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Rcsults arc prcsÈnted of expcrimcntal and theoretical studies of the angular depcndencc of the x-ray

photoelectron yield from dynamic Bragg diffraction of x rays in silicon crystals with a homocpitaxial surfacc

film. Thc study of the high-order 14++) reflection gave a considerable increase in the scnsitivity of the x-ray

stationary wave method for photoclectron emission and an cxplicit determination, on the expcrimcntal cutte,

of the surfacc displaccmcnt due to lattice relaxation by small fractions of the interplanar spacing. Analytic

cxprcssions were obtained for thc angular dcpcndence of the photoemission in a bicrystal with any

relationship bctwccn the paramctcrs.

There have been ma,ûy rocent gtudles of tle structure
of damaged gurface layers of gemlconductor stngle crys-
tals uslng the method of x-ray stationary waves for photo-
elec'lron emisslon" Tbls method i:nvolves'recording ttre
angular dependence of the x-ray photoelectron'yleld from
dynamtc Bragg dlffrastlon of x rays, when a stattonary
wave te formed in tle crystal by the irterference of co-
herent tncldeû and reflected-waveg. When all photoelec-
trons leavhg ttro crystal, wltl whaterrer energy, are re-
corded (lntegfated photoemlsstou), the method yields ln-
formatlon as to the structure of the surface layer âv€r-
aged over a reg'ion whose tllckness is of the order of tlte
maximuln photoelecrlron emergence depth Lri. ff ITt..
L << Lex, where L ts the thicloess of the da-maged lâyer
ærd f,ex-the extlnstion length, tàen lt has beeu shownl that
the method gives in priuciple tùe complete strain profile
i.u tle damaged layer, i.e., the depth variation of the inter-
planar spacing caused by the presenceof defests, and the
degree of disorder (amorphization) of t}te damaged layer.
This informat ion is contained in ttre tail's of t}re angular
dtstrlbutton curves for the x-ray reflection and the photo-
emission; and a mathematical anatysis of the e:çerimen-
tal results ls n€eded in order to obrtain lt.

The central part of the photoemlsslou curve, whlctr
coincides wtth t"he angrû.arrang€ of total Bragg reflectiou,
allows a dlrest determinationof two quantities represent-
ing different features of tle structrrral perfection of the
surface layer with tiicloress Lyi. These are the cohereut
posiflon u(0) (tle'total displacemeut of tle surface dtæ
to latfice refl,a:<ation in the damaged layer) ald the co-
herent fractlon f -= e:ç t-W(O)1, which gives the fraction
of atoms that retain their regular positlons in a reflecting
pIane.

Tbls posslblllty was clearly demonstrated i:r a study
(Refs. 2 ttd 3) of autoepita:<ial films of germanlum and
of gallium arsenide, but hitherto lt has not been possible
to obtain correq)onding results for silicon crystals. This
ls ùre primarily to the considerably gleater degree of
stnrsttrral perfection of the homoepitadal films of silicon
{àat are acttrally used in semicondustor technolory, aad
to tleir thinnees.

Since ln tle central (phase-sensitive) part of the
photoemission curve its profile is mainly governed by
tÏe phase fastorl ery [ihu(0)1, where h is a reciprocal
Iattice vector, it is clear tlat the sensitivity of the x-ray

stardiDg wave metlod can be ralsed, ln order to record
small strains, by going to htgher orders of reflectlons.
In tlis case, we-simultaneously solve the problem of lin-
creaslng the extùrstion length in order to satlsfy more
fully the necessary condttlou Lyl.. L K Le*.

The presemt work is concernedwlth anexperlmental
test of this idea. It sttows clearly that tle uee of hrgt
orders of reflection allows a conelderable lncreaee i.û
the sensltivlty of the method. We were able to malce tle
fir st'experiment al determlnatlon of the flrrface dlsplace-
ment iu thin epitalcial fllms of slllcon. Sestion 1 de-
scrib'es the experlmeutal sehrp æd rezults. 'In S€c. 2,
we derive analytic expresslons to calculate the algular
dependence of the photoemlssion from a btcrystal. Sec-
tion 3 glves a concluding discusslon of tle results.

1. BXPERIMENÎ
The meazurements \ryere dune uslng a thrse.€rystel

x-ray spectrometer{ wlttr an attachment for integral mea-
zurements of the photoemigsion. Slllcon crystals were
used with Cu I{a radlation (À = 1;54 A) and a (444) dls-
per s ion -fr e e two <ry st al diffr astlon an a ngement wlttr
asymmetric reflectton in the monochromator; the engle
between the iucident beam andthe crystal gurface was 1o.
To carry out the meafllrementg, we ftrst solved amethod-
ological problem related to the photoemlssion measure-
ment at high scattering angles. The reason is that unltke
the earller meafllremenfs on germaoium and galltun
arsenide crlstals, made with t}re (440) refl.estion of CuI(a
radiation, with Bragg angle 0 B = 41", tn the (444) case
with silicon we have 0 B = ?9'. The (111.) orientation ls
one of the most widely used in mlcroelectronics.

We solved tlis problem by constnreting a speclal
sample-holder which enablod us to flx the photoelectron
detector (VEU-6) in the vacuum betow the dlffuastion
plane and immedtately adjacent to the poht of incldence
of t}re x rays ou t}re crystal. A BDS sclntillation couder
placed outside the vacuum recorded the reflected x-ray

-b"* intensity from the crystal in-vacuum. At the same
t-ime, a VEU-6 photomultiplier detested electrons eÉer-
ing the vacuum from the crystal.

The samples studied were silicbn single crystals
doped with antimony to a concentration of 3.?.1b18 a.'rlms/
cm3, on which wasgrown a homoepita:rial film of sillcon
doped wlth boron to a concentration of 1016 atoms/ôm3;'
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FIG. 2. Ângular dependences of the photoemision for the same samples æ

tn Ftg. 1.

The film thlcloess was'L = 1.5 p, whereas tbe extlnstlon
l€ngt.h Lex = 10.5 ,r in t.he case concerned, alds \,1 

=

0.35 p. All'the films were glown under the sarxre condl-
tlons @th-the chloride process) on the same substrates,
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FIG. 1. X-ray diffraction reflection curves for sil icon single crys-

tals coated by a homoepitexial fi lm of sil lcon doped with boron

and germanium, for various germanlum concentrations.

exc€pt t"hat gemrantum in concetrations between 3.?'
10ts ard 1.5.1020 atoms/cm3 was added tmiformly, as
well as tàe dopant to all except one film,whlch seryd
as a coÉrol. The germanlun doping was carried out
during growth by reduction from the tetraclùoride GeOls.

Figures 1 aDd 2 give the rezults of measutemeuts
for five films: the x-ray dtffrastion ref}ection cunres
(Flg. L) ard the aqular dependences of the photoemission
(Fig. 2). Let us first cousider the diffraction reflection

surves. In Frg. 1 (curve a), which corresponds to the
ortglnal sample withottt germanhrm; there is a clear ad-

dltional region of diffuaction at the tail of the curve, for

a:rgles exceeding the Bragg angle (0 > 0 B). This means
that tle film is inittally compressed relative to the sub-
strate, i.e., the distance between the reflestion (111)

planes parallel to the surface is less in the film. The

addition of germanium (with a larger covaleû radius

than that of silicon) to the film causes an expausion of

the lattice, which increases wit}r the germanium conteut.
This follows immediately from the experlmental results

in surres b through e. As t"he germanium content in-
creases, the rise of the curve in the range 0 > e B be-

comes less, and at ?'1018 atom/cm3 surve c is almost

the same as the ideal curve, after which the strain
changes slg:r, Curves d and e show a further dlffraction
regiou at angles 0 < 03.

These strains are so small that the'relative differ-
ence Adld of the interplanar spacing in the film and in the
flrbstrate is of the order of 10J. With the relation A0 =
(Adld) tan 8g for the chânge in the Bragg angle due to a
lattice strain, we can easily see that with first.order re-
flestlon'from the (11-1) plane (tan 0 B = 0 .2641 the additional
diffraction region is withln tle substrate total reflestion
region. The wldth of the total reflestion region decreases
with increasing order of refl.ection. For this reason, our
surves for first-order reflestion from (111) plales have
almost the ideal form..

Let us now look at the photoemission curves in Flg.
2. Whereas the central part of the dtffrastion reflestlon
sunes is almost the same forevery sample, here we see
a clear chânge in tbe form of the central (phase-sensltlve)
reglon. As already meutioned in the futroduction, thls
change is due to the displacemeÉ of atomic planes in a
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arrfsco layer-wltb tllcloess tU by an amount u(0) rela-

tlve to thelr posltlons ln a perfect 9-r-y$a1, aJld to a par-

ttal anorphtzatlcn of t}ls layer [e-Wto) < 11. Alt]ougb

tùe dtqlacemd ls very small, ttre use of a hlgb'order
reflectlon lncreases the phàse 9(0) = hu(0) to tle values

of the orden of n ln absolute magnltude. The mÛrimum
etraln ocsurs ln the eamplo corrospondlng to curve c.

lhls photoemleslon crDnro ts almost tlhe saûre sbape as

tle ldeal-'surve. Currree a and e' on the o'ther hand; are

slmllar to each other, but bave the opposite shape to

suirîe c. We can therefore couclude at once tlat 9(0) *
-r for surve a and q(0) * r for curve e. For crnves b

and d, ttre pbase has ldermedlate values. Thus, even a

rapid.gtance at tù.e pbotoemleslon sursres is sullicient for

a rough determtDatlon of tle straln in tle epitaxial film.

More accrirate lnformatlon on tbe values of u(0) and W(0)
can be obtalned by means of a theoretlcal calculation, for

lnstance ty adiustfng th€ tleoretical crrrves to the ex-
pertmental ones, usilg tho least-scpares method.

2. THEORY

A scheme has been developedo for calculating the

algular derpendence of x-ray reflestlon and photoelectron

emisglon ln x-ray Bragg dlffrastlon tn crystats having a

da:rraged srrface layer. Itr gerneral, when the lattlce

strain proflle has any form, t}e cbief problem is to solve

the nonltnear dlffereûtal equatlon for the ratio of'ttre

varlable amplltudes E5(z) of the reflested wave and Eo(z)

of tle incldsnt wave (the reflestion amplitude):

R(z): ffi(*+I'4ç1,,,

where q(zl = hu({, X5 and Xg are the Fouriercompo-

neds of the crystal polarizability; 70, Yh are the cosines

of tlre angles between the normal to the crystal surface

ald the wave vestors h of tle incideut wave and \ 
=

h * h of tle reflested wave On < 0), and z is the coordi-

nate along the normal from tle srrrface lrrto t-he crystal.

The equatlon is

+ : * r ,  
- t y u - Y  ( z ) t  n  + * e - w  ( ' )  I t  + , ? r l '

v - -/r#(o-ou), r. :#+#, ' /  : f t  ,
À aVt.r[ . r/î"TîrI
L - ç  

f t r l -  t  b t x : f f i t

Y(r)-  -* t , ,#:n+(+) '

ery [-W(z)l ts tùe coherent frastion at depth z, C is the
polarizatlon fastor, td 0 o is the algle corresponding to
tle mtddle of the x-ray total reflection râng€.

Correspondingly, the direst wave amplitude is

Tbe x-ray reflection coefficient at defi}t z is

.  l r r lP* tz ,  t t l :  l f r  l ln  
(4,  v)F (5)

(the observed value ls for z -- 01, and the photoelectron
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yleld ls givenr W the dimensloDless firnstlon

CD
t ?

* ( y ) : f t - \ a r n p y l u ( 2 ,  y l  { 1 + Ê P a ( 2 ,  y ) *  2 e - v  ( ' )  R c l C l P ( 2 ,  y ) l l , ( 6 )
0

t s : l E , , l r ,  i v - :  j o r " ( z ) I e ( 2 ,  c o ) ,
0

c, : c / xr 1'l' rrn '|-
'  \ 7 . n /  t t P '

The firnction P(z) ls f}te probabllity that a photoelestron "
formed ùr the crysta1 at deptb z reaches the detestor.

For general functions Y(z) and W(z), Eq. (2) and tle
btegrals Lu Eqs. (4) and (6) can be calculated only nu-
merically. We shall derive some analytic expresslons
for R(2, y) and r(y) in t}le particrùar'case of a bicrystal
consisting of a thlck perfect substrate (Y = W = 0) and a
Iayer witht}ticltoess L havbg constant Y * 0 and W= 0,
that is, a layer that ts partly subject to homogeneous
amorphization and has an interplanar spâcing that differs
from that of the substrate.

llr this case, the solution of Eq. (2) in 0 < z < L with
the boundary condition R(L) = R0, where

ru(y):  - i l r - iyo+VF:4F1, (8)

is

11 -  &2zs  exP ( -o  ( I  -  z ) )
H l z , Y t : @ '

(7)

(1)

(e)

(10 )

(11)

(12'l

(14)

203:-_.

(21

r , , : :  - # [ ù  +  \ i r - F i ' ] ,  a :  l t - i ! t , , - Y ,

, r s - I l 6  r  i ; - i r -æ s : f f i  r  d : 1 T ; \ t  o ' - L ' e - - " : o " * i o , ' .

Itr all these expressions, the square root is taken wlth a
positive imaginary part. Equation (9) can be used to cal-
culate the dlffraction reflection curves for a crystal wtth
a damaged srrrface layer seûtaining sevèral regions wlth
consta:rt Y and W, as has been done? in the kinematic ap-
proximation.

SnbstittÉing the solution (9) in Eq. (4), we get an
analytic expnession for Eo(z) and therefore for h(z) in
t t r e r a n g e 0 < z < L

r, (2, y) : t r,6-.F,,r,, 1 
t -i":if;,+i9;A',) 

l ',

, ,  , , ,  ,-
l ^ i l  - Y , ,

P r  ( / ) - ; - T ; 1 0 7 r  P u : - I -  L r o .

plet - t -z .otq+ r .oz( f i ) '  ,  z{L1t .
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(4)

lr the substrate (L < z ( o),

I  o  (2 ,  V \  :  I  s  (L  ,  l / )  e -v  (c l  Q-L \  ,  (13)

where the absorption coefficient p(y) is pr$) when Y =
W  = 0 .

In order to carry out the trtegration in Eq. (6), it ls
trecessary to loow the explicit form of the influence ftnc;
tion P(z). The function most suitable for our case is that
proposed by Litjequist,E which has also been used else-
wheres:
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FIG. 3. FuncdotE (14) (d8hed qtrve) and (15) (contlnrous curve) for the

probabt[ty of crnergcnce of clectmn3 on the $rfroc.

Howsrrer, ln order to derlve
wlthotû loss of acsuracy, rve
fom

-  |  r \
P (r) ='rerpl-2.3 q)

slmple andyttc opreeelons,
sball use trhe oçoneûlal

the coeffIcieul hene-ls choe€o so rhat for small z tho two
firnstlona are almogt equal. The functlone (14) and (15)
are shourû b Flg.-3. The lnfluence functtou P(z) ls strtst-
ly orponentlal td the measremed of fluorescense radla-
tlon,t ard 1Â that of the photo+mf tn semtcondustore havlng
a p-rr Juction Dear tle surface (a thin n-bpe layerl,t0'tt

On calsulatilg ttre tûegral (6) wlttr Eq. (15), we have
RnallV

I
' (y) :fr- Io (L, yl r-*stL 1Ao (vl * At 0)1,

A,,: (ptt * tr)-r [ * Cr I Po lt * 2 Ro (C1n',)1,

At: I I - ar l-t IOrrUt * Or![r - 8a (O1![1)1,

,n-W, r- :(rr, + f. )-' r,.,
,  P , ,  2 u u  (  + o .  k : 1 , 2 ,] u * : P r t + ï - f i + t r ,  a r : t  - - . r o ,  r : 3 ;

V1:  I  *  Cr le ,  F  +  no(Crc ' ) ,  Cz :F l *1 ,

Vr :  l c r  l t  ( t  *  C t lc r  p  *  f ia  (dgzs) ) ,  Cc-2Cp ' f  t

Vr:3r 12 (t  + C2xixsl * C$z * Clei l .

The parameter Ir4 Sigpifies the reciprocal of tle effec-
tive emergsnce dËrytl for the Becodary radlatlon. Ac-
corrtlng to Eq. (15), tn thts case it ts Fyl = 2.3Lyl-1.

The ocpreseions found are exact and are valtd for
aJry relatlonshtp between L, Lex, and Lvi. They can aleo
be used to analyze tbe angular derpendeôce of the fluores-
cenco or photo-emf yteld. Tho cornrenlenceof the ana-
lytlc oçreselon lncomparieon wllù a dlrest Dunerlcal
calgulatton lies ir tàe posslblltty of e4llcttly separatrng
the derpmdence on tle varlous parameters. Also, the
comprÉing time'for the fltting procedure ls conslderably
shortæed. Let us now take the Stmple saae cùere Lyd <<

L .. Lex ard lYl >> 1. In iùe cedral part of the curve,

lyl . i, we tlenhave tq È 0, l*zl >> 1, x3 s -Ro/xz, *z *

CzfRofz, iP, s -Cp0, ûL = 1g(0), g(0) ---2Y1"/L6y.

Hence,

r  (y)*r  *  c,  f  Ru l2 + 2?c(CÂu6fr(0))c-v.  (21)

Tble result has already been diecovered.l The calsulatlon
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FIG.4. Calculated (continuous curves) and experlmentel (dashed curvcs)
aqgular dependences of photoemlsion excited by an x-ray sttnding wrve.

from the more exast expresslons (16)-(20) makes tt easy
to include mtnor effecte of extlnction ald phase strnnge at
the photoelestron emergence depth.

3. DtrSCUSSION OF RESULTS

We calsulated x(y) fromEqs. (16)-(20) for eillcon, (4441.
CuKa, tyt = 0.35 F , L = 1.5 p, aJtd for varlous valuee of
Y ald W, in order to obtaln the beet agreemeut be,trveo
ttre tàeoretical and eryerimdal surves. -The observed
polnts were Dormallzed'by using tùe least-squareB method
on selected poinûs (31 at equal trenrals over tâe whole
hgle rzlge). The calsulatlon took account of the convolu-
tton wlth the monochromator crystal refl,estion cunre
(asJrmmeilry factor ,lT= 0.221. 'Figrrre 4 showe tle calcu-
lated results and t.he experirneutal curves.

It is seen that ttre agreemeÉ achleved wag not at all
god.' The orperimental surves were considerably broader
tban ttre theoretlcal ones ald somewhat lnegular b abape.
Tbe discrepancy between the crrrves increases witb t,he
germanfirn coÉent, i.e., from Fig. 4a to 4e, Desplte ttre
relatlvely low accuracy of the obeenrationg, tlte dle-
crepaDcy is clearly outside the ocperimenûal'error and

(15)

(1e)

(20)

x
2

7.5
(16)

(1?)

(18) I

- 1 0 "  o
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therefore has a phygtcal cause. We have uot, however,
been able to elucldate tle physical nature of the fast wtttr
suffictenû centalnty.- The experim€ûtal dtffracfton reflec-
tton curves correlate well wlth tlose calsulated; botl tle
mar<imum value and tâe wtdth of tle total reflestlon re-
glon are prasttcally the same. Ono poseible cause of tle
dlscrepanclr may be the preeence of a block structlrre tD
the darraged layer, or surface Toughness, 1o verlfy tble,
however, fiuthen measurements and calculations are
needed.

Desplte tàe lack of complete agTeemeût between the
theoretlcal and e:çeflmeÉal curnes, there ls an obvlous
conelatlonteûn'een them. Table I ehows the values of
the parameters Y, \il, cp, anùAd rd correspocding to tle
theoretlcal crrrrres. We mayconclude that the preeent
resilts glve'a c,l,ear demonstration of ttre availability of
the x-.ray standrng wave technlque for {uastitative aualy-
sis of small strains tn ttre surface layer of a crystal.
Our procedure for obùalnlng the necessary relations be-
tween tbe poeitions of the wave field nodes and the atomlc
planes by adding germanium to the sllicon lattice can be
effestive in compensatiug undeslrable *resses ln f[m-
flrbstrate tSpe stlicou strustlrres. This can be done over
a wide inng€ of strain values, since germanlum ls an
elestrtcally inactive impurff and dissolves in silicon
almost wittrout llmit.

The prospecùs for using this technlque fort"he analy-
sis of structrral perfection are restristed by tle need to
measure the photoemission in high orders of reflestlon
(which is not always possible witl the vasuum method)
andto eatlsfy tbe relations Ln4 ..L.. Le*. These.dtffi-
sulûlee can be effecfively oveicome by measurrng the
photoemieslon wlth a gas-flow proportlonal counter, as
we flrst propossd.t2'l3 Tbe deslgn of ùhe cormter and its
operating prlnclples do not restrlst the value of the Bragg
mgle. Moreover, it bas been shount{-l? that a gas-flow
proportional counter can be effestively used as aû elec-
tron spectrometer wlth low resolutlon to change the-elec-

(ôd/d) . tu5

-2.2
-1,4
-0.2

0.9
3.6

tron emergence depth Ln UV selectrng electrons wlttr
varlous energr loegeg. Thls property and fhe abiltty to
choose any Bragg angls (order of reflestlon) enable us
to vary l,il rod L",, over wide rangee and engure that
Lyl .< L .. Ler, for the damaged layers formed by a wtde
varlety of methode.
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