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The oxidation process of layered compound CaSe which has no dangling bond on the 
cleaved surface has been studied by XPS and AES techniques. At room temperature, 
the cleaved surface is not oxidized in oxvgen gas atmosphere. By Ar ion sputtering, 
the surface becomes to show the behavior of metallic Ca due to the dissipation of the 
first sublayer of Se in a primitive layer Se-Ca-Ca-Se. The thin layer of the meta
llic Ca is easily oxidized. In the case of thermal oxidation of cleaved CaSe in air 
atmosphere, the oxygen diffuses into the primitive layer and combines with Ca, which caus
es the severance of the intralayer bonding between Se and Ca atoms. At temperature 
higher than 450" C, the oxygen is also intercalated between the primitive layers from the 
sides perpendicular to the layers. No Se oxides are observed under any of the oxida
tion conditions. 

§ 1 . Introduction 

The use of x-ray photoemission spectroscopy (XPS )  is a powerful technique for the 
study of the electronic structures of atoms, molecules and condensed matter 1! The 
most dramatic success of XPS is to give the informations concerning the bonding of 
atoms or molecules to the surface through the observation of the so called chemical shift . 

The CaSe has a layered structure consist of stacking of primitive layer with four 
sublayers of atoms in the sequence Se-Ca-Ca- Se as shown in Fig. l. The difference 

2) 
in the stacking sequence of primitive layers yields three polytypes, c. fJ and y . The 
hexagonal unit cel l of c t;ype, which is usually appeared in CaSe, extends over two 
primitive layers. The lattice constant c along the stacking is 15.94 A, which includes 
two primitive layers ( 9.56 A )  and two inter layer spacings (6.38 A )  3} Within the prim
itive layer the bonding is a strong covalent type, whereas between the primitive layers 
it is a weak van der Waals type. The electrical and optical properties of CaSe related 

4) to the anisotropy of the bonding strength have been extensively studied for many years. 
The crystal can be cleaved readily against the weak inter-layer bonding. The cleaved 
surface is considered to be relatively inert, since no dangling bonds exist on the surf-

* Pr e s ent addre s s: The In s t i tute of S c ientif ic  and Indu s t r ia l  Re s e a rch,  Osaka Un ive r s ity, Su ita, Osaka 

565. 
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ace. On the other hand, the 
surface of usual 3-dimensi
onal crystals gives rise to 
dangling bonds inevitably. 

Se sub layer 

VVe are interested in the 
interactions between atoms 
or molecules and the surf
ace without dangling bond. 
Recently, it has received 
much attention that the we
ak inter layer bonding of 
layered structures facilita
tes the intercalation of fo-
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5.6) 
reign atoms or molecules between the primitive layers under suitable conditions The 
intercalation sometimes changes dramatically the properties of the host materials. The 
opto-electronic devices using Ca Se and InSe heterostructured with Sn02 have also 

7.8) 
been interested 

In the present paper, we will focus on the study of the oxidation process of 
observed by means of XPS and AES ( Auger electron spectroscopy ) techniques. 

CaSe 
The 

9) 10) oxide layer on the surface of typical semiconductor, such as S i and CaAs , has been 
widely studied, since it has a large effect on the characteristics of the devices made 
from these materials. However, the oxidation of the layered materials has not yet be
been studied, at least to our knowledge. 

§ 2 . Experimental 

The CaSe single crystals used for the present study were grown from the melt sea
led in a qualtz ample by the Bridgman method. The crystal was p-type, and mobility and 
carrier concentration at room temperature were -30 em 2;volt ·sec and -1015 cm-3, 
respectively. The single crystal ingot with diameter -12 mmcP was cleaved into thic
kness of -0 .5 mm in the argon gas passed through dry system. The thermal oxidat
ion of the samples was perf ormed on an iron plate heated in air atmosphere. 

The experimental equipment consisted of the PHI Model 548SH ESCA/ Auger system 
with a double pass cylindrical mirror type analyzer ( CMA ) in the ULVAC high vacuum 
chamber ( 10 -9 Torr ) .  The vacuum system has a small subchamber where the sample 
can be exposed to appropriate gas atmosphere keeping the main chamber at high vacuum. 
The room temperature oxidation was performed in the subchamber. The oxidized sample 
is carried into mainchamber for measurement by the driving system. 
also enables us to measure SIMS ( secondary ion mass spectroscopy) 

The equipment 
and RHEED ( refl-

ection high energh electron diffraction ) , although these were not used for the present 
experiment. 

The oxidation processes were observed by the measurement of the chemical shifts of 
photoemission lines due to Se 3d, Ca 3d and 0 ls core electrons and Ca ( L3M45M45) 
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Auger transition. The binding engrgies of these lines in oxized samples were compared 

with those in standard materials, Se, Ca, Se02, Ca
2

0
3 

and cleaved CaSe. The unmon

ochromatized Mg-Ka X-ray(1253. 6  eV) operated at 10 kV and 40 rnA was used as the 

excitation source. In Se atoms, the strongest line is Se ( L3M45M45) Auger line, but 

the kinetic energy is higher than the energy of Mg-Ka X-ray. The binding energies 

were calibrated to the Au 4]712(83.8 eV) line whose FWHM(full width at half maximum) 

was 1.2 eV. The experimental accuracies for the determination of the binding energy 

and FWHM were estimated to be ±0.2 eV and ±01 eV, respectively. 

The Ar ion supttering was performed for the depth profile of the elemental composi

tion in oxidized samples. The elemental composition was measured as a function of 

sputtering time by AE S. An argon ion gun was operated at a voltage 5 kV and an emission 

current 30 rnA in an argon gas pressure of 5x10-5 Torr, which resulted in a sputtering 

rate of about 33 A/min for evaporated CaSe. This suuttering rate was used as an ap

proximate value for the oxidized samples. For the AE S measurement , a primary beam 

energy was 3 kV and a moduli tion of the signal was 6 eV in peak to peak. The rela

tive sensitity in the present system was estimated to be 0.36, 1.0, 0.59 and 0.33 for 

C(KLL), O(KLL), Ca(LMM) and Se(LMMM) Auger lines, respectively. 

§ 3 . Results and Discussion 

3-1 Standard materials 

In this section, the binding energies of the typical photoemission lines of standard 

materials, Ca, Se, Ca203, Se02 and cleaved CaSe(hereafter refered to as cl-CaSe) are 

determined. The surface of Ca metal was etched by Ar ion sputtering before measur

ement . The Se, Ca203 and Se02 were powderd samples. The CaSe was cleaved in 

Ar gas. The Au was evaporated on the samples for the calibration of the binding en

ergies. 

Table 1 shows the measured binding energies of Ca 3d, Se 3d, 0 1s and Ca(L3M45 
M45) lines, where the binding energy of Ca ( L3 M 45M45) means the energy difference 

b etween the energy of Mg-Ka X-ray and the kinetic energy of the Auger electron. 

The binding energies of Ca 3d and Ca(L3M45M45) in Ca metal are 18.7 and 185.7 eV, 
ill 

respectively. The former value well agrees wit h the result by Schon(18.5±0.2 eV) . 

Those of Se 3d in Se and Se02 are 54.7 and 58.6 eV, the value for Se coincides with 
12) 

that of Weser et al. (54.8 eV) , but the value for Se02 is smaller than their result 

by about 0.5 eV. 

The values of Ca 3d, Ca(L3M45
M45) and 0 ls in Ca203 are 20.3, 191.0 and 531.1 

eV, which are in agreement with results by Mizokawa et al. (20.4±0.2, 191.1±0.2, 53 
(13) Ill 

531.4±0.2) and Schon(20.5±0.2, --, 531.1±0.2 eV) . In Ca203, the FWHM of lines 

was wi der than in other materials, and the Ca 3d line was d ecomposed into five Cauu

sian lines with FWHM 1.3 eV as shown in Table 1. The main peak at 20.3 eV is due 

to Ca2o
3

. The weak peak at 18.7 eV agrees with the peak of Ca metal. The other 

lines show the presence of higher(21.6 and 23.0 eV) and lower(19.3 eV) oxidation sta

tes of Ca than Ca203. 
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Tabl e  1 Binding e n e rgie s in eV o f  Ga 3d,  S e  3d,  Ga ( L3 M45 M45 ) and 0 Is in the  s a mp l e s .  Fo r the 
oxid i z ed s a mp l e s ,  s e e  the captions of F ig s .  2 and 6 .  The b inding ene rgy has an unce r t a inty o f  ± 
0 . 2 e V. The Ga 3d in the s eve r a l  s a mp l e s  a r e  dec omp o s ed into a fe w Gau s s ian l i n e s  with FWHM 
1 . 3  e V, in wich the s t rong l ine  i s  ma rked by s .  The e n e rgy o f  Ga ( l:3 M45 M45 ) in p a r enthe s i s  i s  
o b s e rved o n l y  a s  a s h o u lde r .  

Ga 

Se 

S e 02 
c l- G a S e  

R T- Ga S e ( b )  

sp- G a S e  ( s p )  

sp- Ga S e ( d )  

T- Ga S e ( c )  

T- Ga S e ( e )  

Ga 3 d  

1 8 . 7  

1 8 . 7  
1 9 . 3  
20 . 3  8 
2 1 . 6  
23 . 0  

1 9 . 7  

1 9 . 7  

18 . 7  8 
1 9 . 5  8 

1 8 . 4 
1 9 . 1  8 
1 9 . 5  8 
20 . 1  8 
2 1 . 1  

1 9 . 6  8 
20 . 2  8 
2 1 . 3  

1 9 . 3  
20 . 5  8 
21 . 8  
23 . 0  

S e  3 d  

54 . 7  

58 . 6  

54 . 4 

54 . 4 

54 . 7 

54 . 7  

54 . 7 

185 . 7  

1 9 1 . 0  

188 . 2  

1 88 . 2  

185 . 7  
187 . 8  

188 . 0  
( 1 9 1 . 0 )  

188 . 3  
( 19 1 . 0 )  

1 9 1 . 2  

0 1 s  

53 . 1 . 1  

530 . 5  

531 . 1  

531 . 2  

531 . 2  

The peak energies of Ca 3d, Se 3d and Ca ( L3M45M45 ) lines in c l-Ca Se are 19 . 7 , 
(I� 

54.4 and 188.2 eV, respectively. The values reported by Antonageli et al for Ca 3d 
and Se 3d are 19 . 4 and 45 .3 e V, which are measured from the top of valence band of 
CaSe. The difference of binding energy of Se 3d between in CaSe and Se02 is large 
as 4. 2 eV, which is convenient to distinguish Se-oxides from CaSe. On the other hand, 
the energy differences of Ca (L3M45M45 ) are 2.5 and 2. 8 eV for (CaSe-Ca ) and (Ca2 
03-CaSe ) ,  which are useful f or the observation of Ca-oxides on the surface of Ca Se. 

3-2 R o o m temperature oxidatio n 

Figur 2 shows the XPS spectra of Ca 3d in the samples oxidized at room tempera
ture, where the spectra a and b are obtained from the samples(refered to as R T-CaSe) 
exposed to oxigen gas of one atm for l and 9 hours, respectively, after cleaving, and 
sp, c and d are the spectra in the samples(refered to as sp-CaSe) exposed to oxigen gas 
of one atm for 0 ,  1, and 60 minutes, respectively, after Ar ion sputtering of 20 minutes. 
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F igures. 3 and 4 show the corresponding spectra of Se 3d and Ga( L3M45 M45 ) in the 
same samples as F ig. 1. The spectra a and b in the three figures are just the same as 
c l -GaSe, which indicates the surface of CaSe is quite stable in oxigen atmosphere as 
room temperature. 
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Fig. 2 X P S  s p e c tra o f  Ga 3 d  in R T- Ga Se  

( a,  b )  and  sp- G a S e ,  a and  b we r e  

exp o s ed to oxygen gas o f  one a t  m 

p r e s sure  fo r 1 and 9 hou r s  without 

sputte r ing, and sp ,  c ,  and d we re 

exp o s ed to o x y g e n  g a s  fo r 0 ,  1 and 

60 minute s afte r A r  ion sputtering, 

r e s p e c t ive ly. 

Fig.  3 XPS spec tra of  Se  3 d  in R T-Ga Se 

and sp- G a S e .  The samp l e s  a r e  t he 

s ame a s  Fig.  2 .  

As seen from the spectra sp in F igs. 2, 3 and 
4, the sputtering makes the signal broader for 
all photoemission lines. The relative integral 
intensity of Se 3d to Ga 3d decreases from 2 .0 

m c l -GaSe to 1 . 0 m sp-GaSe without exposure 
to oxigen, which demonstrates that the surface 
becomes Ga-rich by Ar ion sputtering. The sp
ectrum sp of Ga 3d in F ig. 2 is decomposed into 
two Gaussian lines with FWHM 1.3 eV centered at 
19.5 and 18.7 eV, one of which (18 .7 eV) con
incides with the energy of Ga metal (see also 
Table 1) .  The other peak at 19 . 5  eV is due to 
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GaSe, the energh is slightly lower than in c l -GaSe. The existence of Ga metal on the 
sputtered surface is clearer from the spectrum sp shown in Fig. 4, where the peak 
marked by an arrow ( j )  corresponds to Ga metal . The Ga ( L3M45M45 ) in GaSe is sh
ifted to lower energy by about 0 . 4 eV compared with c l -GaSe. On the other hand, the 
binding energy of Se 3d is shifted to higher energy by about 0 . 3 eV as shown in Fig. 
3 and Table 1 .  

The metallic nature of the sputtered surface may be due to the dis sipation of the 
first sublayer of Se atoiTB in a primtive layer. The Ga atoms in the second sublayer 
combine with each other, which results in the formation of metallic Ga. We think the 
bonding between the Ga atoms in the third layer and Se atoms in the fourth sublayer 
is still present on the surface, which may be the origin of the observed shifts of binding 
energies by sputtering mentioned above. We note here that all of the energies of Gd 
3d ( 19.5 eV ) , Se 3d ( 54 . 7  eV ) and Ga ( L3M45M45 ) ( 187.8  eV ) in sp-Ga Se are closer 
to those of elemental Ga and Se than those in c l -GaSe. 

In the case of sp-GaSe, the signals corresponding to Ga oxides bigin to appear with 
increase of exposure time to oxygen, in contrast to the case of R T-Ga Se. The spe
ctrum d of Ga 3d is decomposed int o five lines as shown in Fig. 2. The peak energies 
of the five I ines are shown in Table 1 ,  where 
the energies of 18.4, 19 . 5 and 20.1 eV almo-
st agree with those of Ga 3d in Ga, sp-Ga Se 
and Ga203, respectively. The other two peaks 
at 19 .1 and 21 .1 e V may be due to the lower 
and higher oxidation states of Ga than Ga203. 
The situation is very similar to standard Ga2 
03, except for the differenee in the that of 
relative intensities of the decomposed lines. 

From the spectra of Se 3d in Fig. 3, we 
know that Se-oxides are not formed, even if 
sp-GaSe is exposed to oxigen for 60 minutes 
at room temperature. This is also clear from 
the binding energy of 0 Is shown in Table 1 ,  
which agrees with the energy in Ga203. 

Figure 5 shows the depth profile of the ele
mental composition of sp-Ga Se oxidized for 1 
minute measured by AE S as a function of A r 
ion sputtering time. The summation of the peak 
to peak hights of AE S s ignals for Se, Ga, 0 
and C atoms corrected by relative sensitivity 
is normalized to 1 .  In the figure, the intensi
ties of oxigen peak in the samples exposed for 
10 ( drawn by - - - ) and 60 minutes ( drawn by- ) 
are also shown. As seen from the figure, the 
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intensity of Ga is always stronger than that of Se, which indicates the surfece is Ga-rich. 

The oxygen peak disappears after 30 sec. sputtering for all exposure times. The depth 

of the existence of oxygen does not depends on the exposure time. The results show that 

the oxidation layer is formed only for the layers damaged by sputtering. If we assume 

the sputtering rate of 33 A/min for evaporated GaSe is used for the present samples, the 

depth of oxide layer is calculated to be about 16 A, which is about the same to the th

ickness of two primtive layers of GaSe. 

3-3 Thermal o xidatio n  

Figures 6, 7 and 8 show the spectra of Ga 3 d, Se 3 d  and Ga ( L 3 M45 M45 ) in the sam

ples(refered to as T-GaSa) oxidized at several temperatures for ten minutes in air atmo

sphere after cleavage. The oxidation temperatures are 50, 150 , 230 , 280 , and 450'C for 

the samples a, b, c, d and e, respectively. 

As seen from the spectra of Ga 3 d  in Fig. 6, the intensity of Ga oxides increaes 

with increase of oxidation temperature. The higher energy tail of spectrum b is due 

to the component of Ga203. At 230'C, the intensity of Ga203 becomes almost compa

rable to that of GaSe as shown in spectrum c. Above 230'C, the component of Ga203 
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z 
w f-
� 
z 0 
Vi (f) 
� w � 0 I 
0.. 

I 100 cps 

2 5.0 

Fig. 6 XPS spe c t ra o f  Ga 3 d  in T- Ga S e .  

The  oxidation tampe ratu r e s  a r e  50( a ) , 

1 50( a ) , 230 ( c ) ,  280 ( d )  and 450'C ( e ) .  
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exceeds the CaSe. In the case of 450"C( sp
ectrum e), the signal of Ga 3d consists of 
four components corresponding to Ga203 (20. 5 
eV), CaSe ( 19 .3 eV) and higher oxidation 
states of Ga(21 . 8  and 23 .0 eV). The peak 
at 19 .3 eV might be due to lower oxidation 
state of Ga. The increase of Ga oxides 
with increase of temperature is als o  clear 
from the spectral change of Ga(L3M45M45) 
in Fig. 8. 
The energy position of Ga (L3M45M45) in 
Ga metal is shown in Fig. 8 by the arrow(!). 
VVe · should note that the peak corresponding 

I 300 cps 

1 9 5.0 1 9 0.0 185.0 
BINDING ENERGY (eV ) 

Fig.  8 XPS spec t ra o f  Ga ( L3 M
45

M
45

) in T
Ga S e .  The samp l e s  are  the s ame as 
F ig .  6 

to Ga metal is not seen in contrast with sp-GaSe  and its room temperature oxidation. 
This is also  true in the spectra of Ga 3d in Fig. 6 ( see also  Table 1). 

In the case of Se 3d in Fig. 7, the peak energy and FVVHM of spectrum a are in ag
reement with tho se of c l -GaSe. At higher temperature, the signal intensity decreases, 
and the peak energy is shifted to higher energy by about 0 .  3 eV accampanied by the 
slight increase of FVVHM. At temperature higher than 450"C, the signal of Se 3d is 
no more seen as shown in epectrum e. The Se  oxides do not appear for all of the ox
idation tempratures. 

From the above results,  the thermal oxi.lation proces s of cleaved Ca Se is explained 
as f ollows. First, the oxygen diffuses into the primitive layer through the first Se sub
layer, and combines with Ga atoms of second sublayer. VVith progres s of oxidation, the 
oxigen atoms combines also  with Ga atoms of third sublayer. The formation of Ga ox
ides causes the break down of the bonding between Se and Ga atoms in the primitive layer. 
The Se atoms have no bonding with Ga and 0 atoms, which may be the reason of the 
shift of binding energy of Se 3d to higher energy and the increase of FVVHM. Ga at
oms have no bonding with Se atoms present only as Ga oxides, so  the signals of meta
llic Ga are not appeared. At higher oxidation temperature, Se is also combined with 
oxygen atoms. However, the vapour pres sure of Se  oxides is very high, for example 
Se02 sublimates at higher than 100"C. This may be the reason why Se oxides are not 
observed, and the signal of Se 3d becomes smaller with temperature. Thus, the surf
ace is now covered with Ga oxides only. 

Figure 9 shows the depth profiles of oxygen measured by AE S in the same samples 
as in Figs. 6, 7 and 8, where S e, Ga and C are not shown. In the samples b, c, and d 
oxidized at 150, 230 and 280"C, respectively, the oxigen concentration decreases with 
sputtering time (time scale is in sec. ), and it disappears after at most 100 seconds 
sputtering. On the other hand, in the sample i oxidized at 450"C, the oxygen als o dec
reases for 60 minutes ,  but after the time, it keep s cnnstant values. This result indi
cates that at lower temperature the oxidation proceeds from the surface, but at higher 
temperature the oxidation proceeds not only from the surface, but also through the mter 
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layer. The oxidation through the inter layer 
means that the oxygen is intercalated between  
the primitive layers due to the weak bonding 
between the layers. 

§ 4 . Summary and Conclusion 
We have studied the oxidation proce s s  of 

CaSe by XPS and AES technique s. The cleaved 
surface of CaSe  has been found to be quite 
stable under oxygen atmos-phere at room tem
perature. The re sult is a striking feature 
in contrast to the surface of 3-dimens io
nal crystals which is usually covered by 
thin oxide layer. This due to the fact that 
the cleaved surface of Ca Se has no dangllng 
bond. 
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0 
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e 

� d  
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Fig. 9 Depth p rof i l e  of oxigen in T- Ga Se .  

The s a mp l e s  are  the  s a me to F ig .  6 

Time sca le  is s ec  fo r b, c , d, and min 

fo r e .  

On Ar ion sputtering, the cleaved surface become s Ga-rich. The XPS spectra show 
the pre sence of metallic Ga on the sputtered surface, which i s  easily oxidized at room 
temperature. The oxide layer is formed only for the layers damaged dy sputtering. No 

Se  oxide s are found. 
During thermal oxidation in air atmosphere, the intralayer Se-Ga bondings are broken 

down by the formation of Ga oxide s.  Se atoms are pre sent simply as sellenium. At 
higher thermal oxidation temperature, the surface almost consists of Ga oxides, mainly 
Ga203. Se  oxide s sublimate due to its high vapor pre s sure. In the sample s heated to 
temperature higher than 450'C, two type s of distribution of oxigen have been found. 
The one is the decreasing distribution with depth from the surface, wich is due to the 
diffusion of oxygen, and the other is the constant distribution, which is due to the in
tercalation of oxygen between the primitive layers . 
Note : Thi s  work has been published in "Jpn. J .  Appl. Physics, vol. 21 No. 1 ( 1982) :' 
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