltaic
performances is investigated. By Ge introduction, non-radiative recombination near the absorber surface
and the voids of absorber are decreased. Consequently, the interface carrier recombination of
Cu,Sn; <Ge,S; solar cell is lower than that of CTS solar cell, thereby increasing open-circuit voltage and fill
factor. The conversion efficiency is consequently enhanced through Ge introduction.

1. Introduction

Cu,Sn; xGexS3 (CTGS) solar cell is appropriate for a bottom cell of a multi-junction solar
cell since its bandgap (E,) of the absorber is approximately 1 eV."' It has been recently
reported that CTGS thin-film solar cell has attained conversion efficiency (1) of over 6.0%. 1*!
In this work, the impact of the Ge introduction into Cu,SnS; (CTS) to form CTGS on
photovoltaic performances is therefore investigated.

2. Experimental

To prepare CTS and CTGS films, Cu/SnS; stacked precursors on Mo-coated soda-lime
glass (SLG) were first deposited by sputtering process. They were then followed by the
sulfurization for 1h with N, flow. During the sulfurization, S and SnS powders heated at 200
and 750 °C were used for formation of CTS film, while S and GeS, powders heated at 200
and 550 °C were utilized for the formation of CTGS film. The substrate temperature during
the sulfurization was 550 °C.

The resulting CTS and CTGS absorber films on SLG were investigated by
photoluminescence (PL) with a single photon counting system utilizing a 532 nm solid-state
laser, where the laser beam had an elliptical spot with an area of 1.02 mm?® The
cross-sectional and surface images of the absorber layers were examined by Scanning
Electron Microscope operated at 5 kV.

After fabricating the CTS and CTGS absorber layers, the solar cells were fabricated as
follow. KCN etching was first conducted to clean the CTS and CTGS absorber surfaces. A
50-nm-thick CdS buffer layer was successively deposited on the absorbers by chemical bath
deposition at 80°C for 11 minutes. An annealing treatment was performed at 200°C in air.
50-nm-thick ZnO and 400-nm-thick ZnO:Al as transparent conductive oxide layer were then
prepared by RF magnetron sputtering at room temperature. Finally, a front AI/Ni grid is
deposited by electron-beam evaporation. Current density—voltage (J-V) measurements of the
CTS and CTGS solar cells are carried out under 100 mW/cm?® (AM 1.5 G illumination).

To investigate the absorber/buffer interface, the temperature dependent J-V characteristics
of CTS and CTGS solar cells were investigated under Air Mass 1.5G illumination. The
temperature (T) was varied from 200 to 300 K.

Finally, the illumination dependence of open-circuit voltage (Voc) was characterized
through Suns-Voc measurements by a WCT-120 system.

3. Results and Conclusions
3.1. Influence of Ge introduction on physical properties of CTS absorber

Fig. 1. demonstrates the PL spectra of CTS and CTGS films. It is revealed that the PL peak
intensity of CTGS film through Ge introduction is higher than that of CTS film. It is



suggested that non-radiative recombination near CTGS surface is lower than that near CTS
surface. With Ge introduction, PL peak is shifted to higher photon energy, suggesting that Ge
atoms, which are smaller than Sn atoms, are be successfully incorporated in the monoclinic
CTS lattices to form CTGS.

Fig. 2. shows the surface and cross-sectional images of CTS and CTGS films. It is
disclosed that the voids in CTGS film are decreased as compared to CTS film. It is considered
that reduced voids for CTGS lead to the decrease in shunt paths.
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Fig. 1. PL spectra of CTS and CTGS Films

Fig. 2. Surface and cross-sectional images of the CTS and CTGS films

3.2. Effect of Ge introduction on photovoltaic performances

Fig. 3. illustrates the photovoltaic performance parameters and photo-J-V characteristics of
CTS and CTGS solar cells. It is seen that Voc and fill factor (FF) are significantly increased
for CTGS solar cell, attributable to the reductions of non-radiative recombination
(near-surface area) and voids for CTGS absorber as shown in Figs. 1 and 2. To further
investigate the absorber/buffer interface, the temperature dependent J-V characteristics of
CTS and CTGS solar cells were investigated under Air Mass 1.5G illumination. The
temperature (T) was changed from 200 to 300 K.

Fig. 4. consequently depicts Voc as a function of temperature for CTS and CTGS solar
cells under temperature from 200 to 300 K. It is revealed that activation energy of
recombination (E,) is closer to bandgap energy (E,) of the absorber in the case of CTGS solar
cell. This implies that the interface carrier recombination at absorber/buffer interface for the
CTGS solar cell is lower than that for the CTS solar cell.
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Fig. 3. Photo-J-V characteristics of CTS and CTGS solar cells Fig. 4. Voc as a function of temperature for CTS
are CTGS solar cells

Moreover, Fig. 5. presents the dependence of Voc on light-intensity G for the CTS and CTGS
solar cells. G is the illumination intensity (or optical generation) and W is the CTS and CTGS
thickness over which light is completely absorbed, which is assumed to be 1 um.
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Fig. 5. Dependence of Voc on light-intensity G for (a) CTS and (b) CTGS solar cell.

Based on Fig. 5, the ROd and ROi + Rob in the CTS and CTGS solar cells were calculated,
where R, Rod, and R, are voltage-independent recombination rates at absorber/buffer
interface, in space charge region, and in quasi-neutral region, respectively. The calculation
method is explained in Ref. [4]. Table 1 shows the resulting recombination rates. It is
disclosed that both Rod and ROi + Rob for CTGS are lower than those for CTS. As a result, the
Vo and FF are increased in CTGS solar cell, thereby increasing the n to 3.44%, which is

higher than that (1.83%) of CTS solar cell.

In summary, the introduction Ge to form CTGS gives rise to the reductions of the
non-radiative recombination (near-surface area) and voids. The Ro'and R, + R.° for CTGS

are therefore lower than those for CTS. Consequently, the 1 of CTGS is enhanced owing to
the increases in V. and FF.

Table 1 Recombination rates of each absorber

thin-film | Ef | Voc Ry’ Ri*Ry’

%) | V) | (em?sh) | (cm?sh)

CTS 1.8 | 0.15 | 1.34%10' |8.52x 10"

CTGS 34 | 023 [4.02x10%|7.81x 10"

CIGS(SF)®!| 20.1 | 0.68 |2.00% 10" |4.04%10°
Reference

[1] M. Umehara et al., Sol. Energ. Mat. Sol. Cells, 134, 1-4 (2015).

[2] M. Umehara et al., Appl. Phys. Express. 9, 1-4, (2016).

[3] M. Nakamura et al., (PVSC), IEEE 42nd. 978-1-4799-7944-8, 1-3, 2015.
[4]J.V. Li et al., Sol. Energ. Mat. Sol. Cells. 124, 143-149, 2016.
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abstract Tl-based compound semiconductor shows low-dimensional
crystal structure due to the arrangement of TI atoms. In TlInS,, TlGaSe,
and T1GaS,, Tl atoms show two-dimensional layered structure. However,
It is unknown how the result of the optical properties originating from
the Incommensurate phase due to the band structure and density of state.
Therefore, we clarify the electronic structure and optical characteristics
in Tl compound of two-dimensional layered structure. In the band
structure, TlInS; shows a direct transition type at the I' point. TIGsSe,,
T1GaS, shows the indirect transition type. Differences in electronic
structure occur due to changes in the Valence band structure. As a result
of density of state, it was found that the density of state increases at the
upper region of the valence band, with common property. Those results
explain the optical experiments.
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I HIEIT L D CunZnSnS, D K MAKIBAERE D iR F}
Investigation of defect reduction mechanism of Cu2ZnSnS4
by the photoluminescence spectroscopy

RMEMAA2RT: BRE A L
i RA, APAE

Yoshihiaru Takamatsu, Kunihiko Tanaka
Department of Electrical, Electronics and Information Engineering
Nagaoka University of Technology

Abstract The relationship between defects in Cu2ZnSnSs and post
annealing are discussed in terms of optical properties by
photoluminescence (PL). Comparing the PL spectra of samples grown
at 500 and 600°C before and after post annealing, it was found that the
spectrum shifted to the higher energy side. Therefore, it can be
predicted that Cuz, was successfully reduced by post-annealing.

1. IZL®IT

Cu2ZnSnS4(CZTS) %, WK ILE PRI E EICHFE L LM CABLEEZE £T. K
B EE I B 23 L 7= -8R T B D, CZTS & Wl )E & Lz KB EHC BV T
BEE TIZ 92%DRENENFESINTND D, LnL, HmERD 27%L T
1/3 FREE L RENENMEN D, ZOFK E LT, CZTS WTAEMRINLT W Cuzn 25,
CZTS WOKRMERB & =T RT oy VEEIRHER S T\WE 9, 2T, FElk
HORKMICHEE /7 + VI xR (PL) Z8HIL, RA R T=—Zk, X
fa 2K T & 2 O FRE LT,

ARETIT, CZTS IZX LT, RA MNT=—A %ML, FhboiEHIE LT, K
A N7 =—)LHiif2 CPL A7 FU%& G LR R A2 ®mET 5,

2. EBRFIE

CZTS IZ, Cu, Zn, Sn, S ZEA L, MERSM L=, 500°C, 600°C CEFEMKE % 24
RERITUVMERL L 72, WRIC, MBS i 2 —EIZT D721, ZOmEs 2[RV IR L
7o TDH%., RA T =—/L% 160°C T 24 BFfil1T- 7=, PLEICIHWTIL, bkt
JRIZ CW Nd*":YVOs L—HF D% & dii (532 nm)z HVY, &2 T m b ORI
FEC TR FE AR AT M OVGRUBRHIE EEAR A7 2 8L L 72,

3. MRRUEE

EPMA (2L D HIE L7ZARA 7 =— LRIOERE OFA L Z Fig. 1, WA R T =—
A% D FEF O % Fig. 2 (2R3, 1 Cu/(Zn+Sn) b il Zn/Sn b & L7,
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Fig. 1, Fig. 2 Z# bG35 &, RA N7 =—) LRtk CHRDO L &EIT D7 o7, L
NL, RARNT ==/ %, Cu/(Zn+Sn)ITETHML TWie, ZHUd, RA T =—
JVZE Y Sn BRIT 2720 TH D EHERL TN D,

FARMEOFEZTEST 5720, FRLUZARBHIOWT XRD 7 — | Fv
AR MVEBRILT., &ilet b8 S 7z XRD /3% — % Fig. 312, 7~v A
~7 ~)V% Fig. 4 (239,

— |®@CZTS L ®CZTS [ )

Zr 500°C | _f

; | .‘ o o ... ® ° . o ® “é‘) ,. SOROC‘
>t 500°C-P| £

2 > 500°C-P
S

: 600°C-P1 T 600°C-P
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Diffraction angle, 260 [deg.] Raman shift [cm™]

Fig. 3 XRD patterns for CZTS Fig. 4 Raman spectra for CZTS

Fig.3,Fig. 4 LV, CZTS v — 7 ZfER LTz, T ORESR, BMIXIFITHER S )
>7-, £7-. Fig.3 & /R5 L, WA N7 =—/LEi# T, XRD X¥Z —UTFLED S 7%
WZ ERbnodz, Lo, Fig 42 /5 L, RA N7 =— %, HESEIED L
TWAHZ ENbootz, £ Z T, Tablel (2789 K 91T Fig. 3, Figd 75 2 E40E % 5
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H L7,

Table 1 Full width at half maximum

Samples XRD pattern Raman spectra
500°C 0.10 17.0

500°C-P 0.10 9.3
600°C 0.10 17.0

600°C-P 0.11 8.2

Table 1 Z .25 &, XRD TIEAR A b7 =— L DR THRERIEIZZEN L TR0,
L72>L, Raman TIEARA N7 =— A ZET 2 & THERENED L TW\WD Z ERnbn
olz, ZOZENDH, RA RN =—/LE, FRICRBERAEICKRE REELZ KFTLTND
T EDHERITE B, KERIZ CZTS K 2 fEf3- 5 B8, CZTS OEEITER TH 5,
XoT, RANT=—n%hid 2 & T, ABORMEMEDM RIZ KD CZTS KiGEHLD
FENRE ENIEFTE B,

WIZ, RANT =—)LHif% T PL AT ML ZHET 5, Fig. 512 500°C, 500°C-P,

Fig. 6 |Z 600°C, 600°C-P ® PL A7 kL%,

< g

= =

S, S,

P P

2 2

i) s

£ £

- -

& Il Il L L 0— i 2 1 A 1 .

0.9 1.1 1.3 15 1.7 0.9 1.1 1.3 15 1.7
Photon energy [eV] Photon energy [eV]
Fig. 5 500°C, 500°C-P PL spectra Fig .6 600°C, 600°C-P PL spectra

Fig. 5, Fig 6 71 5o & . RANT =— 1%, AT MABRERZ XTI T b
LTWAZ N5, ZORKIE, BEWEMNZERT D Cum BN L, S HITHE
TRV D AT FOVFREENA L= 2 & T MR E = xS — iz 7 b
LicleOThD EHEHIL TV 5,

EIHIZ, INHDAXRY PAOER=FLF—llck LT, XDYZHNTT7 4T
4T TBHILETRT Uy REEy #HH LT,

E — E,)?
I(E) ~ exp <—%) (1)

R EFAWTEE LA T v o v B y % Table2 (277,
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Table 2 Potential fluctuation amount y

Samples Potential fluctuation amount y [meV]
500°C 94.9

500°C-P 87.6
600°C 97.6

600°C-P 94.8

Table2 LV, RA T =— L %&ftid 2 & T, RT U U v VEBENELVTLHZ L&
N D

4. HEwE

CZTS NOXKRMaZWD> S8 5720, CZTS ZAEtlts, NRA N7 =— V&L=, %
NHOREHIE L T, AA 7 =—/LHi#% T EPMA, XRD /%% — ', Raman A~/
kv, PL A7 MLOFERZ L LT, EPMA LY. &RA N7 =—/LHif% TR D
FALEIT V72N EnbhroTe, LML, RA N7 =—/tk, Cu/(Zn+Sn)bhidE T4
ML T\, Fo T ARART == 2k 24 Sn BT 722 ERHERITE 5, XRD
INE = F R A RT == LR CTIZIZEED L7222 ERbo-o7-, LA L, Raman
AR MV TIHE, RART == %, FHEEESBD L TN Z EBnbhoale, ZT0
ZEMBARA N == UL, FRICRBIR IR E 2B L LT LTV D EHERI LT,
PL 27 MV TIE, WA T =— %, AT MABERZRLEF—RIC 7 FLT
WBHZ ENbMhoTz, PL AXY MANLART Uy ViR ¢ 2R/ LR, A
ARNT =—=NET Z LT, RT Uy VEEIENED T2 & MR LT,
AWFZRDOFER LY . RA N7 =—/L1#% D CZTS Tix. Raman A7 kLD Y{EANE
D, PL AT MLOETZRAX—[A~DY T b KT o MERE RO %
EWRTE, LoT, RANT=—LIC LV RBEBHRIETORIK E 72D Cuz &
HEREDLZ LTI LIZEBZTWD,

BEE
AWFZe1% JSPS BHFERIFE  (15K05980) OB A= 1F7-HDTh 5,

References

1) K. Ito and T. Nakazawa, Jpn. J. Appl. Phys., 27, 2094 (1988).

2) T. Kato et al., 27th European Photovoltaic Solar Energy Conference (2012).

3) S. Siebentritt, Thin Solid Films 535 (2013) 1.

4) J.P. Teixeira et al., PHYSICAL REVIEW B 90 (2014) 235202.

5) A. P. Levanyuk et al., Edge luminescence of direct-gap semiconductors, Usp. Fiz. Nauk
133, 427-477 (1981).

16



IV NRACIEIZ X D ERL L 72 CueZnSnS, EIRIZEIT 5
REWE G IEDRRE

Investigation of surface treatment of Cu2ZnSnSs thin films
prepared by sol-gel sulfurization methods

REF ¥, =i B, BHh A2
RRIBANFEFRY: BB E R L HE
A . Ohno, A . Munemura, K . Tanaka
Nagaoka University of Technology

Abstract CZTS is attracting attention as an absorption layer material
of solar cells, because constituent elements are abundant in the crust and
those are non-toxic. CZTS thin films are prepared in non-vacuum by the
sol-gel sulfurization method. Removing the secondary phases on the
surface is necessary to improve of conversion efficiency of CZTS-based
solar cells. In previous our study, the secondary phase on the surface was
removed by hydrochloric acid. In this study effect of etching by bromine
water was investigated.

1. IZIT®HIZ

CuZnSnS4(CZTS)I LB MM O A B L L THIFF SN TV 5, Frox 38R
TRERIBWTEZERTO LREEZLE L LW LT UVEMBIEIZ LW CZTS KB5E
MOERLZ LT\ 5, BIfE, fERL L 7= CZTS MR I IT B LEZRIR LY
RNWEBRNR LVE STV, fIERITER T v F o 7 24T WERE O B A RE
LEMREOUEZIT> TV, LavL, HWEETIL Sn BDELEIIZFRESNDHTZHR
X2 Cu-rich (2720 | 72, WEZOMKITIRY N TEXH EWIHRERN D> T-, I T,
REKEHN -2y F 7 %ITH 2 L TRmIRAE L TR DM OUEEX - T,

2. EBRFE

CZTS WX VI AifbiEZ O TER U=, WX 2- A Fo =% ) — % [
V. BRETR E U CHEERSRID /K Fnd . Befgdidn — KFnd, HEALSHAV) AR, i
HFEE L TCFARZELZHWE, ZEANCIF=F LoD T I v a2 EHLE, —FH, =
FLUUTIVIEIMo ZERETDHEVHIRENRH D728, Mo & CZTS ORI
B8 e UCHERE T ' = A, BEERSRID) —AKFndn., WEEeisn —KFny. HAL#aIV)
HAKFIZ 2-A X H ) — VIR LTI 2 Mo & CZTS @ ORI 1 @i A
L7z, &BEWAG, WO OKRET 300°0C TS5 M7 =—va2li L=, D%
YTV E 9T % E SR THAR L 7-Aifb/AkSE T 580°C, 1 KefEfifb3 2% Z & T CZTS #
e 2 1572,

D CZTS Iz =% /) —/b, HoO ZEIZAIVTHIR L7 3% RFEAKIZ K U JRAEE L IF
a2 T2y T 7 aiTo7-, WLERT & L% OFEHT Raman HGELSy YA,
X #RIE4T. EPMA, SEM |2 CREffi L 7=,
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3. BEBIOEE

DTFIZBWTC, 2T NVAD BT 7 — A mREFE K, HIZKGREFEK, HCL
(FEM Ty F U7 a2 LSO %, BFIFLERRE] (min) 277 LTV 5,
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Fig.1 Etching time dependence of Raman spectra.
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Fig.3 Chemical composition of as-grown and etched CZTS films.
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Fig.4  Etching solution dependence of surface SEM images.
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Crystalline growth of SnS absorber layers by annealing with the sulfur
MEFEAIT TOT =—/WZ L% SnS RINE DG mRE

Tomotaka Goto?, Koki Kawabata?!, Izumi Orisaka!, Takashi Minemoto*
1. Ritstumeikan University
BREACZE L, )it L R L EorEak
1.3 AR R

Abstract Tin Sulfide (SnS) absorber layers were annealed with the
sulfur at 550 °C to enlarge their crystalline grains. As a result, SnS layers
with large crystalline grains were obtained. However, SnS solar cells
comprised of the layers showed extremely low efficiency. Therefore,
future experiments at the lower annealing temperature may be needed.

1. Introductions

SnS is a p-type compound semiconductor, which has less-toxic and earth abundant nature.
SnS also shows several attractive properties for high efficiency solar cells, including a
suitable bandgap (Eq=1.3 eV), a large absorption coefficient (a>10° cm™). Moreover, SnS is
composed of only two elements of Sn and S, which enables to easily control its elemental
composition. Therefore, SnS is one of the most promising light absorber materials, which
can be replaced with cupper indium gallium diselenide (CIGS) absorber layer. While, the
grain size of SnS films was much smaller than that of CIGS films. These days,
Sinsermsuksalul, et. al, [1] reported that the grain size of SnS films were improved a little by
annealing at 400 °C for 1 h under H,S atmosphere, but the efficiency of these cells were only
slightly improved. Therefore, we annealed SnS films at 550 °C with sulfur grains, which is
less dangerous than H»S gas, in order to obtain SnS films with larger crystalline grain.

2. Experimental Methods

In this work, SnS absorber layers (2000 nm) were grown on Mo-coated Soda-lime glass
(SLG) by thermal evaporation at the growth temperature of 190 °C. Then, SnS films were
annealed with various amount of sulfur (0 g, 0.1 g, 0.2g, 0.3 g, 0.4 g) at the temperature of
550 °C under N2 atmosphere to enlarge their grain size. The annealing was conducted in the
furnace in Fig. 1 (a). The samples (SnS/Mo/SLG) and sulfur grains were put in ZONE 1 and
ZONES3 respectively. No materials is put in ZONE 2. The balls made of Alumina were utilized
to spread sulfur gas in Fig. 1 (b). Temperature profile of each ZONEs is in Fig. 2. The
morphology, elemental compositions and structures of the films were examined by scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray
diffractometer (XRD). Finally, SnS-based solar cells were prepared with a structure of Al
(2000 Nnm)/Zn0O:Al>03 (400 nm)/ZnO (50 nm)/(Cd, Zn)S (50 nm)/SnS (2000 nm)/Mo (800
nm)/SLG (0.55 mm) in Fig. 3. In addition, further annealing at 175 °C for 30 min under air
atmosphere was conducted after device fabrication to improve (Cd, Zn)S/SnS interface. Due
to the malfunction of our evaporation system, only 4 devices comprised of as-deposited SnS
film and SnS films annealed with sulfur (0 g, 0.2 g, and 0.3 g) were fabricated and examined
J-V characteristics.
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Figure 2: Temperature profile of the furnace Figure 3: Structure of SnS-based solar cell

3. Experimental Results and Discussions

SnS films annealed with sulfur experienced significant grain growth compared to SnS film
without annealing and SnS films annealed without sulfur in Fig. 4. From both results of EDS
and XRD, the films did not contain sulfur-rich impurity phases such as SnS, and Sn>Sz when
the amount of sulfur was range from 0 g to 0.2 g in Table 1 and Fig. 5. While, when the
amount of sulfur was 0.4 g, the film contained Sn,S3 due to the excess usage of sulfur. J-V
characteristics showed the devices comprised of annealed films resulted in losing their
rectification and exhibited extremely low efficiency in Fig. 6. One possible reason is that hole
concentration of the annealed SnS films increased with the increase of Sn vacancies which act
as acceptor. Therefore, hall effect measurement is needed to examine hole concentration of
the films. In addition to that, annealing at the lower temperature may be needed.

AT R Uy g8 P

Figure 4: Plane-view SEM images of as-deposited SnS film and SnS films annealed
with various amount of sulfur. S 0.4 g (A) and S 0.4 g (B) are different position
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Table 1. Atomic composition ratios of as-deposited SnS film and SnS films annealed with
various amount of sulfur. S 0.4 g (A) and S 0.4 g (B) are different position. Acceleration
voltage: 20 kV

Without
Element annealing S0g S01g S02g S03g S04g(A) S04g9(B)
Sn (%) 47.0 47.0 49.8 48.4 49.9 47.6 37.7
S (%) 53.0 53.0 50.2 51.6 50.1 52.4 62.3

tfl—‘\ 25 ¢ -
5 20 ‘“‘ U
. ! ! E Without annealing
S ' ! g5 Eff 1.5%
S h | S04g -
> i : : é-; 10 |
‘B F 1 1 S03g a2 51
S : | | ! S0 S
E C ! . 1 S0.2g E 0
F Iu 1 So.lg g | \ o
n 1~ II I: | A ! : : Wil]wl{l U -10
. s AL PLL LS B N . annealin; -0.2 -0.1 0.0 0.1 02
10 20 30 40 50 60 70 8 90 Voltage (V)
20 (degrees)
Figure 5: XRD patterns of as-deposited Figure 6: J-V characteristics of devices
SnS film and SnS films annealed with various comprised of as-deposited SnS film
amount of sulfur. (Intensity: logarithmic scale) and SnS films annealed with various

amount of sulfur

4. Conclusions

The crystalline grain size of SnS films improved greatly by annealing with the sulfur.

SnS films without secondary phases were obtained by varying the amount of sulfur.

The devices comprised of annealed SnS resulted in losing their rectification and showed
extremely low efficiency.

Hall effect measurement and future experiments at lower annealing temperature may be
needed.
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