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ARTICLE INFO ABSTRACT

Keywords: The continuous expansion of two-dimensional materials research since the first developments of over 15 years
Metrology ago has enabled tremendous progress in the fundamental understanding of their properties and behavior. The
Photoluminescence

promises held by these materials to facilitate scaling beyond silicon-based device architectures are still valid, but
the manufacturability and integration with silicon technology remain challenging. On the metrology side,
characterization of the device channel and assessment of the expected performance is lacking, at least in a fully
non-destructive and process line-compatible implementation. The current paper demonstrates a clear correlation
between metrics associated with the transistor performance on one hand, and parameters from photo-
luminescence spectra on the other. The concept is demonstrated on state-of-the-art 300 mm process MoS, de-
vices, without the need for specific measurement conditions or sample preparation. Being truly non-contact and
relatively fast, this analysis provides the community with a potential route toward non-invasive material quality

Nano-electronics
Characterization
Semiconductor technology

assessment, applicable at several stages of the process and with a direct connection to device performance.

1. Introduction

The introduction of 2D materials in high-volume manufacturing to
overcome scaling limits associated with conventional semiconductor
materials becomes increasingly tangible as their use appears on recent
technical roadmaps, further accelerated by the rapid advances in the
manufacturability and integration approaches for these exploratory
materials [1-4]. While impressive progress in device fabrication has
been made, the precise path toward reliable material characterization
that is process-line compatible and provides an unambiguous assessment
of the material quality and expected device characteristics remains un-
clear. Encouraging results have been obtained using in-plane X-ray
diffraction and sub-micrometer four-point probe measurements [5,6],
but most reports aim to develop photoluminescence (PL) into a defec-
tivity measurement for transition metal dichalcogenides (TMDCs) [7-9].
In general the PL response of 2D materials is strongly dependent on a
wide variety of parameters such as local doping [10-13], defectivity
[14], temperature [15,16] and strain [17]. Low-temperature PL is
particularly promising through a defect-assisted recombination that

emerges at cryogenic temperatures [18], and holds the promise to be
quantitatively linked to (intrinsic) material defectivity, at the cost of
being only applicable at liquid nitrogen temperatures or below, making
the technique unsuited for inline application. On the other hand,
detailed analysis of the spectral components in the room-temperature PL
with or without back-gate bias enable the assessment of critical material
parameters like trion binding energy [11-13] and charge carrier density
[19,20]. While providing unexplored fundamental insight, a direct
correlation between biased or unbiased PL and the ultimate transistor
performance of a functional device (as extracted from electrical trans-
port measurements on the semiconductor device) remains unexplored.
Meanwhile it has become evident that substrate, device contact and
ambient interactions and interfaces have a critical impact on the mate-
rial’s properties, if not being absolutely dominant for device perfor-
mance [21,22].

In the present study we correlate this device performance with PL
measurements both at low and ambient temperatures in an effort to
provide guidance for the use of PL as a non-destructive, high-volume
manufacturing (HVM)-compatible pre-screening metrology for 2D
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materials-based nano-electronic devices.
2. Materials and methods

The pm-sized MoS; FETs considered for PL were selected from a full
wafer that was fabricated using a 300 mm integration platform and
representative examples are shown in Fig. 1(a—c). The MoS; was formed
by metal-organic chemical vapour deposition (MOCVD) on 2-inch sap-
phire substrates, resulting in a closed monolayer with some bilayer re-
gions. The MoS; was transferred using rigid carriers to 300 mm Si wafers
with a 50 nm SiO; oxide layer serving as the back-gate stack. Polymer
residues from transfer were removed by a solvent strip and a remote H
plasma clean. Subsequently, the MoS, was capped by 1 nm AlOy and 10
nm HfO, and encapsulated in SiOs. Side contacts were formed with a
stack of Ti/TiN/W and a damascene process (MO level), followed by the
via (TiN/W) and M1 (TiN/W) metallization levels. The final thickness of
the SiO, encapsulation is 270 nm. The devices considered for this study
have a range of channel width W, = 1-75 pm and channel length L, =
1-32 pm. More details on the growth and processing of the MoS; devices
can be found in Refs. [23,24]. Electrical measurements are performed on
the back-gated devices, and the transfer characteristics of four selected
devices are shown in Fig. 1(d-e). The threshold voltage of each device is
extracted using the linear extrapolation method [Vyg, see Fig. 1 (e)]. A
trend is seen where smaller channel areas are affected more strongly by
n-type doping, resulting in very negative Vi g and lack of turn-off in the
applied gate bias sweep range. It is well known that AlOy deposited on
MoS; can cause n-type doping [25,26], but it is unusual to have a
dependence on the size of the channel area. We investigate whether this
stronger n-type doping for smaller channel areas can be captured by PL.
For the PL measurements on uncapped MoS,, separate samples were
created with similar MoS; transferred to Si/SiOy coupons using the
thermal release tape method. It is important to analyze these batches of
samples independently, since the capping layer itself is known to induce
material-specific doping which in turn influences the PL response [26,
27].

PL spectra were obtained using a Horiba Scientific LabRAM HR
spectrometer using excitation at 532 nm through a 100X 0.9NA objec-
tive resulting in a spot size of about 1 pm with a laser power density at
the sample of about 0.3 mW/um?. The scattered light was collected
through the same objective, dispersed using a 300 g/mm grating fol-
lowed by an OE CCD, with a typical integration time of 10 s per window
and the resulting spectra were analyzed using Fityk [28] for extraction
of peak parameters. The cryogenic PL measurements were carried out
using a Linkam THMS600 temperature and environmental control stage
capable of reaching temperatures down to 77 K. For back-gated PL
measurements, a top contact was established using Ag paste directly on
the MoS; surface for adequate grounding.
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3. Results and discussion

As an initial verification of the applicability, to our material system,
of PL-based defectivity characterization methods as established in pre-
vious literature, one batch of uncapped samples was studied using low-
temperature PL right after the transfer process. Fig. 2 (a) shows the
normalized PL at 77 K using various back-gate voltages applied to the
uncapped but transferred MoS; layers. The spectrum is composed of a
convoluted main peak just below 2 eV originating from both negatively
charged (trion, A™) and neutral exciton (A) recombination at zero and
low bias. In agreement with previous literature [18], a faint and broad
signal X° emerges at lower energy as the back-gate bias is made more
negative. At around —30 V this feature starts to dominate the spectrum
and may continue to do so until sample failure occurs due to dielectric
breakdown of the back-gate stack at these relatively elevated voltages.
The feature is due to defect-assisted recombination and has a strong
dependency on the local charge density and dynamics. Simultaneously,
we observe that as the back-gate bias is made more negative and the
MoS; is depleted from electrons, the main recombination equilibrium is
shifted toward the neutral exciton at the expense of trion recombination
(see horizontal arrow in the figure with associated peak shift), which is
in good agreement with previous literature and interpretation studying
the lowering of trion binding energy with increasingly negative
back-gate bias [11-13]. The altered local charge density affects the
different recombination mechanisms differently, which now favors the
defect-assisted recombination XP, increasing its relative intensity. At
strong negative bias and associated depletion of the channel region, the
defect levels become partly unoccupied, increasing the probability for
the levels to contribute to the radiative recombination, in contrast to the
strong n-type doping present at zero bias. Since both the trion/exciton
intensity ratio and the defect peak intensity depend on the local charge
density, this provides an opportunity for quantitative defect character-
ization. It has been shown how the trion spectral weight can be used to
directly calculate the electron density, provided that an unambiguous
deconvolution of the trion and A exciton is possible [19,20]. Moreover,
when the back-gate voltage is tuned such that the A™/A intensity ratio is
the same for the samples one wants to compare, then the X intensity can
be used as a gauge for intrinsic defectivity in those samples [18].

It is important to emphasize that due to the carrier dynamics in these
systems, the defect-assisted recombination only appears at liquid ni-
trogen temperatures (or even below) which greatly complicates the
applicability of this assessment as a routine and fast quality control.
Moreover, it is known that experimental and environmental conditions
play a critical role in optical characterization of TMDC materials, with
pronounced PL dependency on parameters like for instance excitation
energy and/or power [9,19,20], temperature [13,16] and strain [17]. As
a demonstration we carried out a through-exposure type of PL experi-
ment where the room temperature PL is recorded over a time interval of
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Fig. 1. (a) TEM of integrated device with buried MoS, channel. The green bar is a schematic representation of how the PL measurement probes through the oxide to
reach the MoS,. (b) Zoom-in on the stack with MoS,/AlOy interlayer/HfO, cap. (c) Optical image of device with larger W, = 75 pm and L, = 30.2 pm considered for
PL. (d) Transfer characteristics in log-lin scale of four selected devices with different dimensions. (e) Transfer characteristics of those same devices in lin-lin scale
demonstrating the Vy g extraction method. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (a) Back-gate bias-dependent PL at liquid nitrogen temperature (77 K) for a transferred, uncapped MoS, sample showing tunability of both the trion and
neutral exciton recombinations, and the defect-assisted signal. (b) Time-dependent cascade of the 0.5 s integration time room temperature PL over a time interval of

40 s using a laser power density of 0.3 mW/um? on the sample.

40 s with integration steps at 0.5 s under a continuous laser exposure of
0.3 mW/pm?, which is a standard laser power density for PL and Raman
experiments. It is shown in Fig. 2 (b) that during this relatively short
time, the resulting spectrum is evolving in a rather dramatic way where
we see a shift in intensity and peak position from a trion-dominated to a
neutral exciton-dominated spectrum. It is hard to pinpoint the exact
mechanism behind this evolution, which will probably be a combination
of local heating and charge modification, as well as laser-assisted ma-
terial degradation, given that the modifications are not universally
reversible. This further emphasizes the need for a consistent measure-
ment strategy and the importance of a preserving capping layer that will
stabilize the samples throughout the measurement campaigns.

The uniformity of the integrated MoS, FETs was investigated
through Raman and PL mapping experiments on large-area devices
[Fig. 1 (c)], where a complete area of 10 x 10 pm was measured using a
step size of 200 nm. This is much smaller than the laser spot size (~1
pm), but it can be seen from Fig. 3 that the resulting hyperspectral maps
provide a good spatial resolution. In the representative Raman spectrum
of panel (a) we observe the well-resolved characteristic Epg and Aig
signals in addition to the Si background from the substrate. The PL
spectrum [panel (e)] consists of the A~ and A convoluted contributions,
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in addition to a signal at higher energy related to the B exciton (not
considered here). The inset panel (d) shows an optical micrograph of the
selected region, where small features of higher contrast can be observed,
indicative of bilayer regions. On these features, it is seen on panel (b)
and (c) that the Raman intensity is higher for both characteristic peaks,
while panel (f) shows that these locations correspond to a wider sepa-
ration between the Ezg and Ajg signals. Finally, panel (g) shows that
these features have a larger relative A™ contribution in the PL, which
together with the Raman observations confirms that these are indeed
bilayer islands on top of a monolayer closed layer, which is typical for
the current crystal growth approach (see Refs. [23,24]).

For a first investigation into the link between PL parameters and
electrical parameters, we select the four devices from Fig. 1(d-e) with a
varying channel area and distinct differences in the extracted electrical
parameters. Namely, a range of extracted Vg between about —50 and
+5V is available and it can be seen from Fig. 4 (a) that correspondingly
the PL signature at 77 K of these four devices is quite different. Gener-
ally, there is a convoluted trion/exciton recombination at around 1.9 eV
and then a lower energy defect-assisted peak that varies greatly in in-
tensity. In contrast to the strong dependence of the peak shape with the
device dimensions, the signal is very uniform within each device. This
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Fig. 3. Representative Raman (a) and PL (e) spectra for a 10 x 10 pm area of a capped MoS. device area. Analysis reveals a fully closed monolayer with isolated
bilayer islands as evidenced from the Eyg (b) and Ay (c) intensity, A, - Exg peak separation (f) and trion to exciton intensity ratio (g). The inset (d) shows an optical
micrograph of the studied region, where the shape and pattern of the bilayer islands can be recognized.
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Fig. 4. (a) PL spectra at liquid nitrogen temperature for a selection of four devices with strongly different Vy 5 (spectra are offset in intensity for clarity). (b) Fitted PL
position (left) and defect to exciton intensity ratio (right) as a function of the threshold voltage.

stable trion-exciton intensity ratio points to uniform doping within the
channel, despite the dependence on total channel area. As referred to
before, it is possible to estimate the electron concentration n from the
spectral weight of the trion component in the spectrum, which for our
samples gives densities in the range between 0.2 and 7.2 x 10! em ™2,
which is in line with earlier reports [11,19]. As expected there is a, albeit
non-perfect, correlation between the calculated electron density derived
from PL and the Vi obtained from the transport measurements, where
globally a strongly negative Vy g corresponds to a larger electron den-
sity. We note however that firstly, the PL here is recorded at cryogenic
temperatures while the Vg is determined at room temperature. Sec-
ondly, and more importantly, the PL signature of the devices that we are
considering is of that nature that an unambiguous spectral deconvolu-
tion of defect signal, trion, exciton and B exciton contribution is far from
straightforward. The small binding energy of the trion (typically a few
tens of meV) results in a closely convoluted A~ and A signal, and this is
the main reason why we carry out the fitting by incorporating both the
trion and exciton contribution, and we attempt to correlate that
parameter with direct electrical measurements of the transistor
behavior. The peak parameters can reliably be extracted from fitting
several measurements on the same device, where a single Voigt profile
was used to fit the convoluted A~ and A signals. Additionally, this
approach allows to obtain a representative set of parameters for the PL
which may cover both single and bilayer regions, which becomes
evident only when assigning individual peak profiles for both contri-
butions in the fitting [see Fig. 3 (g)]. In Fig. 4 (b) we can see that for both
the intensity ratio between defect and exciton peak (Ip/Ia 4+ A+, right Y
axis) and the PL peak position (left Y axis) a trend seems to appear as a
function of the threshold voltage, which was obtained from transport
measurements on the same devices. At large negative Vg, the device is
strongly n-type, and the excess electrons give rise to an increased
charged exciton contribution, shifting the main PL peak to lower energy.
Conversely, a positive Vi indicates a depleted channel at zero bias,
with strongly reduced trion/exciton emission and a higher intensity
defect-related peak. Despite the fact that this data seems to confirm a
direct link between the defect-related emission and the electrical pa-
rameters, the defect signal only appears for the device characterized by
low electron concentration at zero bias (i.e. positive Vi), while it is
absent for the other samples. Additionally, the requirement to work at
cryogenic temperatures further impedes the application of this approach
as a universal quality assessment. For the remainder of the study it is
therefore worth focusing on the extracted peak position, which, as can
be seen in Fig. 4 (b), presents a similar correlation to the threshold
voltage.

To further illustrate that PL is an easy-to-use method that can predict
electrical device parameters, we demonstrate good correlation on a
larger sample set at room temperature spanning a similar range in
extracted Vi g, but importantly the characterization was carried out at
room temperature again. The complete collection of PL spectra obtained

from all devices is plotted in panel (a) of Fig. 5, which shows a much
more uniform PL emission across devices compared to the situation at
77 K. The main recombination now appears around 1.8 eV as expected
and is still characterized by a convoluted trion and neutral exciton
emission, which are fitted simultaneously using a single Voigt profile,
from which the peak parameters are extracted. Since no defect signal is
present at room temperature, the analysis focuses on the PL peak posi-
tion and it can be seen in Fig. 5 (b) that a similar dependence of the
recombination energy on Vy is found, providing further evidence for a
direct link between parameters extracted from room-temperature PL
without further detailed deconvolution, and an electrical parameter
obtained directly from transfer characteristics of the transistor device.
The Vg is used as a metric for channel doping (to avoid contact-induced
limitations that may affect devices of varying dimensions differently),
while the overall PL peak position incorporates the relative distribution
between charged and neutral recombination, which in turn is linked to
the same carrier distribution inside the channel. A positive Vg in the
absence of back-gate bias is indicative of low electron concentration in
the channel, which in turn will lead to a larger exciton to trion ratio, and
an effective shift to higher recombination energy of the convoluted PL
peak. Note that this is the same trend that was observed at low tem-
peratures (see Fig. 4), but is also fully consistent with the behavior in
back-gated regime [Fig. 2 (a)]. Indeed a strongly negative back-gate bias
depletes the channel of electrons, which again shifts the PL energy to
higher energy. The correlation between those two parameters means
that one can pre-assess future device performance from a fully non-
invasive, inline-compatible and fast spectroscopy measurement,
without the need for establishing electrical contacts.

4. Conclusion

In summary, the low- and room-temperature PL from functional
MoS, devices was investigated in relation to their electrical perfor-
mance. A complete dataset of devices with varying dimensions and
electrical behavior was selected, where the linearly extrapolated Vi
was used as a metric for local charge density, while the direct recom-
bination PL peak position of the convoluted trion and neutral exciton
was used as the spectroscopic signature carrying similar information of
the local charge distribution. At 77 K, but also at room temperature, a
direct link between the PL peak energy and the extracted Vyg was
observed, demonstrating the ability to obtain information on the elec-
trical behavior of the channel material from a non-contact optical
characterization method. As such, the current approach provides a path
to non-destructive, optical material pre-screening for electrical perfor-
mance assessment, with the potential to be applied in an HVM
environment.
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Fig. 5. (a) Normalized room temperature PL spectra for the complete collection of devices with varying electrical behavior as extracted from the transport mea-

surements. (b) Fitted PL peak position as a function of the threshold voltage.
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