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We report x-ray diffraction measurements of residual stress in sapphire crystals implanted with 
Cr+ ions. Stress is determined by measuring both in-plane and out-of-plane lattice constants. 
Bragg peak positions are measured to determine average stress, while peak widths are measured 
to determine its variation, Using angles of incidence close to the critical angle for total external 
reflection of x rays, we compare measurements confined to within -2.5 nm of the surface and 
measurements over the -80 nm thickness of the implanted region. These x-ray residual stress 
determinations are consistent with those based on indentation crack length, but were less by a 
factor of 10 than reports based on cantilever bending. 

Brittle materials such as ceramics are much stronger in 
compression than in tension. Methods for exploiting this 
high strength include a variety of techniques for prestress- 
ing so that the material remains in compression for both 
compressive and tensile added loads.’ Because a thin plate 
becomes unstable under a large compressive in-plane 
stress, it is particularly useful for such a geometry to pre- 
stress the surface only-provided that cracks do not nucle- 
ate inside the sample. Kirchner’ reviews the strengthening 
of ceramics by compressive surface stresses produced by 
thermal quenching, chemical treatment, and phase trans- 
formation. 

Ion implantation is a more recently developed means 
of producing a compressive surface stress, which can result 
from defect production, phase transformation, amorphiza- 
tion, or change in chemical composition. White et aL3 re- 
viewed the effect of ion implantation on ceramics. In- 
creases of up to 65% have been reported in the flexure 
strength of ion-implanted sapphire.4-7 While compressive 
surface stresses have been observed in strengthened sam- 
ples using cantilever bending5 and indentation fracture617 
techniques, the magnitude of the stress remains uncertain. 
In the only direct comparison of the two techniques, a 
bending measurement indicated stresses a factor of 10 
higher than indentation.8 Comparison of bending and in- 
dentation stress measurements of samples prepared under 
different conditions appears to support this trend.3 

In this letter, we report x-ray diffraction measurements 
of the surface stress in Cr+-implanted A&O3 single crys- 
tals, describing techniques we have developed to measure 
the strain in a thin layer on a weakly absorbing substrate. 
Because A&O, and CrZ03 are completely soluble,’ no other 
crystalline phases form, making this a simple model sys- 
tem. X-ray diffraction has often been used to measure the 
effects of ion implantation. ‘c-” Because these earlier stud- 
ies analyzed samples for which the x-ray penetration depth 
is comparable to the ion penetration depth, standard tech- 
niques were applied in which x rays are incident at a large 
angle of incidence. In contrast, the fracture resistance of 
sapphire is increased by implantation to a depth of just 
10h3 of the x-ray penetration depth in sapphire (79 pm at 
8.04 keV), so diffraction at a large angle of incidence pro- 

vides insufficient sensitivity to the implanted region. As 
demonstrated by Wallner et al.,19 the use of smaller inci- 
dent angles provides sensitivity to a thin implanted layer. 
By using angles of incidence close to the critical angle for 
total external reflection of x rays, we vary the penetration 
depth between 2.5 nm and 1 pm and present stress mea- 
surements for both the uppermost part of and the whole of 
the implanted region. In addition to measurement of out- 
of-plane strain, as in Refs. 10-18, we include measure- 
ments of the in-plane strain of the implanted region to test 
the assumption that the strained layer is constrained in- 
plane by the substrate. 

High-purity AllO crystals with nominal [OO. l] surface 
normals were given an optical grade polish and annealed 
for 120 h at 1500 “C in flowing oxygen to remove residual 
polishing damage. They were implanted at room tempera- 
ture using a mass analyzed 160 keV ion beam of “Cr+ in 
a Varian 200 kV implanter. The ion beam was directed 7 
off normal to minimize channeling effects. According to 
calculations using E-DEP code,” the ions have a range of 
79 * 26 nm; energy is lost with fair uniformity up to this 
depth. Thus, the 50 nm nearest the surface will be heavily 
damaged but free of Cr. A deeper x-ray penetration depth 
will include the implanted region. Samples implanted with 
1 x lOi and 4x 1016 Cr+/cm2 were studied, along with an 
unimplanted control. 

X-ray diffraction measurements were made with a Cu 
target rotating anode source operating at 8 kW. The sam- 
ple was mounted on a four-circle diffractometer. A 
Ge( 111) incident beam monochromator and slits selected 
the CuKa, wavelength and defined a 1 X 1 mm2 incident 
beam with 2.8X lo5 photons/s and a divergence of 0.010” 
in-plane (horizontal) x0.053” out-of-plane (vertical). The 
narrow out-of-plane divergence is needed to control the 
incident glancing angle. The surface normal direction was 
focated to within 0.02” by measuring the angle of specular 
reflection. Because the surface normal deviated from the 
[OO.l] direction by between 1.2” and 2.0” for each sample, 
we were able to measure (h&,.,0) Bragg peaks at positive 
glancing angles. Scans were taken at constant incident 
glancing angle a as described by Mochrie.‘l 

For the measurement of in-plane peaks, a Ge( 111) 
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FIG. 1. X-ray penetration depth from Eq. ( 1) for pure A&O3 and with 
the effect of implanted Cr. 

analyzing crystal was used to provide narrow in-plane and 
wide out-of-plane resolution. Scans about each (h&,.,0) 
peak were taken in a two-dimensional grid covering the 
radial [h,k,.,O] and transverse [-h - 2k,2h + k,.,O] direc- 
tions. For out-of-plane peaks, slits were used to define the 
diffracted beam direction. Slits were set to exclude scatter- 
ing from the crystal edges and to provide narrow resolution 
(0.10”) in the out-of-plane direction and wide resolution 
(0.50”) in the in-plane direction. Scans were taken through 
Bragg peaks in the [OO.l] direction. 

The effect of small incident glancing angle a on dif- 
fraction has been described by Vineyard.“” While the com- 
ponent of the wave vector parallel to the surface is unaf- 
fected by refraction, the normal component changes from 
k,= - (2n;//z)sin a to 

sin' a-sin2 ac+g 
. ) 

l/2 

. (1) 

The critical angle ac is given by sin’ a,=pe2A2/(rmc”). p 
is the linear x-ray absorption coefficient, ;1 the wavelength, 
p the electron density, e and m the electron charge and 
mass, and c the speed of light. For pure A1203, and CuKa, 
x rays, a,=0.29” and ~=0.0127 pm-‘. This has two ef- 
fects: reciprocal lattice points are shifted by Re( ki -k,), 
and the x-ray penetration depth is reduced to 
12 Im(&) 1-l. F’g 1 ure 1 shows the penetration depth as a 
function of incident glancing angle. We include a calcula- 
tion for Al203 implanted with 1 X 10” Cr/cm3 (assuming 
no lattice expansion), as well as for pure AlzO3, to give an 
estimate of the effect from changes in composition. 

For measurements of the in-plane lattice constant 
there is neither a shift due to refraction nor any instrumen- 
tal broadening due to the finite penetration depth; for the 
unimplanted control, the full width at half-maximum 
(FWHM) of the (30.0) rocking curve remains the instru- 
mental width of 0.04” as a is varied from 0.8” to 0.1”. Mea- 
surements at a=0.25” of radial and transverse widths of 
the ( 1 LO), (30.0), and (22.0) peaks of the 1017 sample 
reveal a broadening due to strain, with ha/a=0.0015 
FWHM. For the 4X 1016 sample, broadening of the (30.0) 
peak indicates an in-plane strain of 0.000 57. There is no 
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FIG. 2. [OO. l] scans through A&O, (11.6) peak at different angles of 
incidence CL (in degrees). Scans were corrected for refraction and fit with 
Pearson-7 line shapes. 

shift in the position of the peak center, verifying that on 
average the implanted layer remains constrained by the 
substrate in-plane, despite some local strain at the surface. 

Representative [OO. l] scans through the ( 11.6) peak of 
the 1017 sample are shown in Fig. 2. Each plot has been 
shifted to correct for the index of refraction for pure Al,O,. 
Above the critical angle (a=O.325, 0.425, and 0.925), 
each scan is fit by two Pearson-7 peaks.13 The substrate 
peak at I= 6 is resolution limited and decreases in intensity 
as the penetration depth decreases. Its low 1 shoulder varies 
little in intensity and width above the critical angle. Below 
the critical angle (a =0.225), the scan is fit by a single 
peak at the position of the shoulder, which is now broader 
and less intense because the penetration depth is less than 
the thickness of the implanted layer. Because it becomes 
relatively much stronger at a small glancing angle, we iden- 
tify the shoulder as scattering from the near-surface im- 
planted layer. A scan through the ( 11.3) peak verifies that 
the shift of the shoulder relative to the peak is due to a 
strain of 0.0033 hO.0017. Below the critical angle, low in- 
tensity and peak broadening limit accuracy; above the crit- 
ical angle, accuracy is limited by overlap with the substrate 
peak and uncertainty in the index of refraction. Note that 
below the critical angle the peak shift is independent of the 
index of refraction. Within the above uncertainty, the lat- 
tice constant is the same for the near-surface region ob- 
served below the critical angle and for the entire implanted 
region as observed above the critical angle. Data from the 
4~ 1016 sample are consistent with the same strain ob- 
served for 10”. The width of the shoulder, above the crit- 
ical angle, corresponds to a particle size of 50 nm, indicat- 
ing that a large fraction of the - 80 nm ion-damaged layer 
scatters coherently. The difference between the 50 nm par- 
ticle size and 80 nm implanted layer thickness may be 
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attributed to dislocations or other extended defects; since 
the crystalline surface is strained into registry with the 
substrate, the presence of a buried amorphous layer is un- 
likely. 

To determine the concomitant in-plane stress, we as- 
sume that implantation would produce an isotropic expan- 
sion D. As observed, the constraint of the substrate pre- 
vents in-plane expansion: E,,=E,,,,= -D, E,..=O. The 
crystals are sufficiently thick that we may neglect bending 
and take e,,=epZ=O. The only stress is 

a,,=~,,=c13~z- (c~+cdD. (2) 

Because the film is unconstrained normal to the substrate, 
we have 

a,= ~33c?z - 2c13D=0. (3) 

From Eqs. (2) and (31, the elastic constants for A1203,24 
and the observed D+~,=O.0033, we have D=O.O023 and 
oZx= 1.4 *0.7 GPa. These stresses are in good agreement 
with average stresses inferred from the indentation mea- 
surements of integrated stress in Crf-implanted AlZ03,’ 
but an order of magnitude less than those inferred from 
bending measurements of samples implanted with Tif 
with similar total damage energy.8 These results verify that 
the measurement of indentation crack length gives reason- 
able values for residual stress and can serve as a rapid test 
of surface treatment. 

If we assume that cracks must initiate at the surface, 
the 1.4 GPa we observe will simply increase the yield 
strength by 1.4 GPa. The observed increase in the yield 
strength of Cr+-implanted sapphire is between 0.37 and 
0.54 GPa.6 To understand this relatively small increase, we 
compare the depth of implantation to the depth of the 
flaws which lead to rupture. As pointed out by Griffith,“’ a 
necessary condition for crack propagation is that the frao 
ture energy required to extend the crack be less than the 
energy gained by stress relief, which requires that 
a,.. < (2ET/ivC) “*, where o;, is the yield stress, E=400 
GPa is Young’s modulus, T= 6 J/m2 is the fracture tough- 
ness, .v=O.235 is Poisson’s ratio, and C is the crack 
length.26 The median rupture stress for unimplanted sam- 
ples is 0.79 GPa, implying a crack depth C of at least 10 
pm. Ion implantation to a depth of 80 nm is of limited 
effectiveness in reducing the stress at the tip of a crack this 
deep. 

In conclusion, we have applied glancing incidence x- 
ray diffraction techniques to determine the surface stress in 
ion-implanted sapphire crystals. We measure a compres- 
sive stress of 1.4=!=0.7 GPa, consistent with indentation 
measurements. We find that the surface stress to be inde- 
pendent of dose over the range of 4X 10r6-1X IO” 

ions/cm’. This is twice the stress obtainable by more tra- 
ditional processing such as thermal quenching and chemi- 
cal treatment,” and accounts for the large increase in flex- 
ure strength. The Griffith criterion for crack propagation 
suggest that implantation to a depth of several microns is 
required to realize the greatest yield strength. 
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