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Strain measurement in semiconductor FinFET devices using a novel moiré
demodulation technique

V. Prabhakaral?, D. Jannis?, A. Béchél, H. Bender? and J. Verbeeck!
1. EMAT, University of Antwerp, Groenenborgerlaan 171, 2020, Antwerp, Belgium.
2. Imec, Kapeldreef 75, 3001, Leuven, Belgium.

Abstract:

Moiré fringes are used throughout a wide variety of applicationssin physics and
engineering to bring out small variations in an underlying lattice by comparing with
another reference lattice. This method was recently demonstrated in/ Scanning
Transmission Electron Microscopy imaging to provide local sStrain.measurement in
crystals by comparing the crystal lattice with the scanning raster that then serves as the
reference. The images obtained in this way contain a beating fringe pattern with a local
period that represents the deviation of the lattice from the reference. In order to obtain
the actual strain value, a region containing a full period of'the fringe is required, which
results in a compromise between strain sensitivity and spatial resolution. In this paper
we propose an advanced setup making use of an optimised scanning pattern and a novel
phase stepping demodulation scheme. We demonstrate'the novel method on a series of
16 nm Si-Ge semiconductor FinFET devices in which, styain plays a crucial role in
modulating the charge carrier mobility. The obtained nesults are compared with both
Nano-beam diffraction and the recently proposed Bessel beam diffraction technique. The
setup provides a much improved spatial resolution over conventional moiré imaging in
STEM while at the same time being fast and requiring no specialised diffraction camera
as opposed to the diffraction techniquesswe compare to.

Introduction:

Strain has become an essential ingredient in the functioning and performance
optimisation of modern semiconducter devices. As an example, tensile strain increases
the electron mobility in n-MOS devices while compressive strain increases the hole
mobility in p-MOS devices[1] [2][3]«With the ongoing trend of scaling down the size of
transistors and the use| of strainfas a performance enhancing parameter, it is becoming
essential to quantitatively measure strain at the nanoscale. Transmission electron
microscopy based strain measurement methods provide the best possible spatial
resolution, in principle doewn to the individual unit cell level. They can be broadly
classified into diffraction and real space (imaging) based techniques. Diffraction based
techniques like Nano-beam diffraction (NBD) offer a spatial resolution of 1 to 6 nm with
a relative strain precision of 6x10- [3]. The spatial resolution is limited in an attempt to
keep theldiffraction discs as small as possible in order to avoid complications due to
redistribution, of intensities within the discs stemming from multiple elastic scattering
processes. Nano-beam electron diffraction with precession (N-PED) circumvents the
problem by averaging out diffraction patterns acquired at different tilt angles, thus
partially cancelling the influence of multiple scattering. The intensity in the diffraction
spots becomes more uniform, improving the precision to better than 2x10+ [4] [5] .
Recently, Bessel beam diffraction was shown to provide similar performance as N-PED
but with minimal hardware complexity[6]. All diffraction techniques have a very good
precision but are usually slow due to hardware limited acquisition speed restrictions and
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long data analysis. Moreover, the probe size on the sample can vary in a sensitive way on
defocus and lens aberrations, which can imply a change in spatial resolution between
experiments.

Real space based techniques like Dark field holography can measure strain witha
very high spatial resolution (up to 3 nm), precision (0.2%), accuracy (0.1%) and wider
field of view (up to 1 pm) using a bi-prism to interfere beams from the reference region
and the strained region[7]. High Resolution Scanning Transmission Electron imaging
(HR-STEM) with GPA (Geometric phase analysis) has the ultimate spatial resolution as it
is based on atomic resolution imaging of (a projection of) the crystal. In GPA, the spatial
resolution and precision of the obtained strain map are inversely propertional ‘and
depend on the size of a mask applied in the Fourier space [8]. Typically, thesesmethods
have a lower field of view, but results are obtained fast due to rapid acquisition (a few
seconds) and quick data analysis (less than a minute). STEM moirésstrain mapping is an
extension of the high resolution imaging which provides a higher fieldofview [9] at the
expense of spatial resolution. The spatial resolution depends onrthe periodicity of the
moiré fringes and is usually multiple times the crystal periodicity..In this paper, we
attempt to extend the spatial resolution of the moiré strain analysis by.combining it with
phase shifting interferometry and demodulation techniques. We show that the precision
obtained is approaching that of diffraction techniques while the spatial resolution can
increase significantly and the acquisition and analysis time is lowered substantially.

STEM moiré theory: 3

STEM moiré is a phenomenon caused by interference between a chosen sampling grid
and the crystal lattice. The sampling gridyis the periodic arrangement of the points
sequentially visited by the STEM probe. The illuminated crystal lattice is then sampled at
these points. We assume the STEM probe to be infinitely small here, which allows us to
express the scanning grid as a 2D Dirac comb.

The continuous image of the sample (independent of specific imaging mode in STEM) can
be expressed as an intensity variation of a detector signal (e.g. a High Angle Annular Dark
Field detector) depending onthe probe position I(y, z).

Sampling in STEM is analogous\to multiplication of this image function by a 2D Dirac delta
comb S(y, z)

m=oco mn=oco

SG.A=Y 6y —mpy)d - np,) (M

m=—oo n=—oo
With p,, and p, the spatial sampling step in y and z directions. We get a resulting discrete
image:

I(}’m' Zn) = I(mpy' npz) (2)

In frequency space, this becomes a convolution of the Fourier transform (FT) of the image
I(u,'v) with the FT of the 2D sampling grid which transforms to:

m=oco mNn=oo

S(uv) = Z Z §(1t = mf,,)8(v — nfy), 3)

m=—oo n=—0oo
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1 1

With, fpy = E,fpz = P_z

The discrete frequency spectrum of the sampled image is then written as

m= +ocon=+ow

I.(u,v) =1(u,v) * Z z S(u—mfpy)(S(U—nfpz)

m= —oo n=—co [4)

Note that we have taken the finite size of the sampling grid (the field of view) as a cut-off
into the image spectrum rather than in the Fourier transform of the grid to keep the delta
functions.

m= +oon=+4+o

I.(u,v) = Z 2 I(u—mfpy,v—nfpz) o (5)

m= —00 N=—00
This results in an infinite series of replicas with the central one occupying the frequency

L ] U [ : i] .Ifthe maximum frequency in the image u_max < 1/2 py and

-1
range |—— -—
& [2 2p;’ 2p,

py,E
v_max < 1/2 p,, the sampling satisfies the NyquiSt criterion and each replica is

separated from all other replicas(Figure 1b). In the case of‘under-sampling, aliasing
happens, leading to the formation of moiré fringesby.thereplication of frequencies from

outside the central portion into this region (Figure 1¢). 4
v
v
d i | .
E. . gl _fpzN ._._._4_._.-.‘.2_ ................... ;-._._ _______ Central
L ] : L] L] L ] o : L ] Band
o 'o BN
i u O L] : L] @ L] ° : L] u
e o o E. o | o .E. >rep|icas
gl gz prN _______________ :. __________________ ‘I __________
0 \ _ﬁﬂyn foyn
0
c) (mn) =(£22) (m,n) = (2,2)
\ L/
- - a \_: ........ = ild!
Pz _ i i ! !
% ! o|— ie i (m, n)
_fpz .__j.rp_z. = ...,:_._ = l_ -..: ...... :_ | =00
2 | i oy | L1
Y L |V
2 [l i . :
fpz % e = ql......,_;_.
P Al
prz ________ T._ _..EA_A_._ P _I , 1] (m’n)
(m n) _3fp\':_fl-?}’ Joy 3foy =2-2
) 1P
=(=2,-2)|2hy ~foy 0 Joy 2fpy

Figure 1 a) \Frequency represenation of a periodic 2D signal.b) Sampling with Nyquist criterion results in an
infinite amount of replicas indicated by grey boxes with dimensions determined by the sampling frequency. c)
motiré effect with sampling frequency lower than the highest frequency. The replication due to the finite sampling
results now in a mixing up of the position of the frequency components which is best noted in the central replica
marked in yellow. This mixing up is the essence of the moiré effect where frequencies appear different from what
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they really were without sampling. The frequencies get aliased and a high resolution frequency spectrum is now
divided into smaller moiré windows with index (m,n) due to a lower sampling frequency in the moiré compared
to a high resolution image. The arrow indicates the translation of frequencies into the new smaller central band.

As an example, we can assume an image made of two sinusoids (g, g,) as shown
in Figure 1a. A sampling frequency f,,, and f,, is chosen such that the Nyquist criterion is
not satisfied, which results in the moiré effect (Figure 1c). The yellow window represents
the central replica with each red box an identical replication. The index of eachwindow
is represented by (m,n) and the frequencies that are outside the yellow window are
translated into the yellow window by shifting the window over (mf,, ,nf,,).Forexample,
the frequency g is shifted one window down in v and one window left in wand so on [10].
This leads to a new apparent spatial frequency (the moiré frequency) within the central
frequency band:

gy =gy —Mfpy (6)

g; =9z~ nfpz (7)

Where gy, and g, are the frequency components in y and z directions. For a projection
image of Si or Ge along the [110] zone axis, we consider the y.axis as the [110] direction
and the z axis along the [001] direction. The lattice distances for Si are different in these
two directions a;7o = 0.384 nm and aqg; = 0.543 nin (Figure 2a). This means, for any
fundamental frequency in y and z directions, g, and g,; We have g, > g, € (u,v). In
conventional STEM, a square scanning grid is usedand f,, = fp,. In general, this results
in the creation of 1D moiré as m and n are not.necessarily the same.

Figure 2d shows an experimental image obtained with a square scanning grid,
resulting in only one fringe direction to'bevisible while the other is too high in frequency.
These 1D moiré fringes are easily observed for a probe aberration corrected instrument
(the probe has to be smallerzthan the latticeispacing) and readily reveal strain as a slight
change of the moiré fringes in different locations of the image.

The resulting distortion of the apparent symmetry by the formation of 1D moiré
can be circumvented and.a:more interpretable situation occurs if the symmetry of the
scanning grid matches the symmetry of the lattice by adjusting the scan pattern to obey:

9 _ 9

=2 =y,
foy  For (8)

with.U.the.under-sampling factor > 0.5. This can be done by adjusting the strength
of the signals driving the scan coils. In this case, all frequencies transform as:

, 9y fpz) m
= —mf,,— = 1-m— | = 1—— 9
9y = 9y fpz g, gy( g, gy( U) 9)
gézgz_nfpy&Z gz<1_nfp_y>=gz(1_z) (10)
9y 9y u

[fm=n; this transform is an angle preserving scaling factor and the moiré fringes will have
the same symmetry as the lattice. An experimental example is shown in Figure 3a.

Page 4 of 22



Page 5 of 22

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SST-105902.R1

a)

o _____ o
oo
g 8 i 10 1/nm
z = [001] (o N (o)
(o] o
110 zone axis Si
unit cell
y = [1-10]

Figure 2 a) Diagram of the unit cell of Si and Ge in [110] zonge'axis_b). HRSTEM image of the Si and Ge material
and its corresponding diffractogram c). d) 1D moiré created on theSi andiGématerial by undersampling at lower
magnification and its corresponding diffractogram e). The'undersampling results in clear moiré fringes in d)
caused by only the {002} spots being replicated t0 rather low'frequencies and a mixing up of the frequency
components in e). The moiré fringes are sentive to strain.asseen by theslight wavyness and tilting of these fringes
as a function of the location in the sample.

When strain occurs in the lattice,frequencies will shift by Ag and a relative shift of the
diffracted spots can be obtained in the diffraction pattern (as in NBD). The strain in a
particular direction is expressed as:

_ 1ag]
£ =—
g1
When under-sampling océurs, aniapparent strain will appear in the moiré fringe as

. 1Agl |Ag| B
N z 2
g \/(gx - mfpx) + (gy - nfpy)

(11)

(12)

The strain gets magnified by a boost factor & which makes it much more apparent
as can be seen both in Figure 3a and Figure 4. This boosting is shape preserving (&' stays
parallel-to €) only/in the case where the scan grid matches the symmetry of the crystal
and a situation is chosen where m=n. The strain boosting factor is plotted as a function of
the under-sampling factor U showing how strain boosting is especially strong for low
frequencymoiré fringes. This also implies a hard trade-off between strain sensitivity and
spatial fesolution. In order to determine the frequency of the moiré fringe (related to the
strain),.one needs at least an area of the order of a period of the fringe.

Another limitation comes from the fact that strain should not shift frequencies
outside the central frequency replica. Otherwise m and n may differ for different areas of

5
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the sample leading to a much more complicated analysis (in fact a multivalued problem
with non-unique solution). This limits the tolerable strain variation in a single image as
strain amplification goes up. The change in the aspect ratio of the Figures 3a and 3b is
reflective of the scanning grid matching the symmetry of the lattice by adjusting the scan
pattern.

2 4
Figure 3a) 2D moiré fringes on a 100nm FinFET cross section'in [110] zone axis and its corresponding b)
diffractogram. Note the effect of local strain becoming visible as a distortion of the moiré fringe pattern in
different locations,of the sample.

Ut T

1 1 T

::n=0|n=1 ' n=2 n=3ln=4] n=5|n=6 ’1 n=7’;n=8

ot || N T

'n =9|

strain amplification o
o
T

Figure 4 Strain amplification factor as a function of under-sampling. Note how strain magnification depends in
a sensitive'and nonlinéar way on the choice of U = g/f and n is the moiré window (See Appendix A). The value

of n equal to zenois for an oversampled high resolution image and it does not have any amplification (a=1). The
strain amplification is extremely high when n = U.

Recovering the strain from moiré images: conventional way

Strain analysis of moiré STEM images is typically performed using Geometric phase
analysis (GPA) [11]. In this method a mask is used in the frequency domain to isolate the
side’bands around selected frequencies that carry the strain information. This selection

Page 6 of 22
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mask determines also the spatial resolution that can be obtained and determines the
signal to noise ratio in the resulting strain map. The larger the radius of the mask, the
higher is the spatial resolution and the more noise enters the estimated strain map [11].
The mask radius is chosen to prevent selecting more than one diffraction spot at a time
and is typically chosen smaller than half of the selected reference frequency. This
reference lattice vector is used to demodulate the measured signal which then reveals the
strain with respect to this reference.

Applying this method to moiré STEM images reveals the apparent strain which
needs to be corrected back to the actual strain via eq.(12) as shown in Figure 5. As the
strain magnification is significantly higher for low frequency moiré fringes; it is tempting
to choose the undersampling as demonstrated in Figure 5a wheresstrain is. readily
apparent from the moiré image due to the boosting effect. The low frequency moiré
fringes will however demand a small selection mask and result in peor spatial resolution.
On top of this, multiple spatial frequencies, possibly having different mand n values, tend
to cluster near the centre and can be very close to each other. This results in unwanted
overlaps and the strain maps become unreliable, especially as each of these frequencies
should be converted from apparent strain to actual strain with different scaling factors
(Figure 5).

In order to overcome this difficulty and increase the practical usefulness of moiré
strain mapping, we developed an alternative method that allows significantly suppressing

other unwanted replica's. 3

Extending the spatial resolution with quadrature demodulation

If we could suppress the unwanted frequencies in the undersampled
diffractogram, we could use a much larger mask size before demodulating the signal back
to an image of the strain. This{would result in higher spatial resolution and the
suppression of artefacts. This is achieved by moiré phase stepping interferometry and
Quadrature demodulation. The principle of moiré phase stepping interferometry is to
phase shift the moiré fringes in different specific directions in repeated experiments.

If we shift the experimental scanning grid over Ay and Az in y and z directions,
S(y2)> S(y — Ay, z — Az) (13)
and apply the Fourier shift theorem we get for the Fourier transform of the sampling grid

S(u, v) > S(u, 1])ei27'[(uAy+ vAz) (14)
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0.1

0.05

-0.05

-0.1

Figure 5a) 2D moiré on the 16 nm Fin long section and its corresponding FFT b) GPA Masks used to isolate the
regions in the FT. The yellow squares are the undesired inteffering frequengies c) Normal strain €, and &, in
the y and z directions obtained by GPA d) Comparing normalfStrain €, and ¢, in the y and z directions
obtained by GPA(using the same size of the mask)fon moiré with quadtrature demodulation. Since the size of
the mask used here is small, the spatial resolution is also reduced. A reliable strain map is obtained with the
application of Quadrature.demodulation.

This results in phase shifting of the'different components in the spectrum as
m=0 n=oo
I(u,v) = Z Z I(u = Mifyy, v — nfyy, e 2T WAy +VA2) (15)
m=—o00 N=—00
This equation shows that it is sufficient to shift the sampling grid by a reference lattice
fringe spacing Ay = i andAz.= i to'cause a 2w phase shift of these moiré fringes in the

under-sampled image.

Now, that we have the capability to phase shift the frequency components in the recorded
moiré images by spatially shifting the sampling grid, we can apply an extended version of
quadrature demodulation. Quadrature demodulation is commonly used in
telecommunication (e.g. FM radio) [12] and allows to extract a given sideband of a
modulated.signal. In.our case the 'carrier frequency’ is a reference spatial frequency and
the 'signal' is the straimor deviation with respect to this signal.

In this,case we apply a 4x4 array of shifts of the scanning pattern, resulting in 16
independent/and phase shifted moiré images. The applied shift can be represented as a
4x4 matrix S targeted to bring out the strain along 2 non-collinear reference frequencies

g, and g.
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1

2
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5

1 1 2 2 3 3

: 0 () (o7 (o2

7 .gyl 9z1 gyl 9z1 gyl 9z1

8 <1 1) (1 1 1 1) (2 1 2 1) (3 1 3 1)
—,— —t—,—+— —t—,—+— —t—,—+—

9 5—: — l gyz 9z2 gyl gyz 9z1 9z2 gyl gyz 9z1 9z2 gyl gyz 9z1 9z2

10 8 < 2 2 ) ( 1 2 1 2 ) ( 2 2 2 2 ) ( 3 2 3 2 )
—,— —t——+— —t—,—+— —t—,—+=

11 gyZ 9z2 .gyl gyZ 9z1 9z2 .gyl gyZ 9z1 9z2 .gyl .gyZ Yz1 9z2

12 < 3 3 ) ( 1 3 1 3 ) ( 2 3 2 3 ) ( 3 3 3 3 )
—,— —t—,—+— —t—,—+— —+—,— =

13 L gyZ 9z2 .gyl gyZ 9z1 9z2 .gyl gyZ 9z1 9z2 gyl .gyZ 9z1 9z2) ]

14

15

16

17 Each index of the matrix can be written as:

18

19 LA N (17)

20 “'78g, 83,

21

22

23

24 As a spatial shift of 1/g implies a 21t phase shift, the shifts result in.a complex factor that

25 is applied to a specific frequency component in the frequency.domain:

26

27 fri(g) = exp(i2mgaSyr) (18)

28

29 This means that we can single out any specific spatial freque?lcy of interest by multiplying

30 each sub-diffractogram I (u, v); with thecomplex conjugate of the above matrix and then

31 summing up over all k1 indices. This resultsiin constructive interference of a selected

; ; frequency g while destructive interference occurs approximately for all other frequencies

34 3

35 Liemoa (W, 17)gy,gz = kll(u’ v)klfkl (gy:gz)) * 5(“ — 9y, V — gz) (19)

36

37 with the delta function doing the actual demodulation. Converting this back to real space

38 leads to the demodulated strain component with respect to the selected reference

39 frequency.

40 a y

41 N =il

42 Ligmoa (yv Z)gy,gz =F (Idemod (w, U)gy,gz) (20)

43

44

22 The selectivity improveswith a n X n shifting matrix with increase in n, but this comes at

47 the expense of/an increase in the measurement time as n%. A minimal choice would be

48 n=2, but wefshow in the experimental section that n=4 provides a more realistic

49 compromise. In fact,-the suppression rate for any other frequency g in the discrete

50 Fourier space of the image can be calculated as.

51

52 ” A 1 e o

53 SR (g» gdesired) = 1_6 fk,l(g)f k,l(gdesired) <1 (21)

55

56 Ideally this suppression preserves frequencies close to the desired frequency as these

57 carry the strain information but achieves a high suppression of frequencies that are

>8 further out.

59

60

(16)
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Experiment:

In order to implement the above mentioned idea in the transmission electron microscope,
it is necessary to obtain software control over the probe scan engine. Making use ©fa
custom built scan engine[collaboration M. Tence and M. Kociak [13] ], we are able to freely
program the scanning pattern in an aberration corrected FEI Titan3 STEM instrument
operating at 300 kV.

a)
Ge
Sig.3Gey 5
z = [001] ~
y = [110] Si

sGe Sip;Geg 5

z =[001]

200 nm Si su

x = [110] y = [110]
N

Figure 6 Schematic descriptiomof the FinFET b) Cross section and c) long section of the 16 nm FinFET for the
TEM strain analysis.

We start with a 16 nm Finfet test sample cut along the longitudinal section
indicated in"Figure, 6<to demonstrate the method. This sample consists of a silicon
substrate on top of which a thick Sio3Geo7layer(~110nm) is grown epitaxially which is
relaxed completely (due to a high aspect ratio, the structure relaxes by the formation of
dislocations) and acts as the strain relaxed buffer (SRB). Then a thin layer(~30nm) of
germanium is grown on top of SRB which is the channel of the FinFET. The Fins are 16nm
in"width, and are separated by silicon oxide (Shallow Trench Isolation, STI). The
germanium channel FinFET material is developed by IMEC using the STI-first technique
[14]. The cross section and long section of the Fins for the TEM analysis under low
magnification STEM mode is shown in the Figures 6b and 6c. The V shape of the silicon
substrate in the cross section is used especially to trap the defects in the SRB and prevent
their propagation into the Ge channel [14].

10
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The scanning step-size is tuned to 17/16t% of the lattice spacing of the silicon
substrate in the y and z direction, i.e., py, = %d(Si)ﬁo and p,, = gd(Si)om. This
results in a distorted under-sampled (U=17/16=1.0625) moiré image that images,the

rectangular [110] projection of the silicon and germanium lattice as a square. This gives
n=m=1 and brings us into the central band with a strain amplification factor of x=17

(eq.12).

For each scan point, 16 slightly shifted probe positions are visited with a shift vector given
1

by eq. 17 with g; = dL_ and g, = I This results in a shift of the sampling probe by
110

001

Sy = kAy9 + 1Az2 (withk,1 = 0...3) (22)
with Ay and Az chosen to be Ay = dgo and Az = % as sketched in Figure 7.
~
a) '
Z= 1004] Scanned
Blocks

y = [110] Sampling plane

b)

) 17 .
Pyn =17 pixels = 52d (Si)110 c)
4

ml ml

m m2 m2

" = =

13 W . | . | | . .4
14

15 ™ 158 W

16{ eIk s
Ay

Block 1 Block 2 Moiré on 100nm fin

Figure 7a) Block seanning pattern overview. Black squares represent probe positions that are visited
sequentially in blocks of 4x4 pixels. The order of the probe visiting positions inside each block is shown in
Figure 7bse) moiré image obtained by using only pixel 1 from each block, marked in red in b. The pixel step size

is dygg/16 in y direction and dyq,/16 in z-direction. This makes the pixel size for the moiré image 17/16 th of
the lattice spacing of Silicon(d,7o0r doo1depending on the direction).

This_results in 16 independent moiré images with shifted fringes. Applying the
quadrature demodulation as explained above, we obtain the demodulated result for g =
gdorg = 91, g = g, as shown in Figure 8.

11



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SST-105902.R1

27 1/nm

27 1/nm

27 1/nm

27 1/nm

Figure 8,a) Moiré on the 16nm Fin longitudinal direction b) and its diffractogram c) Demodulation to either gi
dand g: withva4x4 shift matrix is shown as the phase of the demodulated wave in y,z-space (e,g) and g0 with the
real valuefin x,y-space (c) and the absolute value of amplitude in frequency space of go, g1 and gz (d f,h). Note the
selection of the desired frequencies while a strong suppression of the unwanted frequencies occur. There are two
reflections'in g1 and g2 corresponding to Si and Sio3Geo.7 material having different lattice spacings, but both are
maintained after the quadrature demodulation process selecting Si as the reference lattice. This shows that the
strained components remain while the other unwanted components are strongly suppressed.

12
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We can calculate the suppression factor for each of the selected frequencies gy, g1, 9>
(Figure 9). Quadrature demodulation keeps the amplitude of the selected frequency while
suppressing the other unwanted frequencies by destructive interference. The
suppression factor of the undesired frequency is the damping factor that is applied to the
undesired frequencies while maintaining the desired frequencies. Figure 9 shows that the
effect of quadrature demodulation is similar to applying a 2D sinc function enhancement
factor centred at the selected frequency while the other frequencies away ffom the
selected frequency are greatly suppressed. As an example, if the frequency g, is selected,

. . _ 1 -
the suppression factor for the other two frequenc1esl‘% = 4.5¢" 7 and 1% =15e"16
1 1

i.e,, the ratio of the absolute value of amplitude of undesired frequency to that of
the selected frequency in the Fourier space.

This suppression of the undesired frequencies is highly \beneficial when
demodulating the reference frequency to zero as it allows the use of awvery relaxed low
pass filter (possibility to cover the full Fourier space of the image) to supress only far
away components resulting in a much improved spatial resolution up tol nm.

Figure 9 Quadrature demodulation schenfe results inythe extraction of the desired frequency bands. The figure
illustrates the enhancement factor applied on three desired frequency sidebands go, g1 or gz. The centres desired
frequencies go, g1 and gzare highlighted with the red dot and the centres of undesired frequencies are highlighted
in yellow.

To extract the 2D strain tensors we need to demodulate and extract strain with respect to
two non-coplanar reference frequencies gi and gz. The demodulated phase components
Pg: and Pg; along both diagonal directions are shown as a phase plot indicating phase as
colour (Figures 8e and 8g) and amplitude as intensity in Figure 8c.

Strain is extracted using the formula derived from Hyjrtch et al. [11]. The displacement field

is given as:
-1
()=o) ()
Uy 2m gZy 92z sz

Where, u,, andu, are the y and z components of the displacement field u. g, and g,,,,
g1z and g,, are the y and z components of the two non-coplanar side bands of interest.

The distortion tensor D, strain tensor € and rotation tensor w can be calculated from the
gradient of the displacement field,
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ou,, du,,
D= ay /aZ _ (Dyy Dyz) (24)
| ou, / Ju, / -
dy 0z

e=-(D+D") (25)

w =2 (e — eT),local rigid rotation

2 (26)

Comparison to alternative techniques:
~

In order to appreciate the performance of the present method, we compared it to the
diffraction based strain measurement techniques like Nano-beam diffraction(NBD) and
Bessel diffraction[3][4][6]. The analysis with these methods is applied to a 16nm FinFet,
which is a challenging structure in terms of the spatial reselution requirement but a
realistic example of the current semi-conductor technology.

NBD was performed using a quasi-parallel probe with a beam convergence angle
of ~ 0.3 mrad at 300kV using an FEI TITAN3microscope. Bessel diffraction was
performed at 300kV using an aberration corrected FEI TITAN microscope and using an
annular aperture in the C2 aperture plane. The convergence angle was chosen to be 6
mrad and this gives a diffraction pattern consisting of rings instead of discs (Figure 10).
Such lower convergence angle is chosen so.as tolimit the overlapping area between the
rings. This improves the precisiomof the strain measurement but is traded off with the
spatial resolution[6].

a) b)

10 1/nm 10 1/nm

Figure 10 Diffraction pattern.obtained with the NBD a) and Bessel b) diffraction techniques on Si at [110] zone
axis. A spotdiffraction pattern is obtained in NBD due to the quasi-parallel probe, while ring diffraction
patterns-aré obtained in Bessel diffraction due to the annular aperture and a convergent probe.

The NBD.and Bessel diffraction data are collected using a Gatan US1000XP CCD a camera.
The NBD data is processed with the Epsilon 1.2.1.40 software from ThermoFischer scientific.
The Bessel data is treated with a dedicated python based software, which is based on the
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autocorrelation of each diffraction pattern and subsequent extraction of the centre of the
rings by background fitting and normalization [6].

The strain maps were also obtained with the discussed phase stepping methed,
and Quadrature demodulation offering an estimated spatial resolution of 2.8 nm (Figure
12). Line profiles across the strain maps are averaged over 16 nm width perpendicularto
the scan direction. Some scanning artefacts in the slow scan direction are still visible in
e.g. the €,, strain line profile as stripe artefacts in the horizontal direction. These kinds
of artefacts are typical for the STEM based strain methods and can be due to sample drift
[15] and electromagnetic noise which results in instabilities of the probe(position,with
respect to time. The precision of the proposed technique in the fast scan direction is
estimated as 1.1 x 10-3 and the precision in the slow scan direction«is 3.5 x 10-3. The
precision calculated here is for the spatial resolution of 2.8 nm. Improved probe stability
in the instrument and faster response of the scan coils (reducing therecording time) could
further improve this performance in the future. Rotating the scansdirection by 90°
provides a direct way to trade precision performance from the yto 'z axis/at the expense
of an extra image acquisition.

The typical trade-off between spatial resolution and precision in GPA is also
present here as demonstrated in Figure 11 for different low pass filtering choices. The
advantage is that this choice can be made during post processing [16][17]. The typical
mask size for low pass filtering option is much higher in the case of the proposed moiré
quadrature demodulation as opposed to applying GPA digectly on moiré images. The
reliability of strain maps has significantly increased‘alongside the spatial resolution. The
precision of strain measurement observed for differentimask sizes in Figure 11ais 1.1 X

1073, 1.7 x 1073, 2.3 x 1073 for mask sizes. of 1/5, 1/3 and 1/2 (which leads to

approximately = 2.8 nm, 1.7 nm and 1.2 nm spatial resolution) times the sampling
frequency. This once more demonstrates.the inverse nature of precision vs spatial
resolution for GPA[17][18].

Eyy strain map

z =[001]

Mask = 1/2 fsamp Mask = 1/3 fsamp Mask = 1/5 fsamp

y = [110]

Figure 11 a) yy strain maps obtained using GPA after performing the phase shifting and Quadrature
demodulation. The maps are obtained for different mask diameters covering up to half of the sampling
[frequency (fsamp) b) HAADF STEM moiré image of the Si and Ge sample used for strain analysis.

Analysing the line profiles of ¢, reveals that the Ge and Sio3Geo 7 lattice distances are not
the same as is expected for a fully strained Ge layer. This means there is relaxation of the
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Ge layer in the x direction. However, Ge conforms with the lattice distances of Sio3Geo.7 in
the y direction as seen in the ¢y, line profile. Since the relaxed Ge lattice is larger than
that of Sip3Geo7, it means that the Ge is compressively strained in the y direction. This
results in an elongation in the z direction due to the Poisson effect[19] and can be seen in
the €,, line profile. The strain values computed on the Ge channel region with respect to
bulk Ge (Table 1) for the 16 nm FinFET reveals a uniaxial strain (y-axis) along the channel
of the transistor. The strain is almost completely relaxed across (x-axis) the channel and
there is a small tensile strain along the growth direction (z- axis). This trend is alse
confirmed after comparison with the diffraction based strain measurement techniques:
NBD and Bessel diffraction [3][6].

Cross section Long section

z =[001]

x = [110]
€,, moiré QD g, NBD

——¢__Bessel
005 s
= [— moiré Quadrature demodulation|
S 004 XX - )
8 1
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= I
g 002 1
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& 001 I
0 |
0.1 I .
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Figure 12 Strain maps obtained using moiré Quadrature demodulation(QD), Bessel and NBD for the 16nm
FinFET on the cross section and long section of the Si and Ge samples providing an estimate of the complete 3D
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strain over the full structure. Strain profiles averaged over 16 nm horizontally as indicated by the yellow
rectangle in the moiré images for all the three techniques mentioned above.

Table 1 shows a comparison of the strain values in the channel, refered to bulk Ge for
moiré quadrature demodulation with NBD and Bessel diffraction.

Table 1 Normal strain values in the germanium channel. The value is averaged over the germanium fregion and
standard deviation is obtained for the complete Ge region.

Technique &€x Ge(across the

channel) (%)

&yy Ge (along the
channel) (%)

€2z Ge (Growth
direction) (%)

Standard deviation over the full Ge area

Bessel diffraction -0.17 £ 0.02 -1.48 + 0.02 0.18 £ 0.05
~
Nano-beam -0.20 £ 0.04 -1.12 + 0.02 0.17 + 0.04
diffraction
Moiré quadrature -0.22 £ 0.04 -1.37 £ 0.03 0.12 £ 0.03

demodulation

The strain values are averaged over the complete Ge region and the standard deviation

represented here is over the full region and does not represent the deviation for each
Std.deviation

varea
to make a fair comparison between methods which have a different spatial resolution and

number of measurement points in the strain‘'maps. The epitaxial conditions of growth of
Ge on the Sio3Geo7 strain relaxed bufferideally leads to a compressive strain of -1.2% in
the &,,, direction and a tensile strain 0f0:.34% in ¢,, direction due to the Poisson effect, in
accordance with the elastic theory for materijals. Assuming that condition is fulfilled, we
can estimate the accuracy for.the,Bessel diffraction, nanobeam diffraction and moiré
quadrature demodulation for these measurements to be better than 0.2%, 0.1% and
0.2%. A better estimate of the\accuracy needs further work on samples with well known
strain levels.

individual pixel in the image. Standard deviation over.an area = . This allows

Table 2 Performance comparisonfof the three techniques evaluated in the strain free reference area: Bessel,
NBD and moiré quadrature demodulation.

x 500 nm?
&yy = 4.4x10° per
50x50 nm?

&,, =9.2x105 per
50x50 nm?

Method Spatial Precision over an Precision Field Acquisition Analysis | Total dose
resolution, | area at nominal time (per time B
resolution | ©f view pixel) (per [® /m?]
pixel)
Bessel 1-3 nm €4 = 4.2x10°5 per 7%x10~% | >500 ~150 ms ~124 ms | 4.6x106
diffraction 20x50 nm?
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Nano - 1-3 nm Exx = 6.3x10°5 per 4x10"% | >500x ~ 25 ms =156 ms | 0.7x10°
beam 20x50 nm? 500 nm?
diffraction
&y, = 7.1x10 per
50x50 nm?
&,, = 7.2x105 per
50x50 nm?
Moiré 20.7nm | &, =3.1x10“per 1x1073 | <500x <0.1ms <4 pusor | 0.1x106
quadrature 20x50 nm? 500 nm? real time
demodulati possible
on &yy = 2.6x10 per (Instrume
50x50 nm? ntal
limitation
&,, = 2.5x10* per s applyf e
50x50 nm? dueto
scan coil
response)

Table 2 shows the comparison of the moiré Quadrature demodulation technique with
both diffraction-based techniques. The acquisition'time and the analysis time per pixel is
significantly lower for the moiré method as opposed to diffraction techniques. This is a
direct consequence of the low frame rate that is present in any CCD camera as compared
to the very fast readout possible with the HAADF detector used in the moiré method. Even
the latest camera technology is still an order of magnitude slower and will probably
remain so for the foreseeable future,

The diffraction techniques invelve 4D-STEM mechanism where each individual
diffraction pattern is stored per pixel and hence it is also expensive in terms of data size
in comparison to the moiré technique. Finally, The precision of the moiré Quadrature
demodulation technique is 1 X" 1073»computed for 3nm spatial resolution and is in close
agreement with the high resolution STEM and standard STEM moiré
techniques[20][8][21] but'with substantial increase in spatial resolution compared to
standard moiré and a/higher field of view compared to high resolution STEM. The
boosting factor that moiré applies on the strain has an added advantage of effectively
detecting small amounts of strain.

Due to longer acquisition and readout times , the total electron dose (number of
electrons per,areale” /mm?]) impinged on the sample is significantly higher for the
diffraction techniques. Shifting to a direct electron detector would significantly improve
the signal to noise ratio and would allow for reducing the acquisition time with several
orders of magnitude[22-24]. Nevertheless, it is expected that strain precision will scale
with the square’of the electron dose and we make a brief estimate for the setups
presented here by comparing the obtained product of strain precision and the square

root of the dose. (Pd = precision X vDose [\/e_‘/nm])_ The P; for NBD = 1.8 [\/e_‘/nm],
for Bessel = 2.5 [\/e__/nm] and for moiré Quadrature demodulation technique =

0.1 [\/e__/ nm]- This shows that moiré Quadrature demodulation technique is also highly
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dose efficient in comparison to the presented diffraction based strain measurement
techniques although it is expected that upgrading to a more modern detector will
significantly improve this performance metric for the diffraction methods

In summary, the moiré quadrature demodulation technique offers some of the
important practical advantages over diffraction techniques such as fast data acquisition;
no need for specialised high speed diffraction camera's, very fast data analysis and flexible
choice of spatial resolution.

Conclusion

Standard strain mapping using GPA on moiré images suffers«from reduced spatial
resolution and interference from unwanted fringes and can lead to unreliable strain maps.
A novel demodulation technique based on a generalisation ofiquadrature demodulation
is proposed. We have shown that this significantly improves the spatial resolution and
gives a more reliable and precise strain map at the eXpense of a’somewhat longer
acquisition as compared to conventional moiré imaging=The technique offers flexibility
in the choice of field of view especially when compared to atomic resolution HR(S)TEM
based methods. The method is near real-time in terms of acquisition and data analysis
and provides the capability to trade spatial resolution for'precision. Since moiré has the
ability to boost strain values, it is highly sensitive and strain*precision can be comparable
to diffraction based methods without the need for specialised and slow diffraction
cameras. We demonstrated the method on arelevant'semiconductor device sample and
compare its performance with diffraction based techniques.
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Appendix A ~

The lattice spacing and the atomic positions in the real spacefimage have direct relation
with the sinusoidal components in the FFT. This is not true for a diffraction pattern, which,
has an inverse relation. Since we are dealing with GPA and real space images, we can
directly relate the frequency components with the atomie positions as normally done in
GPA.

The reference frequency is represented asg,.¢:and the strained frequency as
gs = Gref(1 + 8), 6 is the strain. After sampling with'the SFEM probe with frequency f;
satisfying the Nyquist criterion, the digital frequency of the reference and strained area
becomes g;—ef and %. This can also be called the strain calculated for the high resolution

S S

images which always satisfy the Nyquist criterion.

Is N Ire
17=2" _
gref
/f,

So the obtained strain valug is independent of the sampling frequency as long as the
Nyquist criterion is satisfied.

Straing =

Now, consider the moiré créated using a different sampling frequency f,,, that do not
satisfy the Nyquist criterion, so the digital frequency obtained now is

g — gref —n
ref,m fm
Y fm

n is the moiré window from which the frequency is translated (Figure 1). Now, the strain
obtained by moireé is

Is (gref )
£ —n— -n
o)
Strainy = Im i fm =
ref . Tlfm
f T 1= Ger
m gref

Strainy = a Straing
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1. P
Where @ = — = is the amplification factor.
Iref

So, the strain values for the moiré do depend on the sampling frequency and the moité

window from which the frequency is translated
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