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The effect of boron (B) doping on high-resolution X-ray diffraction (HXRD) metrology has been investi-
gated. Twelve samples of Si; .Ge, films were epitaxially grown on Si (100) substrates with different thick-
nesses, germanium (Ge) concentrations and with/without B dopants. Secondary ion mass spectroscopy
(SIMS) and HXRD were employed for measurements of B doping, Ge concentration, strain, and thickness of
the layers. The SIMS results show the absence of B in two samples while the rest of the samples have B dop-
ing in the range of 8.40x10"°-8.7x10°" atoms/cm’ with Ge concentration of 13.3-55.2 at.%. The HXRD
measurements indicate the layers thickness of 7.07—-108.13 nm along with Ge concentration of
12.82—49.09 at.%. The difference in the Ge concentration measured by SIMS and HXRD was found to de-
pend on B doping. For the undoped samples, the difference is ~0.5 at.% and increases with B doping but
with no linear proportionality. The difference in the Ge concentration was 7.11 at.% for the highly B doped
(8.7x1 0% atoms/cms) sample. The B doping influences the Si; ,Ge, structure, causing a change in the lattice
parameter and producing tensile strains shifting Si; .Ge, peaks towards Si (100) substrate peaks in the
HXRD diffraction patterns. As a result, Vegard’s law is no longer effective and makes a high impact on the
HXRD measurement. The comparison between symmetric (004) and asymmetric (+113, +224) reciprocal
space mappings (RSM) showed a slight difference in Ge concentration between the undoped and lower B
doped samples. However, there is a change of 0.21 at.% observed for the highly doped Si;_.Ge, samples.
RSM’s (+113) demonstrate the small SiGe peak broadening as B doping increases, which indicates a minor
crystal distortion.

Keywords: thin films, SiGe, boron doping, high-resolution X-ray diffraction, secondary ion mass spec-
troscopy.
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Hccnedosano enusanue necuposanus b6opom (B) Ha pe3yismamul usmepenull ¢ HOMOWbIO 8blcOKOpaspe-
warowell penmeenosckou ougpaxyuu (HXRD). 12 obpaszyoe nienox Si; ,Ge, snumaxcuanibHo 8vblpaujeHvl Ha
xkpemnueswvix Si (100) noonosickax paznoti monyunsl ¢ pasiuyHol konyenmpayueii cepmanust (Ge) npu Hanu-
yuu u 6e3 00b6asox bopa. s usmepenus Konyenmpayuu 0obasxu B, codepocanusi Ge, depopmayuu u moi-
WUHBL CI0e8 UCNOTIb308AHBL MEMOObl MACC-CHEKMPOCKONUU mMopuunblx uonos (SIMS) u HXRD. Pesynvma-
mot SIMS ceudemenvcmagyiom o6 omcymemeuu B 6 08yx obpaszyax. B ocmanwbhwix 006pasyax KonyeHmpayus
oopa [B] = 8.40x1 0"°-8.7x10°° amomos/cm’ npu cooepacanuu [Ge] = 13.3-55.2 am.%. Coenacno HXRD-

** Full text is published in JAS V. 85, No. 1 (http://springer.com/10812) and in electronic version of ZhPS V. 85,
No. 1 (http://www .elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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usmepenusm, monmuna cioes cocmaensem 7.07—108.13 um npu [Ge] = 12.82—49.09 am.%. Paznuya 6 kou-
yeumpayuu Ge, usmepennou memooamu SIMS u HXRD, 3asucum om necuposanus 6opom. /na becnpumec-
HbIX 00pa3yos pazaudue cocmasasiem ~0.5 am.% u yeeruuusaemcs ¢ 0obaskoii B, no ne nunetino. [ns cuno-
Hoae2uposanro2o 6opom (8.7 x1 0%’ amozvtoe/cztf) obpasya pasnuya 6 konyeumpayuu Ge 7.11 am.%. Jleau-
posanue bopom erusem Ha cmpykmypy Si;_,Gey, 6b13b16as U3MEHEHUs NOCMOAHHOU peulemKy, U co3oaem
oepopmayuu pacmsocenus, cosueas nuxku Si; Ge, k nuxam noonoxcku Si (100) 6 ougpaxmoepammax
HXRD. B pezynomame npasuio Bezapoa He Oeticmgyem, u 5mo CUTbHO GIUAEI HA USMEPEHUSI MEeMOOOM
HXRD. Cpasuenue cummempuunvix (004) u acummempuunvix (+113, +224) obpamuwix npocmpancmeeHubix
omobpascenuii (RSM) nokaswieaem nebonvuioe paznuuue konyenmpayuu Ge 6 HelecupoOSanHubix u ciaboe-
eupoganuwix oopaszyax. OOHako 015 cuirbHoae2uposannvlx oopasyos Sij Ge, usmenenue docmueaem 0.21
am.%. B oannvix no RSM (+113) nabarooaemcsa neborvuioe yuupenue nuxa SiGe npu ygeauueHuu cooep-
orcanust npumecu B, umo ceudemenvcmeyem o nesnavumenvHoii degpopmayuy KpUcmaid.

Knrwoueesvle cnoea: monxas nienxa, SiGe, necuposanue 60pom, 6bicokopaspewlarowjas peHmeeHo8cKas
ougpaxyus, macc-cnekmpocKonus 6MOPUYHbIX UOHOS.

Introduction. Due to low cost, good thermal conductivity, and widespread availability, silicon (Si) sub-
strates are widely used in semiconductor industry. Several heterostructures on Si substrates with different
lattice constant have been grown for different electronics and optoelectronics applications [1—4]. Among
them, silicon germanium (SiGe) gave rise to great interest because of its several technological applications
such as optoelectronics [5], modulation-doped field effect transistors (MODFETs) [6], metal oxide field ef-
fect transistors (MOSFETs) [7], thin film transistors (TFTs) [8], and heterojunction bipolar transistors
(HBTs) [9]. These devices require thin SiGe films with low crystal defects, smooth surface, and high interfa-
cial adhesion strength. Ion implantation and dopant activation in SiGe layers are crucial. The dopants en-
hance mobility of electrons and holes. The doping level may be subject to change independently of the Ge
fraction. As a result, the measurement becomes more complex because of the effect that the dopants make on
the structure of the SiGe layers [10]. Change in the dopant level can introduce significant errors to the meas-
urements of Ge concentration. Thus, the large lattice mismatch (~4%) between silicon and germanium along
with doping can lead to high-density crystal defects. Such defects can cause metrology issues that ultimately
affect the device performance.

There is a high demand for a nondestructive, absolute, calibration-free, and accurate characterization
method that controls the Ge content. To date, several methods have been used to investigate the Ge concen-
tration, such as secondary mass ion spectroscopy (SIMS) [11], auger electron spectroscopy (AES) [12],
Rutherford backscattering spectrometry (RBS) [13], and high resolution X-ray diffraction (HXRD) [14].
However, SIMS and AES are destructive techniques and cannot provide strain information. In addition,
these techniques require vacuum compatible samples and need references for accurate measurements. RBS
requires larger surface area (~2 mm) samples. On the other hand, HXRD is a fast and nondestructive tech-
nique that requires no sample preparation. It is extremely helpful for epitaxial film characterization and can
provide information such as lattice mismatch, substrate orientation, tilt, mosaic spread, wafer curvature,
layer thickness, concentration, and inhomogeneity. Among them, layer thickness, concentration, and strain/
relaxation information are of specific interest. However, the HXRD technique is limited to a certain level of
concentration, which complicates dopant measurements and requires a crystalline surface for analysis. Fur-
thermore, dopant concentrations distort the layer unit volume cell, which affects the HXRD measurements.

In this paper, the effect of boron (B) doping on HXRD metrology has been studied. The SiGe layers
with different thicknesses and concentrations were epitaxially grown on Si (100) substrates. Two types of
samples were prepared, undoped and B doped. This paper has two aims: to demonstrate the boron doping
effect on Ge concentration by comparison SIMS and HXRD measurements, and to compare Ge concentra-
tion measured by HXRD symmetric (004) and asymmetric (+113 and +224) scans.

Experiment. For this work, 12 samples of epitaxial SiGe layers on Si (100) substrates were deposited
on 12-inch wafers in a commercially available low-pressure chemical vapor deposition system. SiH, and
DCS (SiCl,H; — dichlorosilane) were used as the source gases for Si, and GeH,; was used as the source gas
for Ge. An appropriate amount of HCL gas was used to maintain the selectivity of the process. Boron was
co-deposited with SiGe using B,Hg precursor. Among the 12 samples, two samples have undoped SiGe films
and the rest of the SiGe samples have B doping in the range of 10" to 10*° atoms/cm’. All samples were
prepared under the same processing condition.
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A Cameca SIMS-MS was used to determine B doping and Ge concentration. SIMS profiles were ob-
tained with impact energy of 500 eV using an O," source. Electron flooding was employed for charging
compensation. The HXRD characterization was performed using a Bruker D8 Fabline for rocking curves and
reciprocal space mapping (RMS). The CuK,; source with a step size of 0.005° and scan time of 10 s was
used to measure diffraction patterns. Germanium concentrations were measured using symmetric scans (004
rocking curves) and asymmetric (RSM of +113 and +224) scans.

Results and discussion. All SiGe samples deposited on the Si (100) substrates have different thick-
nesses and concentrations. In these layers, estimation of B doping and Ge concentration is essential. Due to
the size of dopant atoms compared to the host atoms, a structural change in the doped layers can be observed.
Figure 1a demonstrates the B doping in the first six samples, where it is estimated to range from 0-9.40x10"
atoms/cm’. As shown in the Fig. 1, samples 1 and 2 are undoped. The other four samples have doping in the
range of 8.40x10'"-9.40x10" atoms/cm’. Higher B doped samples are presented in Fig. 1b. These samples
have different thicknesses with B doping on the order of 10*° atoms/cm’. The overall B doping is in the
range of 0-8.70x10°" atoms/cm”.
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Fig. 2. Germanium concentrations measured by SIMS.

Another important parameter is the Ge concentration as determined by SIMS. Figure 2a shows the Ge
concentration of the first six samples with low B doping. The Ge concentrations range from 13.3—40.7 at.%.
From Fig. 3b, the Ge concentration is observed in the range of 31.5-48.63 at.%. It is clear from Fig. 2 that all
samples possess different Ge concentrations and layer thicknesses.

Two modes of HXRD are employed in this study to understand SiGe behavior: (i) ®/26 scan (rocking
curves), which is a fast method from which Ge content and layer thickness of the heterostructure can be
measured, and (i) RMS, a method that is used to determine strain/relaxation and defects. The /20 scan is a
one-dimensional measurement. In this case, different planar spacings in a certain crystal orientation are
probed. Usually, it is the (004) reflection that is measured because it provides high intensity. For a SiGe/Si
sample, the reciprocal lattice points corresponding to the silicon substrate and the SiGe layer are observed as
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two peaks, as shown in Fig. 3. Symmetric scans (004) corresponding to the first six samples are shown in
Fig. 3a. The rocking curves (004) present well-defined thickness fringes, and Ge concentration can be ex-
tracted from peak positions. The same behavior of the SiGe layers is observed for the rest of the six samples
as shown in Fig. 3b. Oscillations around the peaks are also related to the thickness of the layer. The oscilla-
tions are known for finite thickness fringes, and they are caused by X-ray reflections at the layer interfaces.
They only occur in a perfect structure with no/less interfacial defects because of coherent diffraction [15]
across the interface. In other words, the oscillation characteristics indicate high epitaxial growth of all our
SiGe layers deposited on the Si substrates.
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Fig. 3. HXRD measurements of all 12 samples.

The angular separation with respect to the substrate position is directly related to the Ge concentration
of the Si,Ge,-, layers. The increase in the distance between Si substrate and SiGe peaks means higher con-
centration and vice versa. Starting from a model based on the nominal sample structure, the thickness and Ge
content of the SiGe layers were refined until a close match between the experimental and simulated curves
was obtained by means of automatic fitting using the Bruker software “Leptos”. The Ge content in the SiGe
layer can be determined with Vegard’s law. This method is based on some assumptions that must be ful-
filled; there must be a perfect fit between the substrate and layer (i.e., no mismatch or partly relaxation), and
the layer must be elastically distorted. The improved form of Vagard’s law for thin SiGe layer is used in
Leptos [16]

Si;_Ge, = 0.5431+0.01992x + 0.00272x°,

where 0.5431 nm is the Si lattice constant and x is the Ge contents. In Fig. 3, samples have random Ge con-
centrations depending upon the angular separation between SiGe and Si substrate peaks. The corresponding
numerical results are summarized in Table 1.

TABLE 1. Layer Thickness, Ge Concentration, and B Doping Determined by SIMS and HXRD

Sample | XRD-thickness, nm | XRD-Ge, at.% | SIMS-Ge, at.% | SIMS-B, atoms/cm’

1 52.41 12.82 13.3 0

2 40.02 23.7 24.2 0

3 36.28 25.39 26 8.40x10'®
4 35.93 26.58 27.2 9.50x10"®
5 26.41 445 45.6 9.10x10"
6 46.52 39.09 40.7 9.40x10"
7 38.02 40.63 42.7 1.20x10%
8 7.07 43.9 46.4 1.80x10%°
9 18.22 4723 50.6 2.10x10%°
10 108.13 31.55 36.2 4.80x10%
11 2431 49.09 55 5.70x10%°
12 47.52 29.39 36.5 8.70x10%°
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Table 1 displays the B doping/Ge concentration determined by SIMS and thickness/Ge concentration
measured by HXRD. As shown in the Table 1, B doping and thickness were only determined by SIMS and
HXRD respectively, while Ge contents were measured by both techniques. The SiGe layer thickness varies
from 7.07 to 108 nm and B doping from 0-8.7x10%" atoms/cm’. The comparison between Ge concentrations
showed the difference. The difference in Ge concentrations corresponding to B doping is presented in Fig. 4.
For the undoped B samples, the difference in Ge concentrations is less than 0.5 at.%. This small difference
can be due to the nature of two different techniques. For the 10" atoms/cm® B doping range, there is a slight
change observed in Ge concentration. As B doping increases, the SiGe peak starts moving towards the sub-
strate peak in the HXRD diffraction pattern. The distance between SiGe and substrate peaks is proportional
to Ge concentration. The difference in Ge concentration increases as B doping increases in the range of 10"
atoms/cmi. However, there is a huge difference in Ge concentration observed in the range of 1.20-8.70x10%°
atoms/cm’.
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Fig. 4. Difference in Ge concentration measured by SIMS and HXRD versus B doping.

It can be seen that the difference of Ge concentration in the doped SiGe layers with respect to each other
apparently depends upon the B doping level. Previously, B diffusion in SiGe was studied extensively
[10, 17-20]. Si; ,Ge, has the same lattice structure as Si but with a larger lattice constant. Boron diffusion is
found to decrease with increasing Ge content [19]. In addition, B diffusion decreased in SiGe/Si heterostruc-
tures when strain increased in the SiGe layer due to the lattice mismatch [20]. Our results agreed with the
previous work, however, the relation between differences in the B doping and Ge concentrations is not lin-
ear. There are two parameters that play an important role: (i) Ge concentration that increases the lattice con-
stant of SiGe, (ii) B doping that contracts the unit volume cell and lowers the lattice contact. From the
Table 1, it can be seen that Ge concentration is in the range of 36.2 to 55 at.% and is randomly deposited for
10%° atoms/cm® B doping. Hence, the key driving force responsible for the Ge concentration difference is the
B doping.

In order to understand the B doping effect on different reflections, asymmetrical reciprocal space maps
(RSM) were constructed on three samples: (i) sample 1, which is undoped (ii), sample 6 with the B doping
of 9.40x10' atoms/cm’, and (ii1) highly B doped sample 12. The silicon lattice is not a simple cubic lattice
but a face-centered cubic (fcc) lattice with a two atom bases. The reciprocal lattice of the fcc lattice is a
body-centered cubic (bcc) lattice, of which the cubic lattice is a subset, and due to the two-point bases, a
geometrical structure factor will cause the intensity of the reflections to vary. In Fig 5, the reciprocal lattice
of Si/SiGe for asymmetrical scans (+113) and (+224) is shown. Since the SiGe layers are strained and have
the same lattice parameter as the substrate, a reciprocal lattice point of the strained layer will appear directly
below the lattice point of the substrate, as shown in Fig. 5.

The Ge concentration repeatability for (004) scans was studied using undoped sample 1 in the dynamic
and static modes. In each case, 10 measurements were carried out. For all measurements, the difference in
Ge concentration was lower than 0.1 at.%. Next, all asymmetrical scans were integrated into one-dimensio-
nal scans to determine Ge concentrations. The Ge concentrations measured from (+113) and (+224) RSM
scans were compared with the symmetric scan (004). For the undoped sample, the difference in Ge concen-
tration was ~0.06 at.% and for sample 6, the difference was less than 0.08 at. %. These differences are under
repeatability tolerance of 0.1 at.%. For the highly doped sample, the difference in Ge concentration was 0.12
and 0.21 at.% for (+113) and (+224) scans, respectively. Therefore, a slight change in Ge concentration was
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Fig. 5. Asymmetric scans (+113 and +224) of samples 1, 6, and 12.

observed for the highly B doped sample. All asymmetric scans showed that the SiGe layers are strained. The
SiGe peaks for samples 6 and 12 present more broadening in the transverse direction. The broadening in the
SiGe peaks is caused by dislocations that distort the lattice planes. Hence, higher B doping affects the lattice
structure.

Conclusion. A series of Si; ,Ge, samples was prepared with different thickness and Ge concentration to
study the B doping effect. The B doping was found within the range of 0-8.70x10%° atoms/cm’. SIMS was
employed to determine the B doping and Ge concentration. HXRD was used to measure thickness and Ge
concentration. There is a slight difference observed in Ge concentration measured by the two techniques for
the undoped samples. The difference in Ge concentration increases as the B doping increases. However, the
difference is much higher (~2.07-7.11 at.%) in the range of (1.20-8.70)x10* atoms/cm’. Such difference in
Ge concentrations (5.04 at.%) for a short range of the B doping (1020 atoms/cm3) leads to a discrepancy of
Vegard’s law and makes the HXRD measurements unreliable. A series of equations (Vegard’s law) corre-
sponding to B concentration can be established based on the B doping to overcome this problem. The results
also demonstrate that there is no linear relationship between the B doping and the difference in Ge concen-
trations. A comparison of symmetric and asymmetric (+113, +224) scans showed the difference of 0.12 and
0.21 at.% for the highly B doped samples. All SiGe layers are strained with a minor lattice distortion for the
higher B doped samples.
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