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Dynamical neutron-scattering measurements of residual stress in a Si crystal coated
with a thin film
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The residual stress in a thick Si~111! crystal coated with a 2000 Å thick Ni film was measured at the
double-crystal diffractometer at Oak Ridge National Laboratory. The observed asymmetry of the back-face
rocking curves and appearance of the garland reflections are related to the ultrasmall deformation strain
induced by the Ni film. Relative deformation of the Si crystallographic cells in the vicinity of diffractive
surfaces isu]uz /]zu'1.6•1026. The radius of bending is;19 km and the corresponding tension force applied
to the Ni film is 9065 N/m.
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In the past two decades, optical devices consisting of
reflecting layers deposited on silicon or silicon-dioxide su
strates, have found wide application in light, x-ray, and n
tron diffraction. A significant surface-induced residual stre
which usually remains in the films as well as in the substra
after deposition, creates a serious limitation of quality
these devises. The residual stress in crystalline films ca
detected directly by the conventional x-ray diffractio
technique.1 There exists another laser-basedin situ tech-
nique, surface-stress-induced optical deflection~SSIOD!,
which is able to detect small deformation strain in substra
during the coating process.2 The back-face neutron diffrac
tion ~BFND! from a perfect Si crystal, as it was shown
Refs. 3 and 4 is extremely sensitive to the ultrasmall de
mation strain. This technique is capable of detecting resid
stress in single crystals even when the relative deforma
of the crystallographic cells is as small as;4•1027, which
corresponds to the radius of bending of;100 km. The radius
of bending can be converted to the value of deformation
crystallographic cells in the film in a manner similar to t
SSIOD technique,2 however in contrary BFND works fo
final products. In the present work we describe the succes
attempt to apply the BFND technique for detecting ult
small residual stress in a thick Si crystal coated with a t
Ni film.

The experiments were carried out using the double-cry
diffractometer at Oak Ridge National Laboratory5 in the ge-
ometry similar to that described in Ref. 3~see Fig. 1!. The
primary beam was diffracted from two premonochromat
~are not shown in Fig. 1!, and finally from a Si~111! triple-
bounce channel-cut monochromator. The wavelength wal
52.59 Å and the beam cross-sectional area was 2
34 cm. The primary beam was restricted with a fixed ve
cal 1.8 mm wide Cd slit and the second scanning 4 mm w
slit was mounted directly in front of the detector. In th
configuration, the intensity diffracted from different volum
within the crystal was mapped and the transmitted beam
used as a monitor signal for determination of the exact Br
angle,uB , when the rocking curves were measured for p
sitions other than the front face of the crystal.
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A perfect Si~111! slab-shaped crystal with dimension
114 mm340 mm38.1 mm was cut with the 114 mm
340 mm diffractive surfaces parallel to the~111! crystallo-
graphic planes. The diffractive surfaces were polished m
chanically, etched, and finally polished chemically; the s
face metrology measurements were carried out using a l
figure interferometer. The root-mean-square height varia
is 1.74mm with the maximum peak-to-valley value of 7.8
mm. The front face~FF!, back face~BF!, and garland rocking
curves~FFRC, BFRC, and GRC! shown in Fig. 1 were mea
sured after the surface treatment. Then, one of the diffrac
surfaces of the crystal was coated with a 2000 Å thick
film using a magnetron sputtering technique, and the neu
diffraction measurements were undertaken again. In b
cases, the crystal under study was mounted on the rota
stage without external deformation strain.

According to the dynamical diffraction theory the Brag
reflection from a thick transparent perfect crystal occurs o
from the front and back faces.6 In the near vicinity of the
exact Bragg angle the primary neutron beam reflects pa
from the FF and partly penetrates inside the crystal pro
gating along straight trajectories and broadening~Bormann
fan!. The penetrated beam partly reflects from the BF~the
first BF reflection! and partly leaves the crystal; this proce
repeats sequentially when the remaining inside the cry
neutron beam reaches the diffractive surfaces. Thus, one
conclude that the neutron wave propagates inside the cry

FIG. 1. Geometry of the experiment: 1 is the triple-boun
monochromator; 2, 4 are immovable and scanning Cd slits co
spondingly; 3 is the Si~111! slab-shaped crystal coated with
2000 Å Ni film; 5, 6, 7 are the FF, G, and BF reflections corr
spondingly; and 8 is the transmitted beam used as a monitor sig
©2001 The American Physical Society02-1
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in the direction parallel to the diffractive surfaces by sequ
tial reflection from the front and back faces~BF-FF-BF-
. . . mode!. When the crystal is slightly deformed, the ne
tron trajectories inside the crystal are no longer straig
They become curved, which leads to the appearance
second mode of propagation~in addition to the BF-FF-BF-
. . . mode! created by so-called garland reflections on
from the FF.7 Our last theoretical analysis has shown that
garland mode gives significant contribution to the BF diffra
tion from a lightly-deformed crystal, thus it has been i
cluded in the last version of our model~see Fig. 2! originally
developed in Ref. 3. The primary monochromatic beam c
limated with a narrow cadmium slit partly reflects from th
FF of a lightly-deformed crystal atX50 and partly pen-
etrates inside and splits on the BF-FF-BF-~see the trajecto-
ries 0-4-5 and 0-6-7!, and on the garland mode~the trajecto-
ries 0-1, 0-2, and 0-3!. Figure 2 demonstrates how the fir
BF reflection measured in our experiments becomes ‘‘c
taminated’’ with the garland reflections~see the trajectories
5, 3, 1, 2, 7 passing through the detector slitX1 ,X2!. How-
ever, the all curved trajectories in Fig. 2 are polygonal, wh
the crystal is not deformed, thus the garland mode does
exist in a perfect crystal and a ‘‘pure’’ first BF reflection ca
be detected.

The BF, RBF(y), and garland,RG(y), reflectivity func-
tions were derived from the Takagi-Taupin equations8,9

which in the case of cylindrical deformation can be sign
cantly simplified.3 Here y5(u2uB)/duD is the dimension-
less angular parameter of the dynamical diffraction the
andduD is a half-width of the Darwin plateau.6 Our model
contains only one independent parameter of deformationb
;]2(HU)/]s0]sh , which is proportional to the gradient o
the lattice constant. HereH is the vector of scattering,H
54p sinuB /l,U is the displacement of nuclei under the d
formation force, and s05(X/cosuB1Z/sinuB)/2, sh
5(X/cosuB2Z/sinuB)/2 are the coordinates directed alon
the incident and diffracted beams correspondingly.RG(y)
was calculated numerically andRBF(y), for b.0, y,21,
and b.0, y.112bT ~where T5(T1 /t)•p•ctguB is the
dimensionless crystal thickness,T1 is the crystal thickness in
mm, andt'77mm is the extinction length! obtained in ana-
lytical form using the geometrical optics approximation.

RBF~y!5exp$22 arccosh@ uyu22bTsign~y!#%

3$12exp@22 arccosh~ uyu!#%2

3H~Xr2X1!H~X22Xr !,

FIG. 2. The BF, 0-4-5, 0-6-7, and the garland, 0-1, 0-2, 0
trajectories in the deformed crystal;X1 , X2 are the coordinates o
the detector window aligned with respect to the BF reflected be
andT is the crystal thickness.
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HereH(X) is the Heaviside unit step function.
Figure 3 shows the theoretical total reflectivity function

R(y)5RBF(y)5RG(y), integrated over the detector sl
X1 ,X2 ~Fig. 2!. This diagram demonstrates that the first B
reflection contains mostly the admixture of one-bounce g
land reflection~peak 1!, which gives significant contribution
to the corresponding BFRC. It should be noted that the d
crete spectrum ofRG(y) ~peaks 1, 2 and 3! appears only in
the chosen geometry~see Fig. 2!. The experimentally mea
surable BFRC or the GRC~see positions 6 and 7 in Fig. 1! is
the convolution of the Darwin reflectivity function of th
triple-bounce monochromator,RD

3 (y), with the total reflec-
tivity, R(y):

I ~D!5E RD
3 ~y!•R~y1D!dy. ~2!

In the case of perfect crystalRG(y)50 andR(y)5RBF(y),
thus only the ‘‘pure’’ symmetrical BFRC can be detect
when the detector slit is in the position 7~see Fig. 1!. If the
crystal is lightly deformed,R(y)5RG(y) andR(y)5RG(y)
1RBF(y), thus a sharp peak appears for the position 6;
BFRC ~position 7! becomes asymmetrical and ‘‘contam
nated’’ with the garland mode.

The experimental BFRC obtained from the Si crys
without the Ni film is symmetric with respect to the exa
Bragg angle,u2uB50, and the GRC contain only the de
tector background~see Fig. 4!, that proves the quality of ou
Si substrate. The dramatic changes in the BFRCs and G
have been observed for the same crystal after depositing
2000 Å Ni film on one of the diffractive surfaces~see Figs. 5

,

;

FIG. 3. The theoretical BF reflectivity curve calculated for t
deformed crystal withT58.19 mm andb'4•1024. 1, 2, and 3 are
the diffraction peaks related to the single-, double- and trip
bounce garland trajectories respectively; 4 are the wings of BF
flectivity function.
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and 6!. The BFRCs 1 and 2~Fig. 5!, measured for two ori-
entations of the crystal~when the Ni-coated surface is set u
as the BF~1! and then as the FF~2!, are strongly asymmetri
cal, and in the cylindrical deformation approximation can
considered as mirror images of each other. The two diffr
tive surfaces of the crystal are not in principle optically ide
tical due to the presence of the Ni film on one of the
However, the Bragg angle,uB524.4°, is much larger than
the critical angle of total reflection from Ni air interfac
~uc50.25° for l52.59 Å!, which completely excludes an
possibility of total mirror reflection from the Ni film. Also
the absorption and any type of scattering from 2000 Å
film are vanishing small compared to the intensity of B
diffraction. The theoretical BFRCs, calculated from formu
~3! for the parametersb'4•1024 andb'3.5•1024, fit quite
well to the corresponding experimental rocking curv
However, the experimental BFRCs do not contain the t
peaks and steps resulting from the convolution of the m
central peak of the BF reflectivity function~see Fig. 3! with
that for the triple-bounce monochromator. This differen
can easily be explained by the fact that the minimal angu
step of the double-crystal diffractometer,D(u2uB)

FIG. 4. The experimental BFRC~1! and GRC~2! measured
from the perfect Si crystal before coating with the Ni film.

FIG. 5. The BFRCs measured after coating with the 2000 Å
film: 1, the Ni film is on the BF, as shown in Fig. 1; 2, the Ni coat
surface is on the FF. Solid and dashed lines are the simula
curves calculated forb54•1024 andb53.5•1024, respectively.
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50.25 arcsec, is too large to resolve these tiny peculiari
of the BFRC profile. However, the main peak of garla
reflections~see peak 1 in Fig. 3! contributes significantly to
the intensity of the rocking curve and increases its asym
try by ; 35%.

Figure 6 shows the GRC measured when the Ni film w
on the BF ~see Fig. 1!. The GRC peak, which practically
coincides with the reflectivity function of the triple-bounc
monochromator, is shifted from the exact Bragg positionu
2uB521 arcsec) in the direction of the bigger peak of t
corresponding BFRC~see curve 1 in Fig. 5!. Likewise, the
GRC peak, being shifted in the opposite direction~not shown
in Fig. 6!, was detected for the second orientation of t
crystal when the Ni film was on the FF. The theoretical GR
~solid line! fits rather well to the central part of the peak, b
differs from that in the region of the wings. This deviatio
from the model of garland reflections, which are responsi
for appearance of the GRC peak, is still the subject of d
cussion.

The parameterb'4•1024, determined from the best fit
of the experimental BFRC, corresponds to the relative de
mation of the Si crystallographic cells in the vicinity of di
fractive surfaces,u]uz /]zu'1.6•1026, and to the radius of
bending,Rb'(H/2b)(t/p)2'19 km, wheret is the extinc-
tion length.3 The Stoney formula1,2 converts the value ofRb
to the tension force,f, applied to the film as a result of th
substrate deformation:

f 5ET2/@6~12n2!Rb#, ~3!

whereE;1012dyn/cm2 is the modulus of elasticity, andn is
the Poisson constant of Si. Thus, the calculated value off is
9065 N/m, which can be converted to units of the tens
strength, 427 MPa. This value is below the ultimate tens
strength of annealed bulk Ni, 586 MPa, but above the ten
yield strength of that, 345 MPa,10 thus the 2000 Å Ni film
under study is strongly strained~expanded along theX axis,
Fig. 2!. The value off measured in our experiment is muc

i

n

FIG. 6. The GRC measured from the crystal oriented as sho
in Fig. 1 ~Ni film is on the BF!. Solid line is the simulation curve
calculated forb'3•1024.
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greater than the sensitivity limit of the BFND technique. T
latter follows from the fact that the observed asymmetry
the BFRC~see Fig. 5! is very large and about two orders o
magnitude weaker effect can be detected. The estimated
sitivity for our set-up was;1 N/m; this value can be furthe
optimized by changing the substrate thickness and the n
tron wavelength.

The described experiments clearly show that the BF
can be used for residual stress measurements in thin fi
deposited on the diffractive surface. The BFND works sim
larly to the SSIODin situ technique, detecting the deforma
tion of the substrate, thus, it is capable to measure resi
stress not only in crystalline, likewise the x-ray diffractio
technique, but also in any amorphous, polymer, colloid
mono- and multilayer thin films deposited on the diffracti
surface of Si single crystals. The BFND is not anin situ
technique and it allows evaluating the final product. W
therefore, expect its broad application, particularly in ch
e

,

.

16140
f

en-

u-

D
s

-

al

l,

,
-

acterization of neutron and x-ray optical devices and eve
the semiconductor industry using perfect Si crystals as
samples.
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