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The residual stress in a thick (811) crystal coated with a 2000 A 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 i$du,/9z|~1.6- 10" °. The radius of bending is-19 km and the corresponding tension force applied
to the Ni film is 90+ 5 N/m.
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In the past two decades, optical devices consisting of thin A perfect S{111) slab-shaped crystal with dimensions
reflecting layers deposited on silicon or silicon-dioxide sub-114 mnmx40mmx8.1 mm was cut with the 114mm
strates, have found wide application in light, x-ray, and neu-x 40 mm diffractive surfaces parallel to tii&11) crystallo-
tron diffraction. A significant surface-induced residual stressgraphic planes. The diffractive surfaces were polished me-
which usually remains in the films as well as in the substrate§hanically, etched, and finally polished chemically; the sur-
after deposition, creates a serious limitation of quality offace metrology measurements were carried out using a laser
these devises. The residual stress in crystalline films can Hégure interferometer. The root-mean-square height variation
detected directly by the conventional x-ray diffraction IS 1.74um with the maximum peak-to-valley value of 7.88
techniquet There exists another laser-basid situ tech- ~ #M- The front faceFF), back faceBF), and garland rocking
nique, surface-stress-induced optical deflecti@SIOD), curves(FFRC, BFRC, and GR(Gshown in Fig. 1 were mea-
which is able to detect small deformation strain in substrate§urecj after the surface treatment. Thep, one of the d|ffract|\{e
during the coating procedsThe back-face neutron diffrac- surfaces of the crystal was coated with a 2000 A thick Ni

tion (BEND) from a perfect Si crystal, as it was shown in f|I_m using a magnetron sputtering technique, and Fhe neutron
diffraction measurements were undertaken again. In both

Reff' 3 etmq 4_;_?].exttrehmgly sgnsﬂwe tt)? thfe dulttra?mall d?éor' ases, the crystal under study was mounted on the rotation
mation strain. This technique IS capablée of detecting residu tage without external deformation strain.

stress in single crystals even when the relative deformation According to the dynamical diffraction theory the Bragg

of the crystallographic cells is as small ast-10"7, which  efiection from a thick transparent perfect crystal occurs only

corresponds to the radius of bending-e£00 km. The radius  from the front and back facésin the near vicinity of the

of bending can be converted to the value of deformation ogxact Bragg angle the primary neutron beam reflects partly

crystallographic cells in the film in a manner similar to the from the FF and partly penetrates inside the crystal propa-

SSIOD techniqué, however in contrary BFND works for gating along straight trajectories and broadeniBgrmann

final products. In the present work we describe the successfin). The penetrated beam partly reflects from the (e

attempt to apply the BFND technique for detecting ultra-first BF reflection and partly leaves the crystal; this process

small residual stress in a thick Si crystal coated with a thinrepeats sequentially when the remaining inside the crystal

Ni film. neutron beam reaches the diffractive surfaces. Thus, one can
The experiments were carried out using the double-crystatonclude that the neutron wave propagates inside the crystal

diffractometer at Oak Ridge National Laboratdig the ge-

ometry similar to that described in Ref.(8ee Fig. 1L The 4

primary beam was diffracted from two premonochromators 1

(are not shown in Fig.)l and finally from a Sil11) triple- |

;
bounce channel-cut monochromator. The wavelength was /> _l% =

=259A and the beam cross-sectional area was 2cm

X4 cm. The primary beam was restricted with a fixed verti- 1 7
cal 1.8 mm wide Cd slit and the second scanning 4 mm wide Ni film \
slit was mounted directly in front of the detector. In this
within the crystal was mapped and the transmitted beam wagonochromator; 2, 4 are immovable and scanning Cd slits corre-
used as a monitor signal for determination of the exact Braggpondingly; 3 is the $111) slab-shaped crystal coated with a

angle, 65, when the rocking curves were measured for po-2000 A Ni film; 5, 6, 7 are the FF, G, and BF reflections corre-

sitions other than the front face of the crystal. spondingly; and 8 is the transmitted beam used as a monitor signal.
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FIG. 2. The BF, 0-4-5, 0-6-7, and the garland, 0-1, 0-2, 0-3, g Mr 1 T
trajectories in the deformed crystad;, X, are the coordinates of E 4
the detector window aligned with respect to the BF reflected beam;
andT is the crystal thickness. |

in the direction parallel to the diffractive surfaces by sequen-

tial reflection from the front and back facéBF-FF-BF-

... mode. When the crystal is slightly deformed, the neu- /“":

tron trajectories inside the crystal are no longer straight. 2.0 15 1.0 1.0 1.5

They become curved, which leads to the appearance of a

second mode of propagatigm addition to the BF-FF-BF-
mode _created by so-called garland reflections only  FiG. 3. The theoretical BF reflectivity curve calculated for the

from the FF. Our last theoretical analysis has shown that thegeformed crystal witiT =8.19 mm anch~4-1074. 1, 2, and 3 are

garland mode gives significant contribution to the BF diffrac-the diffraction peaks related to the single-, double- and triple-

tion from a lightly-deformed crystal, thus it has been in-pounce garland trajectories respectively; 4 are the wings of BF re-

cluded in the last version of our modglee Fig. 2 originally  fiectivity function.

developed in Ref. 3. The primary monochromatic beam col-

limated with a narrow cadmium slit partly reflects from the signy)

FF of a lightly-deformed crystal ak=0 and partly pen- X, = [Vy?

etrates inside and splits on the BF-FF-BBee the trajecto- b

ries 0-4-5 and 0-6-)7 and on the garland modghe trajecto- : - . .

ries 0-1, 0-2, and 043 Figure 2 demonstrates how the first Helr:(?H(X)3|s;he Hehawsr,:de unit Ttep flun?ltlon_. ity f .

BF reflection measured in our experiments becomes “con- igure 3 shows the t. eoretical total reflectivity unctloqs,

taminated” with the garland reflectior(see the trajectories R(y)=R3F(y)=RG_(y) ! integrated over the detectqr slit

5,3, 1, 2, 7 passing through the detector Xlit X,). How- Xl,le(Flg. 2. Th|s diagram demonstrates that the first BF

ever, the all curved trajectories in Fig. 2 are polygonal, wher€fléction contains mostly the admixture of one-bounce gar-

the crystal is not deformed, thus the garland mode does né@nd reflection(peak 1, which gives significant contribution

exist in a perfect crystal and a “pure” first BF reflection can to the corresponding BFRC. It should be noted that the dis-

be detected. crete spectrum oRg(y) (peaks 1, 2 and)3appears only in

The BF, Rge(y), and garlandRg(y), reflectivity func-  the chosen geometrisee Fig. 2 The experimentally mea-

tions were derived from the Takagi-Taupin equati®fs, surable BFRC or the GR(Gee positions 6 and 7 in Fig) s

which in the case of cylindrical deformation can be signifi-the convolution of the Darwin reflectivity function of the

cantly simplified® Herey= (68— 6g)/ 56, is the dimension- triple-bounce monochromatoR%(y), with the total reflec-

less angular parameter of the dynamical diffraction theorytivity, R(y):

and 86y is a half-width of the Darwin plateauOur model

contains only one independent parameter of deformaton, 3

~ 9?(HU)/dsydsp,, Which is proportional to the gradient of |(A):f Rp(y)-R(y+A)dy. (]

the lattice constant. Herkl is the vector of scattering;

=4 sinfg/\,U is the displacement of nuclei under the de-In the case of perfect cryst&lg(y) =0 andR(y)=Rge(Y),

formation force, and sy=(X/cos#g+2Z/sinGg)/2, s, thus only the “pure” symmetrical BFRC can be detected

= (X/cosbz—1Z/sin Gg)/2 are the coordinates directed along when the detector slit is in the position(3ee Fig. 1 If the

the incident and diffracted beams correspondingl(y)  crystal is lightly deformedR(y)=Rg(y) andR(y) =Rg(Y)

was calculated numerically an@ge(y), for b>0, y<-—1, +Rge(Y), thus a sharp peak appears for the position 6; the

and b>0, y>1+2bT (where T=(T,/7)-7-ctgfg is the BFRC (position 7 becomes asymmetrical and “contami-

dimensionless crystal thickness, is the crystal thickness in  nated” with the garland mode.

um, andr~77 um is the extinction lengthobtained in ana- The experimental BFRC obtained from the Si crystal

lytical form using the geometrical optics approximation. ~ without the Ni film is symmetric with respect to the exact

Bragg angle,6— 6g=0, and the GRC contain only the de-

Analyzer angle 8-9 , arcsec

—1—(y|-2bTsigny))*~1]. (1)

Rer(y) =exp{—2 arccod[|y| —2bTsign(y)]} tector backgroundsee Fig. 4, that proves the quality of our
w1— —9 4 2 Si substrate. The dramatic changes in the BFRCs and GRCs
{1-exd arccoi(|yD 1t have been observed for the same crystal after depositing the

XH(X,—X)H(X5—X,), 2000 A Ni film on one of the diffractive surfacésee Figs. 5
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FIG. 4. The experimental BFRCl) and GRC(2) measured Analyzer angle 6-6,, arcsec

from the perfect Si crystal before coating with the Ni film.
. . FIG. 6. The GRC measured from the crystal oriented as shown

and §. The BFRCs 1 and 2Fig. 5, measured for two ori- iy Fig. 1 (Ni film is on the BF. Solid line is the simulation curve,
entations of the crystdivhen the Ni-coated surface is set Up calculated forb~3- 10 2.
as the BH1) and then as the F), are strongly asymmetri-

cal, and in the cylindrical deformation approximation can be:O 25 arcsec, is t00 large to resolve these tiny peculiarities
considered as mirror images of each other. The two diffracbf fhe BFRC, profile. However, the main peak of garland
t!ve surfaces of the crystal are not in.pr_inciple optically iden'reflections(see peak .1 in Fig.)3£:0ntributes significantly to
tical due to the presence of_the 'o\“ _f|Im on one of them'the intensity of the rocking curve and increases its asymme-
However, the Bragg angleégg=24.4°, is much larger than trv by ~ 350

the critical angle of total reflection from Ni air interface yFi)gljure 6 soﬁows the GRC measured when the Ni film was
(002.0'.2.50 for)\:2_59,&), which completely e>.<cl'udes Ay on the BF (see Fig. 1L The GRC peak, which practically
Fhoessalg!g (t)ifO:]Ot:rI]éngrr]or treﬂee(i)t:cogcgt?gir:heerolmf";no'oglsg ’Nicoincides with the reflectivity function of the triple-bounce

. ption : y typ gn : monochromator, is shifted from the exact Bragg positién (
film are vanishing small compared to the intensity of BF_(9 — _1 arcsec) in the direction of the bigger peak of the
diffraction. The theoretical BFRCs, calculated from formUIaScorFesponding BFRGsee curve 1 in Fig. 5 Likewise, the

~4. —4 ~ . —4 i ' !

(3) for the parameter 4. 10 and_b 3.510 ’.f't quite GRC peak, being shifted in the opposite directinot shown
well to the correspondlng experimental rocklng CUVeS . Fig. 6), was detected for the second orientation of the
Hga\:\l/gvgrr; dtZ?eeéngTI(;EtaLrE;RtﬁZ ggncgltu;gﬂtegp t;zent]lgiycrystal when the Ni film was on the FF. The theoretical GRC
P p g from . . . rzsolid ling) fits rather well to the central part of the peak, but
central peak OT the BF reflectivity functiaisee F'.g' $.Wlth differs from that in the region of the wings. This deviation
that for _the trlple-b_ounce monochromator. Th|§ d|fferencefrom the model of garland reflections, which are responsible
can easily be explained by the fact that the minimal angula¥Or appearance of the GRC peak, is still the subject of dis-
step of the double-crystal diffractometerA(6— 6g) cussion '

The parameteb~4-10" 4, determined from the best fits
of the experimental BFRC, corresponds to the relative defor-
mation of the Si crystallographic cells in the vicinity of dif-
] fractive surfaces|du,/dz|~1.6-10 °, and to the radius of
| bending,R,~ (H/2b)(7/7)?~19 km, wherer is the extinc-

tion length® The Stoney formuld? converts the value dR,,
to the tension forcef, applied to the film as a result of the

substrate deformation:

4
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f=ETY[6(1—v*)R,], ©)

Intensity 1(0), n/100 sec

whereE~ 10*2dyn/cnt is the modulus of elasticity, andis

the Poisson constant of Si. Thus, the calculated valdeiof
90+5 N/m, which can be converted to units of the tensile
strength, 427 MPa. This value is below the ultimate tensile

FIG. 5. The BFRCs measured after coating with the 2000 A Nistrength of annealed bulk Ni, 586 MPa, but above the tensile
film: 1, the Ni film is on the BF, as shown in Fig. 1; 2, the Ni coated Yield strength of that, 345 MPY, thus the 2000 A Ni film
surface is on the FF. Solid and dashed lines are the simulationnder study is strongly straindéxpanded along th¥ axis,
curves calculated fop=4-10"% andb=3.5.10"*, respectively. Fig. 2). The value off measured in our experiment is much
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greater than the sensitivity limit of the BFEND technique. Theacterization of neutron and x-ray optical devices and even in
latter follows from the fact that the observed asymmetry ofthe semiconductor industry using perfect Si crystals as test
the BFRC(see Fig. 5is very large and about two orders of samples.
magni weaker eff n .Th im n- )

agnitude weaker effect can be detected. The estimated se The authors thank L. Assoufid and R Khachatryam-

sitivity for our set-up was~1 N/m; this value can be further onne National Laboratopyor surface metrology measure-
optimized by changing the substrate thickness and the nel%mnts. The submitted manuscript has been authored by a

tron wavelength.
; . contractor of the U.S. Government under Contract No. DE-
The described experiments clearly show that the BFND, ~5_g960R22464. Accordingly, the U.S. Government re-

can be used for residual stress measurements in thin filmsg 3 honexclusive, royalty-free license to publish or repro-
deposited on the diffractive surface. The BEND works simi-qce the published form of this contribution, or allow others
larly to the SSIODIn situ technique, detecting the deforma- (4 4o so, for U.S. Government purposes. This research was in
tion of the substrate, thus, it is capable to measure residuglart supported by the Postdoctoral Research Associates Pro-
stress not only in crystalline, likewise the x-ray diffraction gram administrated jointly by Oak Ridge National Labora-
technique, but also in any amorphous, polymer, colloidaltory and Oak Ridge Institute for Science and Education and
mono- and multilayer thin films deposited on the diffractive the National Science Foundation. E. lolin acknowledges sup-
surface of Si single crystals. The BFND is not amsitu  port of a COBASE grant of the National Research Council of
technique and it allows evaluating the final product. We,Missouri. S. A. Werner’s work on the project is supported by
therefore, expect its broad application, particularly in char-NSF-PHY-9603559.
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