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ABSTRACT. The processing of gate-all-around (GAA) Si transistors requires several isolated and
vertically stacked nanometer-thick Si sheets or wires. For this purpose, the sacrificial
SiGe layers of a SiGe/Si superlattice are etched selectively and laterally. Controlling
the quantity of etched SiGe material, i.e., the so-called SiGe cavity depth, is critical
for optimal device performance. Unfortunately, this critical dimension can only be
measured by time-consuming cross-sectional transmission electron microscopy
(TEM), which results in limited statistics and hence insufficient control of the cavity
depth across wafers and batches. This paper evaluates the capabilities of micro
hard x-ray fluorescence (μHXRF) for the determination of cavity depth as a fast and
non-destructive alternative to TEM. As we show, μHXRF provides cavity depth val-
ues in excellent agreement with TEM. In addition, two critical advantages of the tech-
nique demonstrated here are that, thanks to the very high energy of the incoming
and emitted X-rays, the SiGe volume is extracted without requiring any complex
model and without any correlation to other geometrical parameters of the complex
GAA device.
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1 Introduction
Novel gate-all-around (GAA) devices, such as nanosheet, forksheet, and ultimately complemen-
tary field-effect transistors (FETs), are due to replace today’s finFETs as they offer both an
enhanced electrostatic control and a reduced footprint.1 Common to the processing of these differ-
ent devices is the selective lateral recess, also called cavity etch, of the SiGe layers of a vertical
SiGe/Si superlattice, as an initial and critical step to isolate the future vertically stacked Si
channels.2,3 The depth of these cavities is of paramount importance as it defines the dimensions
of the inner spacer and hence the final gate capacitance.4 However, this critical dimension (CD)
can today only be imaged by cross-sectional electron microscopy. Besides being time-consuming
and destructive, this type of metrology only offers a very limited sampling, e.g., across a wafer.
Optical CD (OCD) scatterometry is also emerging as a potential fast metrology technique for
cavity depth measurement.5–9 However, this technique is model-based and suffers from potential
correlations between the numerous geometrical parameters present in a complex 3D GAA device.
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In this work, we demonstrate the capabilities of micro hard X-ray fluorescence (μHXRF) for
fast inline SiGe volume and average cavity depth measurements on samples etched by a gas-
phase isotropic dry etch process.3,10 This paper starts by describing the basics of the extraction of
geometrical information from μHXRF measurements in Sec. 2. Section 3 then gives general
information about the tool and samples used in this paper. Section 4 demonstrates experimentally
that μHXRF allows fast model-free measurement of the cavity depth on so-called short-loop
GAA samples, i.e., samples with a two-dimensional geometry. Finally, in Sec. 5, we show that
this technique can also measure the SiGe volume in fully three-dimensional GAA samples.

We conclude that, beyond the accuracy of the technique, its critical value is that it is model-
and correlation-free. We indeed show that the technique linearly and solely senses the SiGe vol-
ume probed by the beam. Of paramount importance, it is not sensitive to the thickness or the
material of the coating on top of the SiGe/Si multilayer, including the fully formed gate stack.
This gives μHXRF a critical advantage over OCD and other spectroscopic techniques also evalu-
ated for this purpose.5

2 Fundamentals
X-ray fluorescence (XRF) is a widely used technique for fast and non-destructive compositional
analysis.11 It is based on the excitation of the core electrons of the elements constituting the sample
with an X-ray beam. As the excited elements relax, they emit secondary X-rays with specific
energies and with an intensity proportional to the number of excited atoms of this species illumi-
nated by the incident beam. This essentially makes XRF an atom counting technique and hence a
commonly used technique for composition and thickness measurements.11–13 Assuming a sub-
micrometer SiGe layer excited over a surface area Abeam by an X-ray beam, its thickness tSiGe can
indeed simply be derived from the emitted XRF signal intensity I1DGe at a Ge emission line, i.e.,

EQ-TARGET;temp:intralink-;e001;114;438I1DGe ¼ σGeρ
at
GeVSiGe ¼ σGeρ

at
GeAbeamtSiGe; (1)

where σGe is a constant representing the emission probability; ρatGe is the atomic density of Ge in the
SiGe layer which depends, e.g., on the Ge concentration of the layer; and VSiGe is the total excited
volume of SiGe. Note that the linearity of the signal intensity of Eq. (1) with respect to tSiGe is only
accurate in the thin-film approximation, i.e., if tSiGe is very small compared to the penetration depth
of the incoming X-ray beam,11 which is always verified in our GAA devices.14

The volume measurement capabilities of XRF expressed by Eq. (1) can also be leveraged to
extend the technique towards measurements of lateral dimensions, such as the SiGe cavity depth
of GAA devices. In the case of a GAA sample patterned along one single direction, i.e., a peri-
odic array of lines, Eq. (1) has to be modified to account for the absence of SiGe in between the
lines, i.e.,

EQ-TARGET;temp:intralink-;e002;114;294I2DGe ¼ σGeρ
at
GeVSiGe ¼ σGeρ

at
GeAbeamtSiGe

CD

P
; (2)

where CD is the width of the patterned SiGe lines, possibly after lateral etch, and P is their spatial
periodicity. Note that typical GAA samples contain more than one SiGe layer in which case
Eq. (2) still holds but tSiGe represents the sum of all SiGe layer thicknesses and CD the average
width of the different SiGe layers. Equation (2) will be used in Sec. 4.

For more complex three-dimensional samples fully representative of a GAA device, the
device is patterned along the two lateral x and y directions (see, e.g., Sec. 5). Eq. (2) then must
be further modified to account for this, i.e.,

EQ-TARGET;temp:intralink-;e003;114;176I3DGe ¼ σGeρ
at
GeVSiGe ¼ σGeρ

at
GeAbeamtSiGe

CDx

Px

CDy

Py
; (3)

where CDx (respectively CDy) and Px (respectively Py) are respectively the width and pitch of
the periodic array along the x (respectively y) direction.

Equations (1)–(3) embody the capabilities of XRF to extract geometrical information along
different directions from the emitted intensity of a specific fluorescence peak. Two important
comments must be made to ensure the accuracy of the measurement using these equations.
First, the species of interest, e.g., Ge in the case of this paper, should only be present in the
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object of interest. For example, the technique could not be used in GAA samples with SiGe
source/drain material as this would provide a second source of fluorescence at the same energy
and hence invalidate the above equations. Second, in theory, these equations are only valid for
exposed SiGe layers, i.e., thin layers located at the top surface of the sample. In the case of buried
layers such as in GAA devices (see, e.g., Figs. 1, 4, and 5 below), absorption of the incident
X-rays and self-absorption of the emitted X-rays can lead to the underestimation of the extracted
volume by a factor expð−αincidentcoating tcoatingÞ × expð−αemitted

coatingtcoatingÞ, where αincidentcoating (respectively

αemitted
coating) is the absorption coefficient of the incident (respectively emitted) X-rays in the material

covering the SiGe layers.11 To minimize this effect, this paper uses a hard X-ray source and a hard
emitted XRF line, i.e., respectively Mo Kα (17.5 keV14) and Ge Kα (9.8 keV14). In such a case,
the combined effects of absorption of the incident and exit X-rays is <0.1% for a thickness
tcoating ¼ 200 nm of all the coating materials considered in this paper, i.e., SiO2, Si3N4

(Sec. 4), and Si14 (Sec. 5). Interestingly, these coatings would need to be at least 1.5μm thick
to cause a 1% underestimation of the SiGe volume, which shows how powerful μHXRF is for
measurements of deeply buried features. Conversely, if instead the lower-energy Ge Lα fluores-
cence peak were used (1.2 keV14), it would lead to >10% underestimation of the SiGe volume
under a 200 nm thick coating. The use of a tender X-ray source such as proposed in Refs. 15 and
16 would lead to an additional error of similar magnitude. In other words, the use of hard X-rays
is highly beneficial to ensure the accurate volume measurement of the objects buried under thick
coatings without the need for complex modeling and are therefore highly recommended in the
context of process control for development and manufacturing of GAA devices. To emphasize
this aspect, this paper only uses hard X-rays and hence refers to the technique as μHXRF rather
than simply μXRF.

3 Experimental
In this paper, we have made use of the Bruker Sirius-RF,17 which is a fully automated inline
platform with μXRF metrology head. The tool can measure full 300 mm wafers and features
two XRF channels with different sources to cover a wide range of elements with optimal effi-
ciency. Each channel contains a microfocus X-ray tube, focusing polycapillary optic at normal
incidence to the wafer and four detectors positioned at a 45 deg takeoff angle relative to the wafer
surface.18 For all the measurements presented in this paper, a Mo Kα source was used. The Ge
volume was quantified using the Ge Kα peak intensity with an integration time of 60 s and
included background subtraction.19 The measurements were run on arrays with a periodic rep-
etition of the device of interest. The dimension of the arrays was large enough to accommodate
the incident X-ray beam, with an approximate full width at half maximum of 25 μm and is thus
suitable for product wafer metrology.

4 Measurement of Cavity Depth of Short-Loop Nanosheet
Samples

In this section, we demonstrate the capability of μHXRF to measure the cavity depth in samples
with a quasi-2D geometry, i.e., arrays of long fins, buried under a thick hard mask. For this

Fig. 1 (a) Top-down scanning electron micrograph (SEM) of the short-loop nanosheet samples
consisting of periodic arrays of fins with CD ∼ 100 nm, pitch ¼ 420 nm, and a total length of
250 μm. (b) Cross-sectional transmission electron micrographs of the short-loop nanosheet sam-
ples, including a six-layer Si75Ge25∕Si superlattice covered with a SiO2∕SiN∕SiO2 hard mask. The
depth of the cavities ranges from 0 to 28.7 nm from samples 1 to 4.
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purpose, we have processed four identical short-loop nanosheet samples (Fig. 1). These samples
consist of an array of ∼100-nmwide fins comprising a six-layer Si75Ge25∕Si superlattice covered
with a ∼100-nm thick SiO2∕SiN∕SiO2 hard mask. The nominal thicknesses of the different
layers in the superlattice are all of 9 nm. The samples were etched by a gas-phase isotropic dry
etch process3,10 for four different times, leading to cavity depths ranging from 0 to 28.7 nm as
illustrated in Fig. 1(b). Note that these samples are defined as short-loop because, although they
do allow to study the impact of a varying cavity depth on the HXRF signal, their elongated two-
dimensional geometry is not fully representative of an actual GAA device.

The Ge Kα fluorescence peaks measured on these four samples are shown in the inset of
Fig. 2, where it can be observed that the peak intensity monotonically drops as the SiGe is etched
into deeper cavities. Assuming all four samples have identical Ge concentration, tSiGe and lateral
dimension CD0 prior to lateral etch, the average SiGe cavity depth dcavity on each side of the line
can be extracted using Eq. (2). Taking the ratio of the measured Ge Kα signal intensity I on a
sample with lateral SiGe recess [i.e., samples 2 to 4 in Fig 1(b)] to the signal intensity Iref mea-
sured on the reference unetched sample [i.e., sample 1 in Fig. 1(b)], we indeed readily obtain

EQ-TARGET;temp:intralink-;e004;114;555dcavity ¼
�
1 −

I
Iref

�
CD0

2
: (4)

As observed in Fig. 2, the cavity depth values obtained using Eq. (4) (blue diamonds) are in
very good agreement with our reference TEM measurements (dashed line). However, a small
overestimation of the cavity depth is obtained (≤2 nm), which could be explained, e.g., by a
reference sample with a slightly thicker SiGe layer or higher Ge concentration or a narrower
CD0 compared to the other samples.

This inaccuracy can be partly mitigated by relaxing some of the assumptions needed to
derive Eq. (4). To account for possible variations in Ge content and tSiGe, each μHXRF signal
intensity I on patterned samples can be combined with an extra μHXRFmeasurement on a neigh-
boring blanket, i.e., unpatterned, pad. Taking the ratio of Eq. (2) on the patterned sample to
Eq. (1) on the neighboring blanket pad, we obtain

EQ-TARGET;temp:intralink-;e005;114;397dcavity ¼
�
1 −

I∕Iblanket

Iref∕Iblanketref

�
CD0

2
; (5)

which allows to effectively limit the impact of differences between the reference sample and the
samples under study. As shown in Fig. 2, Eq. (5) indeed leads to a better agreement with TEM
(green circles). A slight overestimation (≤1 nm) of the cavity depth by μHXRF is, however, still
noted and could be due to, e.g., a narrower CD0 in the reference sample. This shows that, even
using Eq. (5), extreme care must be taken in the processing of the reference sample, which should
be as close as possible to the target samples. Note that, to avoid this problem, another more

Fig. 2 Cavity depth obtained from μHXRF using Eq. (4) (blue diamonds) and Eq. (5) (green
circles), respectively versus reference TEM metrology. Inset: measured drop in Ge Kα peak inten-
sity with longer SiGe etch on the four short-loop nanosheet samples of Fig. 1.
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elegant approach would have been to use reference-free XRF.20,21 This, however, requires the use
of synchrotron source and is therefore less applicable in an industrial context.

As a final note, we would like to mention that the high accuracy of the technique dem-
onstrated in Fig. 2 relies heavily on the use of hard X-rays both on the incident beam and the
emitted signal. As explained theoretically in Sec. 2, the use of hard X-rays in this paper allows
to minimize the absorption in the hard mask. To confirm this statement experimentally, we
compare in Fig. 3 the μHXRFmeasurements on identical samples with and without hard mask.
It can be observed that the measured Ge Kα intensity is insensitive to the presence of a hard
mask (within <1%) both on the patterned nanosheet sample and on the neighboring blanket
pad. Not only does this allow the good accuracy demonstrated in Fig. 2 but this also prevents
any geometrical correlation with the thickness of the hard mask, which is another critical ad-
vantage of the technique.

5 Measurement of SiGe Volume of Full-Loop Forksheet Samples
In the previous section, we demonstrated the capabilities of μHXRF for cavity depth measure-
ments on short-loop nanosheet samples with a simplified quasi-2D geometry. This section
extends the study towards full-loop samples, i.e., with a 3D geometry fully representative of
GAA transistors. The complex geometry of the full-loop forksheet samples studied in this section
is shown in Fig. 4. Most critically for this work, these nanoobjects are now fully three-dimen-
sional as they are patterned in both x and y directions [Fig. 4(a)], with CDx ¼ CDgate ∼ 35 nm

(respectively CDy ¼ CDFS ∼ 55 nm) and Px ¼ 90 nm (respectively Py ¼ 90 nm). Furthermore,
the SiGe/Si multilayer is here covered with a ∼150-nm thick amorphous Si gate and SiN gate
spacer [Figs. 4(b) and 4(c)]. Finally, of less importance for this work, these devices are forksheet
transistors, i.e., advanced GAA transistors where the NMOS and PMOS devices are put in close
proximity and separated by just a thin SiN wall22 [Fig. 4(b)].

The μHXRFmeasurements on five full-loop forksheet wafers with different SiGe etch times
are shown in Fig. 5. As can be observed, the Ge Kα intensity expectedly scales linearly with the
SiGe volume in these samples. This linear correlation demonstrates that, just like for the short-
loop nanosheet samples of Sec. 4, μHXRF is a technique well suited to tracking SiGe volume,
and hence the cavity depth, also in complex 3D devices. Compared to TEM, the short meas-
urement time allows wafer mapping of the SiGe volume as exemplified in the 71-point wafer
map of the Ge Kα intensity measured on the sample prior to lateral etch (top inset of Fig. 5). A
representative cross-sectional high-angle annular dark field TEM (HAADF-TEM) micrograph
taken in the central die of each wafer is provided in the bottom inset of Fig. 5. There were three

Fig. 3 Ge Kα intensities measured on samples with and without a hard mask. Whether patterned
short loop nanosheet (a) or unpatterned blanket pad (b), the presence of a hard mask has no
impact on the signal intensity.
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HAADF-TEM micrographs taken per wafer, the locations of which are indicated by the crosses
in the top inset of Fig. 5.

Note that Eq. (3) could normally have been used to extract the cavity depth from μHXRF,
exactly as was done in Sec. 4 for short-loop nanosheet samples with Eq. (2). Unfortunately, the
thicker top SiGe layer of the samples of Fig. 4 was etched faster than the two bottom layers due to
a microloading effect23 (see, e.g., inset of Fig. 5). The cavity depth is therefore different in the top
and the two bottom SiGe layers. Since μHXRF provides one single measurement value, only an
average cavity depth can be extracted. We thus rather show the correlation to the SiGe volume,
which was calculated as ASiGe × ðCDFS − CDwallÞ, where the surface area of SiGe ASiGe in the
ðx; zÞ plane was obtained from the HAADF-TEM and the forksheet width CDFS and wall width
CDwall were obtained from top-down SEM before gate patterning (not shown). Note that, if the
device had three layers with identical thicknesses, an actual cavity depth could have been pro-
vided by μHXRF. On the other hand, when the structure contains SiGe layers with different etch

Fig. 5 Correlation between the Ge Kα intensity measured on the full-loop forksheet samples and
the SiGe volume in these samples. Top inset: 71-point map of the Ge Kα intensity on the sample
before lateral etch. The three crosses represent the positions where HAADF-TEM was measured
on each wafer. Bottom inset: cross-section HAADF-TEMmicrographs of the device in the direction
across the gates (center die). The progressive recess of SiGe as the etch time increases can be
observed.

Fig. 4 Geometry of the full-loop forksheet samples. (a) Top-down SEM of the samples. The ver-
tical lines are the gates and the horizontal lines are the fins and SiN walls. (b) Cross-sectional
HAADF-TEM micrograph taken along the gate, i.e., perpendicular to the X direction (vertical cut
in panel (a). The forksheets are visible as well as the SiN wall separating the future n- and p-MOS.
Note that this image was taken before gate processing and that the approximate shape of the gate
was drawn for clarity (c) Cross-sectional HAADF-TEM micrograph taken across gates, i.e.,
perpendicular to the Y direction [horizontal cut in panel (a)]. The ∼150 nm tall dummy gate can
be observed covering the SiGe/Si multilayer.
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rates, e.g., due to various thicknesses or Ge contents, μHXRF will always only provide an aver-
age value of the cavity depth or the total SiGe volume.

6 Conclusion
This paper shows that, by extending the atom-counting capabilities of μHXRF from blanket to
patterned samples, this technique can be used for fast, accurate, and precise average SiGe cavity
depth measurements in GAA devices. On short-loop nanosheet samples, the technique proved to
be able to extract cavity depth with 1-nm accuracy. It was furthermore proven experimentally that
the measurements are independent from the presence or absence of a hard mask on top of the
SiGe layers, which is one of the critical advantages of using hard X-rays only. On full-loop
forksheet samples, the technique was able to track the SiGe volume under a 150-nm thick amor-
phous-Si gate with excellent correlation to the reference metrology combining TEM and SEM.

We conclude that, beyond the demonstrated accuracy of the technique, the critical value of
μHXRF is that it is model-free and correlation-free. Thanks to the very deep penetration of hard
X-rays in matter, the technique indeed linearly and uniquely senses the SiGe volume probed by
the incident beam. This makes the technique insensitive to the thickness or the material of the
coating on top of the SiGe/Si multilayer, including the gate structure. We believe that these
strengths make μHXRF a very valuable technique for fast mapping of cavity depth for inline
metrology and process control.
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