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Coherent x-ray diffraction was used to study the relaxation in single ultrathin strained silicon structures

with nanoscale accuracy. The investigated structure was patterned from 20 nm thick strained

silicon-on-insulator substrate with an initial biaxial tensile strain of 0.6%. Two-dimensional

maps of the post-patterning relaxation were obtained for single 1� 1 lm2 structures. We found

that the relaxation is localized near the edges, which undergo a significant contraction due to the

formation of free surfaces. The relaxation extent decreases exponentially towards the center with

a decay length of 50 nm. Three-dimensional simulations confirmed that over-etching is needed to

explain the relaxation behavior. VC 2011 American Institute of Physics. [doi:10.1063/1.3637634]

In nanoscale semiconductor systems, functionalities can

be achieved by controlled manipulation of strain.1,2 For

example, strain engineering has been used in modern semi-

conductor industry to improve charge carriers transport since

the 65 nm technology node of metal oxide semiconductor

field effect transistors (MOSFETs). Introducing strain in sili-

con can modify its band structure and lead to charge carriers

mobility enhancement. Indeed, nearly two times electron

mobility increase was recently demonstrated for tensile

strained Si channel n-MOSFETs.3 This has sparked interest

in developing processes for strain control in Si devices and

nanostructures. With recent progress in direct wafer bonding

and thin layer transfer techniques,4,5 tensile strained Si can

be grown on a relaxed SiGe and transferred onto a SiO2-

capped Si wafer achieving the strained Si-on-insulator

(SSOI) substrate. SSOI combines the advantages of Si-on-in-

sulator technology6 with that of strained Si.1 However, the

effective strain in semiconductor structures can be drastically

altered due to the integration process, thermal annealing, and

particularly the active region patterning. There is strong

motivation to understand the fundamental properties of

strained Si structures during the different steps of processing,

which requires accurate probe of the local strain.

Recent progress in probing the strain distribution in

nanostructures includes utilizing Raman spectroscopy,7,8

transmission electron microscopy (TEM) based techniques,9

and x-ray diffraction based techniques, such as microbeam

x-ray diffraction,10 high resolution x-ray diffraction,11,12 and

grazing incidence x-ray diffraction (GIXRD).13 Raman spec-

troscopy provides a fairly good spatial resolution and does

not require a specific sample preparation, but it is limited to

bare Si structures as the top metallic layer in the device pro-

hibits the laser penetration. Latest TEM-based techniques,

such as nanobeam diffraction and dark-field holography,

claim sub-10 nm resolution in strain mapping.14 Neverthe-

less, the major limitation of these techniques has to do with

the relaxation during TEM specimen preparation, which

results in uncertainties in strain analysis. High resolution

x-ray diffraction and GIXRD allow characterizing the strain

without special sample preparation. However, as the beam

footprint on the sample is in millimeter scale, those techni-

ques integrate the reflection intensities of a number of struc-

tures. It was argued that very small deviations from ideal

periodicity cause the smearing out of any ultrafine fringes.12

In this paper, we demonstrate that the strain in individ-

ual ultrathin SSOI structures can be visualized with a high

spatial resolution by using the recently developed coherent

x-ray diffraction (CXD) method. The post-patterning struc-

tures present an elastic relaxation with exponential attenua-

tion from the edges into the center of the structure. Three-

dimensional (3D) finite element analysis (FEA) was per-

formed to gain more insight into the complexity of this relax-

ation phenomenon and compared with the experiment result.

SSOI wafers consisting of ultrathin strained Si film with

a thickness of 20 nm were used in this study. The strained Si

film was epitaxially grown on a Si0.84Ge0.16 layer and capped

by a �200 nm-thick SiO2 layer. Using direct wafer bonding

and ion-cut process,4,5 the strained Si layer was then trans-

ferred onto a Si wafer. The transferred layer is under a biax-

ial tensile strain of 0.6% as confirmed by Raman

spectroscopy. An ordered array (20� 20) of square elements

with a lateral dimension of 1 lm, separated by 100 lm both

horizontally and vertically, was patterned on a negative resist

using electron-beam lithography. Reactive ion etching (RIE)

was applied to transfer the pattern to the strained layer, lead-

ing to array of square strained Si structures on oxide. The

patterned islands are aligned along the h110i direction. The

etching was performed at �60 �C using a mixture of SF6

(100 sccm) and O2 (5 sccm) with a relatively low power of

40 W. Here, the chemical reactivity is dominant. High reso-

lution XTEM investigations (not shown here) confirmed the

absence of any damage at the formed edges. Figure 1(a) dis-

plays a typical atomic force microscopy (AFM) image of the

investigated structures. The square has a lateral size of

950� 950 nm2 slightly below 1� 1 lm2, indicating a small
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shrinkage of the transferred pattern. This could be due to lat-

eral etching during the RIE processing. Figure 1(b) is the

cross section profile of the structure showing that the island

has a height of 28 nm, which means the etching has gone

deep enough to cut through the 20 nm thick Si layer and

ensured that every square is an isolated structure.

The CXD experiments were performed at the Advanced

Photon Source, Argonne National Laboratory, Beamline 34-

ID-C. A 9 keV coherent x-ray beam was focused to about

1.5 lm with Kirkpatrick-Baez mirrors and is used to illumi-

nate a single patterned structure. During the measurements,

by rotating the sample, diffraction patterns were measured

for the rocking curve of the (�111) Bragg reflection. A CCD

detector with 20.0 lm pixel size was used to collect the 2D

diffraction slice for each rotation angle. Stacking these 2D

frames together gives a full 3D diffraction pattern.

The scattered amplitude is a complex quantity,

A¼ jAjexp(iu), and by inverting the measured amplitude

back to direct space using phase retrieval algorithms, one

can obtain the complex three dimensional electron density of

the sample. Detailed reconstruction procedures have been

reported earlier,15–17 which recover the “lost phase” by over-

sampling the reflection intensity distribution. In direct space,

the reconstructed phase (u) of the complex density describes

the displacement of the crystal planes parallel to the

Q-vector, u¼ Q.r. This method can provide quantitative

phase information which is sensitive to lattice distortions.

Fig. 2(a) shows the diffraction pattern from a single

SSOI square structure viewed along the x direction. The

asymmetrical shape is a typical characteristic when the

investigated structure is strained. The pattern was inverted

using a Fienup’s Hybrid Input-Output phase retrieval algo-

rithm with a rectangular prism-shaped support and a [�p/2,

p/2] phase constraint.16 Figs. 2(b) and 2(c) are the recon-

structed magnitude and phase of the square structure. Here, a

phase of 2p represents a rigid body displacement equal to the

lattice parameter in the {�111} direction, which is 0.3135

nm. The magnitude shows that the structure has a lateral size

of 930� 940 nm, consistent with the AFM measurement.

The phase map shown in Fig. 2(c) represents the displace-

ment along the Q-vector direction, which is aligned with the

horizontal edges of the square for the (�111) reflection. It

can be seen that there are two strong phase stripes near the

left and right edges, and the corresponding displacements are

relatively compressive and point to the centre. The fact that

the edges are contracted is attributed to the formation of free

surfaces from the RIE patterning leading to relaxation of the

initial tensile strain in the film. The relaxation is pronounced

in the region within �150 nm from the edges and rapidly

attenuates towards the center where the initial strain is pre-

served. This is in qualitative agreement with an earlier

Raman study.8 However, in that work, the limited resolution

prevents the observation of the exact nature of strain in the

region near the edges. According to Rayleigh wave solution

of the continuum elasticity equation, a distortion should die

off exponentially inside the solid from a surface.18 To exam-

ine the strain decay behavior, we extracted the phase along

the dotted line in Fig. 2(c) and the result is shown in Fig.

2(d). It can be seen that the phase change does follow an ex-

ponential decay, and by fitting the experimental data, the

decay length can be derived, which is 50 6 15 nm for the

present sample. Apart from Rayleigh wave equations, there

are other possible models to explain this behavior. For exam-

ple, the “shear-lag” approximation predicts a hyperbolic co-

sine dependence on stress with respect to distance which will

also display an exponential decay near the edges.10 Fig. 2(d)

also shows that there are some positions in the film where

the phases deviate from the base line; this may due to the

presence of dislocations in the film from the epitaxial growth

of strained Si on SiGe.

In order to gain more insight into the relaxation phe-

nomenon, we performed detailed 3D FEA using the COMSOL

software. Fig. 3(a) is the schematic side view of the modeled

system. It consists of a 20 nm thick L�L Si square on top of

a 1 lm thick SiO2 layer and an additional thickness d of

SiO2 underneath the structure to account for possible over-

etching from the RIE process. Without over-etching, the

model predicts a too short relaxation decay length. Manual

optimization of the model yielded L¼ 940 6 20 nm and

d¼ 9 6 4 nm. Here, we do not consider any irregularity

(e.g., roughness) in the patterned structures. Both materials

are linearly elastic in the calculations. An initial tensile strain

FIG. 1. (Color online) (a) AFM image of a 20 nm thick �1 lm� 1 lm

strained Si structure and (b) the height profile across the center of the

structure.

FIG. 2. (Color online) The 3D diffraction pattern (view along the z direc-

tion) from (�111) plane of a strained Si square structure (a), the recon-

structed amplitude (b), phase (c), and a cross section plot of the phase

variation along the x direction (black square), with the COMSOL simulated dis-

placement (red dashed line) (d).
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of 0.6% was applied to the Si layer. The relaxation phenom-

enon was then simulated by taking away the constraints at

the free facets and allowing the system to achieve

equilibrium.

Fig. 3(b) shows the simulated in-plane displacement

component along the x direction for L¼ 940 nm and d¼ 9

nm. It can be seen that the relaxations are pronounced near

the edges of the square, in agreement with our CXD experi-

ment results. To compare with the experimentally measured

phase changes, the displacements along the dotted line in

Fig. 3(b) are extracted and superposed in Fig. 2(d) (red

dashed line). It can be seen that they have very similar decay

behaviors. The simulated displacement indeed follows an ex-

ponential decay from the edge and the fitted decay length is

45 nm, reasonably consistent with the experiment results. As

the theoretical modeling agrees with the experimental data,

the effect of RIE damage on the crystal is not detected,

which is consistent with the XTEM observation. This result

confirms the ability of CXD to probe on the nanoscale, the

local strain, as well as the morphological subtleties in semi-

conductor devices.

In conclusion, we studied the in-plane elastic relaxation

behavior of single ultrathin strained structures processed

from a 20 nm thick SSOI substrate, by using the coherent-x-

ray-diffraction method. Reconstruction from the (�111) dif-

fraction pattern reveals an exponential decay of the in plane

relaxation from the edge to the center, with a decay length of

50 nm, as a result of free surfaces induced by the patterning

process. 3D finite element modeling confirmed this decay

behavior once over-etching was allowed for. This phenom-

enon should be taken into consideration in the design and

fabrication of SSOI-based devices.
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13T. Baumbach and D. Lübbert, J. Phys. D 32, 726 (1999).
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FIG. 3. (Color online) Schematic side view (not to scale) of the modeling

system (a) and the simulated in-plane displacement in the x direction (b).
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