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X-ray optic systems have been developed for the study of the relative lattice spacings of Si-wafers
using synchrotron radiation (SR). Since, unlike a X-ray tube, SR has no characteristic [wavelength]
spectral lines, a new tool of (+,+) high resolution channel-cut monolithic monochromators (MM)
are introduced in the systems as a wavelength selective device. Using two types of MM, two schemes
are proposed and applied to the study of the lattice spacings of Si-wafers. The lattice spacing dif-
ferences are determined in the range of sub ppm level, for example in scheme-1 we obtain 0.6 ppm
and 0.2 ppm in scheme-2. One of the practical advantages of this system is that it can be applied
for a fast and precise measurement of the lattice spacing changes due to the doping and defects in

Si, GaAs and other single crystals.



Lattice spacing measurements of Si and other single crystals is of importance both for fundamental
solid state physics and applications. For decades, especially Si is routinely used in the semiconductor
industry as well as commonly employed in beamline optics of synchrotron radiation facilities and
other x-ray experiments. Much of the works on lattice spacing measurement has been reported
using well defined wavelength of laboratory x-ray sources. In contrast relatively few works have
been reported using the state-of the art SR X-ray source.

Unlike X-ray tube data for which tables of wavelengths of the characteristic spectral lines are
available, there are no lines in the synchrotron radiation (SR) spectrum. Thus it demands to make
schemes and data available for precise determinations of lattice spacing which utilize the SR source.
Thus one of our main motivation is to develop a high precision relative lattice spacing measurement
system using SR for synchrotron radiation users. One of the main advantage of these systems is
that in most of the applications purposes, one does not need high accurate absolute value, but only
a relative high precision value of wavelength. ’

To this end, we have constructed two X-ray optics systems for relative high precision lattice spac-
ing measurement of single crystal using synchrotron radiation. In our new optics energy selective
(+,+) channel-cut monolithic monochromator together with higher angle resolution goniometer
with a precision of 0.36 arc sec has been introduced. We have designed and fabricated several kinds
of MM that give a fixed exit beam position and provide a convenient setting of the whole X-ray
optics. With the current set-up it is simple to make another d-spacing measurement, if need be by
simply replacing the monochromator with another. In addition to the measurements of Si crystals,
measurements for other materials such as GaAs crystals can easily be performed. The monolithic
double crystal monochromator is obtained from a single. perfect crystal as a means of obtaining an
X-ray beam of well defined wavelength. Monolithic monochromator (MM), is in effect a single per-
fect crystal where two sets of Bragg planes play the role of two seperate crystals. As the interplanai
angle between the concerned diffraction plane is fixed in the MM therefore the wavelength emerging
from this device is highly stable and is extremely stable against temperature variations. The two
types of MM allow us to propose two schemes for the lattice spacing measurement. Approximately,

the precision achieved in Ad/d in these systems is in the range of 107 to 1078.

1. Monolithic Monochromator:

In order to obtain suitable wavelength for experiments from MM, we consider the following three

equations:

A1 = A = 2dysinb; (1 — §/sin 6;)
Ag = A = 2dgsinby(1 — 6/ sin’ 6y)

h+0+f=m



where & represents the real part of refraction index and fp is the interplanar angle between the two
planes, ; and 0, are the Bragg angles for two diffraction planes d; and ds respectively.

(1) Solving the above equations the equations yield after simple algebra:

_ 2d, sinfBy 0
[(\/(hg + k% +13/h3 + k2 +13) — cos By)? + sin? Bp) /2
(2) if d) = dy = d Eq. 1 further reduces to :°

A

2d sin
A= [(1 — cos Bp)? +ﬂzin2 Bo]/? (2)
Using Egs. 1 and 2 a simulation code MMCD [Monolithic Monochromator Crystal Design| has
been realized which can generate different wavelengths using (hi,k1,01) and (hg, k2,l2) combi-
nations . Our code relies on the Deslatte’s (1973) lattice spacing of silicon wafer of dag =
1.920171540.0000006 angstrom at 25°C.

Two types of Monolithic monochromator [MM] have been designed and fabricated on the basis
of Eqs. 1 and 2. These are notated by Type-1 and Type-2. Type-1 is used in the experimental
set-up, refered to as scheme-1 and similarly Type-2 is utilized in the set-up called scheme-2.

Figs. 1 and 2 show the MM that have been made for the wavelength defined by Egs. 1 and 2
respectively. Some of the simulated wavelengths from MMCD code is given in Table I for both
types of MM with refraction correction §, given by § = 4.48 x 10~%ng)2. Here ng is the number
density, for example for Si ng = 699nm=3, and X is the wavelength of x-rays.

Table 1
Type 1 and type 2 simulated wavelength from MMCD computer code.

Type 1: different indexes. Type 2: same indexes.

hidy ki, HKL B, 8, 9, A s
Type 1 _ _
155 531 3486 692044 631437 47.6519 1356950 057719 x 1075
355 331 086 708196 758031 333772 1370938 0.58915 x 10~
335 351 086 735280 571730 492990 1391940 0.60734 x 10~
113 335 438 740515 252230 807255 1395642 0.61057 x 107
113 3355 348 740515 252230 807255 1395642 0.61057 x 1075
155 515 6610 466641 66.6680 666680 1396621 0.61143 x 1075
113 331 442 1047631 253769 49.8599 1403594 0.61755 x 1075
355 151 4104 548119 830088 421792 1403614 0.61757 x 10~
115 117 2212 424407 683502 69.2091 1410846 0.62686 x 1075
Typez s ., Figure1 :
:1;:53: gg; gg‘l‘ o lézggfz igggg; 32;;2; 832;2;? gfgégé : ig_s Type 1 monolithic monochromator designed for a wavelength of 0.1410 nm
135 513 622 1118037 340081 340981 1029302 033210 x 0-5  Withindex (1,5,1), (1,1,7), (1,5,1), (1, 1,7).
335 353 082 1020815 389503 389593 1.041527 0.34004 x 10~
155 135 0010 911235 444382 444382 1064914 035548 x 10~°
135 531 406 1049006 37.5497 37.5497 1.118970 0.39249 x 10-%
155 551 4104 728954 535523 535523 1223493  0.46924 x 107
335 335 0010 806311 49.6854 49.6854 1263037 0.50006 x 10-°
135 531 464 916373 441814 441814 1279591 051325 x 10~
155 551 6106 466641 66,6680 66.6680 1396621 0.61143 x 10™3
135 351 384 784630 507685 507685 1223493 0.46924 x 105
335 335 0010 806311 49.6854 49.6854 1422186 0.63402 x 107
115 151 064 921226 439387 439387 1450516 (0.65953 x 10~
135 135 0010 646231 57.6885 57.6885 1551732 0.75479 x 10~
135 531 666 571216 614392 614392 1612607 0.81517 x 10™°
Table

Relative lattice-spacing values measured using scheme 1 for Si and GaAs
samples.

Sample Sample Sample MM wavelength Average Ad/d

number type index (mm) (x1077)

si FZ (444) 0.1542 6.1

Si cz (800) 0.1356 6.3

GaAs czZ (800) 0.1356 8.0 Figure 2

Type 2 monolithic monochromator for a wavelength of 0.1612 nm with index

(5.1.2),(1,5,3),(5,1,3,d,5 3).



As mentioned above, two relative lattice spacing measurement methods using two types (i.e
scheme-1 and scheme-2 based respectively on the diffraction plane conditions dy # dy and d; = d3)
of (+,+) energy selective MM with SR have been developed. Results of the two schemes are
summarized in this section.

In scheme-1 we applied our method to several MM. The novelty of the method is that in each
case MM and sample can be changed. For the Si sample grown by FZ and for the plane (444) a
MM wavelength of 0.1410 nm is utilized. Nine measurements were taken at different position of
Si wafer and the measured dy4s value obtained on the average from nine measurement points is
0.078390564 nm £2 x 10-8. The average value of Ad/d is 6.2 x 10~7. Table III shows the results
of our lattice spacing measurement for Si grown by CZ, and FZ methods where the planes (800)
and (444) are considered in addition to GaAs grown by CZ method for the plane (800). We can
see that the average value of Ad/d is higher for GaAs compared to that of Si. Temperature and
refraction corrections have been taken into account. In scheme-2 two equivalent planes and a few
arc sec rotation (D) of the samples provide two quasi-simultaneous Bragg diffraction. The results
of seventy measurements taken at different positions of Si(153) FZ prepared wafer showed that the
approximate average value of Ad/d is 1.1 x 10-7.

Temperature variation has been carefully monitored. The true value of d is given by d¢s +
Ad, + Ad;, where Ad, and Ad; are the refraction and temperature corrections respectively. The
refraction correction is calculated for wavelength .16126 nm as 0.00000749A4 and temperature cor-
rection was0.000002914 to the d-value. The measured dis3 value obtained on the average from
seventy measurement points is 0.091801632 nm +2 x 10~%. For 70 measurement the Ad/d obtained
from AD is within 0.2 ppm level. The standard deviation calculated from 100 measurement of
differential peak difference D at one point was 2 x 1078,

In type-2 monochromating there is a possibility of third beam diffraction which may modify the
intensity. Detailed calculation shows in our present study that there could be a Bragg-peak shift
when we consider the 3-beam case and the shift is around 12 micro-radians with respect to the
2-beam. Table II shows some of the monochromator designed together with their characteristics
parameter.

Further, it is hoped that the Monolithic monochromator and the systems developed will result
in a more widespread use in the condensed matter research.

This work has been carried out under the Graduate University student beam time (internal)

approval of proposal PF-02, 99PF-26.

Table 2
Monochromator and some of their design parameters.

Bragg angles ~ Wavelength LxBxH Beamgap  AMA/A Al

Diffraction planes 8,6, (°) (nm) (mm) (mm) (x107%  (x1079)
- l . : -

59 !1), [ 74,30, 50.77 0.0694067 45 x 40 x 40 K 0.5 1.6

(333),(353) 47.53, 68.58 0.1542067 55 x 52 x 50 29 28 9.2

(151,17 42.44, 68.06 0.1410846 35 x 42 x 35 15 25 8.7

(513),(153) 61436143 01612607  60x S5x37 35 43 0.1

(155),(531) 62,78, 47.65 0.1352569 40 x 30 x 35 0 23 6.2
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