
542 X - R A Y  S C A T T E R I N G  F A C T O R S  OF T W O - E L E C T R O N  I O N S  

References  

BERG]IUIS, J., HA_ANA_PPEL, IJ. M., POTTERS, IV[., LooP- 
STRA, B. O., i~ACGILLAVRY, C. H. & VEENEN-DA_AL, A.L. 
(1955). Acta Cryst. 8, 478. 

BRIG~AN, G. H., HURST, R. P., (3RAY, J.  D. & i~ATSEN, 
F. A. (1958). J. Chem. Phys. 29, 251. 

BRIGMAN, G. H.  & IViATSEN, F. A. (1957). J. Chem. Phys. 
27, 829. 

F~EEMAN, A. J .  (1959). Acta Cryst. 12, 261. 
F~EE~_A~, A. J .  & WOOD, J.  H. (1959). Acta Cryst. 12, 

271. 
GLEIVI-BOTSKII, I. I., KIBARTAS, V. V. & IUTSIS, A. P. 

(1955). J. Exp. Theor. Phys. IJSSR 29, 617. (Soviet 
Physics JETP (1956). 2, 476.) 

HOERNI, J.  A. & IBERS, J.  A. (1954). Acta Cryst. 7, 744. 
HUIaST, R. P., GRAY, J. D., BRIGM_a_N, G. H. & MATSEN, 

F. A. (1958): 2Viol. Phys. I, 189. 
HURST, R. P. & IV[ATSEN, F. A. (1959). Acta Cryst. 12, 7. 
HU-RST, R.  P., MILLER, J .  & IV[ATSEN, F. A. (1958). Acta 

Cryst. 11, 320. 
HYLLERAAS, E. A. (1929). Z. Phys. 54, 347. 
IBERS, J .  A. (1957). Acta Cryst. 10, 86. 
JinxES, R. W. (1948). The Optical Principles of the Dif- 

fraction of X-Rays. London: Bell. 
JAM-ES, R. W. & BRINDLEY, G. W. (1931a). Phil. M a t .  

(7), 12, 81; 

JAMES, R. W. & BRINDLEY, G. W. (1931b). Z. Kristallogr. 
A, 78, 470. 

JAMES, H. M. & COOLIDGE, A. S. (1936). Phys. Rev. 49, 
688. 

KIB~TAS, V. V., KAVETSKIS, V. I. & IUTSlS, A. P. (1955). 
J. Exp. Theor. Phys. IJSSR 29, 623. (Soviet Physics 
JETP.  1956). 2, 481.) 

TJ6WDTN', P.-O. (1959). Advances ~:n Chem. Phys. Vn]. IT. 
New York: Interscience. 

MCWEENY, R. (1951). Acta Cryst. 4, 513. 
PAULING, L. & SHERMAN, J.  (1932). Z. Kristallogr. A, 

81, 1. 
PEKERIS, C. L. (1958). Phys. Rev. 112, 1649. 
PRATT, G. W., JR. (1956). Phys. Rev. 102, 1303. 
SHULL, H. & LO%VDIN, P.-O. (1956). J. Chem. Phys. 25, 

1035. 
SILVERMAN, J.  N., PLATAS, 0.  & IV~ATSEN, F. A. (1960). 

J. Chem. Phys. (In press.) 
TAYLOR, (3. R. & PARR, R. (3. (1952). Proc. Nat.  Acad. 

Sci., Wash. 38, 154. 
TOMIIE, Y. & STAM, C. H.  (1958). Acta Cryst. 11, 126. 
~'EENENDAAL, A. L., ~IACGILLAVRY, C. H., STAM, B., 

POTTERS, N[. L. & R6MGENS, M. J.  H.  (1959). Acta 
Cryst. 12, 242. 

WOOD, J.  H.  & PRATT, (3. V~r., JR. (1957). Phys. Rev. 107, 
995. 

Acta Cryst. (1960). 13, 542 

A Diffraction Measurement  of the Structure of Cu20 Fi lms  Grown on Copper 
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A method for the detection of the Bragg maxima of very thin (100-500 A) oxide films grown on 
metals is described. The shapes of the maxima are interpreted to give the strain present in the film 
and its thickness. The method is illustrated by its application to Cu20 grown on a 110 face of a copper 
single crystal. 

1. In troduct ion  

With  the  hope of contr ibut ing to the  unders tanding 
of the growth mechanism and s t ructure  of oxide films 
formed on meta l  surfaces, a series of diffraction 
experiments  were under taken  to determine whether  
it  is possible, during the very  early stages of the llfe 
of such films (200 A_ thick or less), to detect  their  
presence by  means  of X- rays  and, if so, to a t t e m p t  
to in terpre t  the  diffraction max ima  associated with the 
oxide film in terms of its thickness and  the  deviations 
from crystall ine perfection it m a y  experience as it 
grows. The experiments  have been performed with 
cuprous oxide grown on f lat  surfaces of copper single 

* Operated for the U.S. Atomic Energy Commission by 
the Union Carbide Corporation. 

crystals  a t  250 °C. in one a tmosphere  of oxygen. 
At ten t ion  has been l imited to films grown on (110) 
faces of the meta l  crystal.  Lawless & Gwathmey  (1956) 
have shown t h a t  for this face, there is a simple epi taxial  
relat ion between the oxide and the copper subs t ra te :  
their cube axes are parallel. 

Cuprous oxide grown on copper recomends itself 
because of the uncomplicated well-known cubic crystal  
s t ructure  of the oxide, and the  facil i ty with which 
oxidized meta l  crystals m a y  be prepared.  The con- 
ditions for its growth were chosen to avoid contamina-  
t ion with cupric oxide and to obtain a film of uniform 
thickness. Details of the technique for prepar ing the  
films have been described by  Young, Cathcar t  & 
Gwathmey  (1956). 

Repor ted  here is a simple X - r a y  diffract ion tech- 



they  were arranged ant iparal le l  to each other for our 
measurements .  As Guinier (1956) has pointed out, over 
a l imi ted range of 2 0 one thus  obtains an achromatiza-  
t ion of the Kal-Ko¢~ doublet,  causing them to super- 
impose on the 2 0 scale of the counter. Hence, contribu- 
tions to the  l ine shapes from sources other t han  the 
imperfect ions present  in the sample are great ly  
minimized.  

Ambigui t ies  in the  es tab l i shment  of background 
under  the Bragg peaks were avoidod by  scanning the 
2 0 range of interest  with an unoxidized copper sample. 
Since for practical  purposes a 200 ~ f i lm of Cu20 is 
t ransparent  to Cu Kc¢ radiat ion,  there results an objec- 
t ive and  accurate de terminat ion  of the tails  of the 
broadened reflections. 

Fig. 2 shows the 110 and  220 Bragg m a x i m a  for a 
Cu20 f i lm approx imate ly  180 A thick as measured 
by  a polarizing spectrometer.  The success of the 
method  depends on the use of s t r ic t ly  monochromat ic  
radia t ion which ensures a very  low background.  I t  
is p robab ly  also necessary tha t  the f i lm be sub- 
s tan t ia l ly  a single crystal,  so tha t  most of its irradi- 
ated volume m a y  contr ibute  to the diffracted beam to 
be measured.  

nique for the measurement  of the shapes of the Bragg 
m a x i m a  of such films, and a method  for the inter- 
preta t ion of their  contours in terms of the thickness 
and  strain distr ibution.  

2. Experimental arrangement 

Fig. 1 i l lustrates schemat ica l ly  the a r rangement  of the 
diffractometer.  X-rays  from essential ly a point  source 
impinge  on a doubly bent  L i F  monochromator .  The 
radi i  of bending are chosen so tha t  Cu Kc~ radia t ion 
is diffracted over the angular  range ~ and  so tha t  
ver t ica l ly  the diffracted beam converges at  the spec- 
imen which is a f lat  copper single crystal  appropr ia te ly  
oxidized. The scattered radia t ion must  pass through 
the slit S before str iking the face of a scinti l lat ion 
counter. The specimen and  detector are mounted  on 
a conventional  General Electric diffractometer  table  
so tha t  parafocusing geometry is ma in ta ined  as the 
counter scans through 2 0. 

Lithium fluoride 
monoch romator 

C rysta/oSCintteiJlatio n 

focal spot 0 20 

Oxidized copper 
single crystal 

Fig. 1. Arrangement of diffractometer for line contour 
measurements from thin surface films. 

Though for the sake of clarity, the monochromator  
and sample are shown in Fig. 1 in parallel  positions, 

3. D i f f r ac t i on  theory 

Warren  & Averbach (1950) have shown tha t  if the 
shape of a Bragg m a x i m u m  00l, broadened because of 
s train and  smal l  par t ia l  size, is represented by  the 
Fourier  series 

I(h3) = Z Cn exp [2~inh3] , 
n 

then  the coefficients Cn m a y  be related direct ly to the 
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Fig. 2. The 110 and 220 Bragg maxima for a thin Cu20 film (broad lines). The sharper lines show the positions and shapes 
of the corresponding reflections measured from bulk Cu20 and are not to scale. 
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particle size and  strain dis t r ibut ion present in the 
sample. The continuous var iable  ha is related to the 
scattering angle 2 0 by  

h3=2Iaa I sin O/k ,  

where a3 is a vector normal  to the diffracting planes 
along a unit-cell  edge (the cell is assumed to be or- 
thogonal).  At  the center of the diffraction peak, ha, 
takes  on the value  I. I t  was shown by  Warren  & 
Averbach  tha t  

cn= 2/~/~v <exp [2~lz~]>, (1) 
where 2 / i s  the total  number  of uni t  cells in the crystal  
and  2/~ is the number  of uni t  cell pairs which m a y  
be formed in such a manner  tha t  the vector between 
the  cells is nas. If  the crystal  is strained, then  the 
vector between cells is given by  nab + Z,a3. The aver- 
age indicated in equat ion (1) is t aken  over all  such 
pairs which m a y  be formed in the crystal.  The area 
under  the Bragg peak is normalized so tha t  Co is 
uni ty.  

To specialize the War ren -Averbach  result  for the 
case of an oxide single crystal  f i lm adherent  to a meta l  
surface, we assume tha t  the f i lm is of uniform thick- 
ness and  tha t  the s t ra in  in the f i lm is uniform in a 
plane p~rallel to the meta l  surface and varies only in 
a direction normal  to the surface. In  such a case the 
average of equation (1) need be taken  only over a 
single column of uni t  cells paral lel  to the diffraction 
vector, the direction of which is the f i lm normal.  Let  
the f i lm be M uni t  cells thick and let them be labeled 
from zero to M - - 1 .  Then equat ion (1) m a y  be wri t ten 

m = M - - n - - 1  

M C n  = ~ exp [ 2 ~ i l ( Z m + n - Z m ) ] .  (2) 
m ~ - 0  

Here the  subscript  on Z is always relat ive to the uni t  
cell at  the origin. 

We consider the var ia t ion of Zn as a funct ion of n. 
We m a y  take Z0 to be zero, and  if a3 is chosen to cor- 
respond to the center of grav i ty  of the diffraction peak, 
we have tha t  ZM-1 =0 .  We discuss the simplest  non- 
t r iv ia l  relat ion between Zn and n which satisfies these 
boundary  conditions: 

Zn = A n ( M -  1 - n ) .  (3) 

As will  be seen, the constant  A is related to the s t ra in  
in the film. Then 

Z ~+n - Zm = A n ( M -  1 - n) - 2 A m n  = Z~ - 2 A m n  

and equat ion (2) m a y  be wri t ten 

m =  M - - n - - i  

M C ,  = exp [2xilZn] . ~  exp [ - 4 ~ i l A m n ]  . 
m = 0  

This series m a y  be summed  and  the result  simplif ied 
to give 

M C , = s i n  2 ~ l A n ( M - n ) / s i n  2 x l A n  . (4) 

In  general  2 x l A n  is a very  small  angle, hence the 

denominator  in (4) m a y  be replaced b y  the  angle. 
I t  is more convenient  to represent  the  Fourier  co- 
efficient of equat ion (4) in terms of the  dis tance 
L=nla31.  Let B = A / l a s I  2 and the oxide f i lm thickness  
T=Mla31 .  We m a y  then  write the Fourier  coefficient 
in terms of the parameters  T and B and  the var iable  L:  

CL = Sin 2 ~ B 1 L ( T - -  L ) / ( 2 ~ B 1 L T )  . (5) 

Since the Fourier  coefficients given by  (4) or (5) are 
real, it  follows tha t  the diffraction line contour which 
they  represent must  be symmetr ical .  This restr ict ion 
is a consequence of the relat ion (3). A n y  less s imple 
assumption would complicate considerably the  sum- 
mat ion  of equat ion (2), though, as is here shown, some 
such more general representat ion of Zn is necessary to 
account for any  a symmet ry  in the shape of the Bragg 
maxima.  

4. C o m p a r i s o n  of theory with e x p e r i m e n t  

Since the diffraction m a x i m a  for the  Cu20 f i lm of 
Fig. 2 are quite symmetr ical ,  i t  is presumed tha t  t hey  
m a y  be described by  the simple theory  discussed 
above. The line contours of both the f i lm and of bulk  
Cu20 were resolved into Fourier  coefficients with the  
aid of Beevers-Lipson strips. Those of the bulk ma- 
terial  were used to correct for ins t rumenta l  contribu- 
tions to the line shapes for the fi lms by  the method of 
Stokes (1948). A new tetragonal  uni t  cell for the oxide 
m a y  be chosen so tha t  the two reflections m a y  be 
indexed 001 and 002, in order to obtain reflections of 
the type  00/, as assumed by  the theory. 

In  a t tempt ing  to fit  the  theory, it is useful to con- 
sider the funct ion LCr~ which is given by  

LCL = sin 2 ~ B 1 L ( T -  L ) / (2~B1T)  . (6) 

As L increases, this  fundtion increases from zero and 
passes through a max imum.  The m a x i m u m  m a y  be 
of two kinds, depending on the magni tudes  of the  
parameters  E1 and T. If they  are such tha t  for some 
L,  B 1 L ( T - L ) =  ~,1 then  this point  corresponds to the 

LCL(A) 

30-  

20 

1C 

T= 140A 

I I I I 
25 50 75 1 O0 

L = (A) 

Fig. 3. Comparison of theoretical (solid lines) and experimental 
values of LCL for a thin Cu20 film. 
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maximum and LCL(max.)=(27cB1T) -1. The function 
then decreases slowly, and it is not symmetrical about 
its maximum. On the other hand, if B1 and T are 
such tha t  B 1 L ( T -  L) < ¼ for all L, then the maximum 
value of LCL occurs at  L = T / 2  and the function is 
symmetrical about its maximum. 

Fig. 3 is a plot of the experimentally measured 
values of LCL as a function of L for l =  1 and 2. The 
Fourier coefficients are those determined from the line 
shapes of Fig. 2. I t  is clear from the shapes of these 
curves tha t  002 has a maximum of the first kind, 
from which may  be determined BT,  while 001 is 
symmetrical about its maximum, thus determining 
the thickness T of the film. The experimental measure- 
ments are compared in Fig. 3 with values of LCL 
computed from equation (6). The values of B and T 
as determined from the maxima were slightly modified 
to obtain the best fit to both curves. 

5. Discuss ion  

To interpret the meaning of B, let the interplanar 
spacing at  the nth unit cell be given by  d~=d(1 + sn) 
where d is the average interplanar spacing as deter- 
mined by the center of gravi ty  of the peak. Then from 
the definition of Zn, 

s n  = Z n  - Z n - 1  

= A n ( M -  1 - n) - A ( n -  1 ) ( M -  n) = A M -  2An  . 

The interplanar spacing varies linearly from one 
interface to the other. We let X l d = d o - d i  and obtain 

A d / d = 2 A M = 2 B 1 T d  . 

For the film used here as an illustration, d =  3.068 A 
for l =  1, and from Fig. 3 4 z B T =  (18/~)-1, hence do= 
3.110 A and dM=3"027 A. This interplanar spacing 
for bulk Cu~O is 3-019 A. 

Throughout its entire thickness the interplanar spac- 
ing of the film is larger than tha t  of the bulk material,  
though at  one interface the spacing is almost normal. 
I t  is not possible from the X-ray experiment to know 
whether this is the. metal-oxide or oxide-gas interface. 

There is a discrepancy between the film thickness 
as measured by  X-rays and that  determined by the 
polarizing spectrometer. A possible reason for this may 
be tha t  the spectrometer measures the total thickness 
while the diffraction line contour is sensitive only to 
tha t  portion of the film which is a single crystal 
throughout its thickness. At present i t  is not clear 
what the par t  of the film which may not be a single 
crystal is. I t  may be a polycrystalline layer of Cu20, 
though this possibility does not appear to be consistent 
with electron-diffraction photographs of similar films 
stripped from the metal  single crystal (Cathcart, 1959). 
In  any case, recent work (Cathcart, 1959) has thrown 
considerable doubt on the reliability of the polarizing 
spectrometer measurements, so tha t  the diffraction 
thickness measurement may  well be the more accurate 
of the two. 

Though the comparison of Fig. 3 of experiment with 
theory is reasonably satisfactory, at large values of L 
there is some discrepancy. Since these points are 
associated with small, high order Fourier coefficients, 
they undoubtedly suffer most from experimental error. 
They are also the points most affected by deviations 
from the assumption tha t  the film is of uniform thick- 
ness. 

The writer wishes to thank Dr J. V. Cathcart  who 
suggested the problem and who prepared the oxidized 
copper single crystal. Dr C. J. Sparks and Mr J .C .  
Richter helped to gather and interpret  the data. 

References 
CATHC~W, J. V. (1959). Private communication. 
GUINIER, A. (1956). Thdorie et Technique de la l~adio- 

cristallographie, 2nd ed. Paris: Dunod. 
LAWLESS, K. R. & GWAT~MEY, A. T. (1956). Acta Met. 

4, 153. 
STo~s ,  A. R. (1948). Proc. Phys. Soc. 61, 382. 
W~RE~, B. E. & AVERBACH, B. L. (1950). J. Appl. Phys. 

21, 595. 
YOUNG, F .  W . ,  CATHCAXtT, tl. V.  ~; GWATHMEY, A.  T .  

(1956).  Acta Met. 4, 145. 

A C 13 - -  37 


