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Abstract

We use micro-photoluminescence (PL) and ultrasonic foriceascopy to explore the ef-
fects of dielectric substrate and capping on optical ptigeof a few mono-layer Moilms.
PL lineshapes and peak energies for uncapped films are faurdry widely. This non-
uniformity is dramatically suppressed by capping with 5&0d SiNy, improving mechanical

coupling of MoS with the surrounding dielectrics. Capping also leads tmpomced charging
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of the films, evidenced from the dominating negative trioakpm PL.
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Introduction

Interest in atomically thin two-dimensional (2D) layereshgoounds is growing due to unique
physical properties found for monolayer (ML) structuf€sOne such material, molybdenum
disulfide (M0S), has generated particular interest due to the presenceindaect-to-direct band
gap transition and observation of photoluminescence{PLand electro-luminescengen the
visible range up to room temperature. A high on/off ratiocgeding 18) has suggested a po-
tential use in field effect transistofsyhile a strong valley polarization is likely to be used in the
development of future valleytronics applicatio?g2

PL studieé have shown that suspended ML films of MoSve an enhanced emission com-
pared to those in contact with the substrate, demonstratstgong effect of surface interactions
on optical properties of Mosfilms. The eventual integration of Me$nto devices, such as tran-
sistors and photonic structures, will render the use ofeudpd Mo$ impractical. The effect of
capping has so far been reported for higtiielectric materials commonly used in transist¥sL®
However, no detailed study showing how dielectric envirenis affect MoS PL properties has
yet been conducted, an issue we address within this work.

Here we focus on interaction of MeSilms with SiQ, and SiNy commonly used in pho-
tonic devices, and report low temperature PL measuremeants/er a 100 thin films, enabling
detailed insight in interaction of M@Swith its dielectric surrounding. We study mechanically
exfoliated Mo$ films deposited on silicon substrates finished with eitherlgeatomically flat
thermally grown SiQ or relatively rough SiQ grown by plasma-enhanced chemical vapor deposi-
tion (PECVD). For this we use a combination of low tempermiuicro-photoluminescence (PL),
atomic force microscopy (AFM) and ultrasonic force micrasg (UFM). We find marked variety
of the PL spectral lineshapes and peak energies in the largber of few monolayer Maosfilms,
which nonetheless show trends that we are able to relatedtr@$tatic and mechanical interaction
of thin films with the surrounding dielectrics.

We find, that films without additional dielectric cappingféeed to below as 'uncapped’) on

both types of substrates show marked variation of the PL pesitions Eaxand variations in the
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PL linewidths,AEpwHm. Such non-uniformities are particularly pronounced inapped Mo$S
films on rough PECVD substrates. By coating samples with &i@l SiNy, we observe markedly
narrowed distributions dEmax andAEFwHM, leading to significantly more reproducible PL char-
acteristics. We also find that capping with either 5@ SikNy leads to relative enhancement of
a negatively charged trion PL peak, particularly prominentoS, films on flat thermal oxide
substrates.

In order to explore this behavior further we used the abibtyJFM to probe the stiffness
of the thin films below the capping layer. We demonstrate Waaiations in spectral properties
are related to how the roughness of the underlying substffaiets the Mog morphology and me-
chanical coupling between the Mpfim and the surrounding layers. We find that high mechanical
coupling between the film and the surrounding layers is oogsible for capped films on thermally
grown SiQ, whereas more complex morphology and poorer contact wélstiirounding layers
is observed for uncapped films, the effect further exacetbfatr films on PECVD substrates. We
thus argue that the variations in the PL lineshape and pesikigqooriginate from inhomogeneity
in charging and (possibly) strain, suppressed for Mblihs on flat thermally grown Si@sub-
strates, and further improved by capping with dielectrgdspwing this as a viable method for

creating uniform optical properties in photonic devicempoising 2D films.

Experimental procedure

Sample preparation. MoS, was exfoliated using the mechanical cleavage melttand deposited
on commercially purchased Si wafers with a low roughness®d€hick thermally grown Si@16
Further MoS samples were produced using the same technique, but deghasitSi substrates
covered with 300 nm PECVD grown S0 PECVD deposition was done in a €D chamber
with a sample temperature of 3WD. The root mean square (rms) roughn&$ss, of the PECVD
grown SiQ is found to be 2 nm with a maximum peak height of 15 nm, wheRag of the

thermally grown SiQ is 0.09 nm with a maximum height of 0.68 nm. The thin Mdiins had



optical contrasts corresponding to thicknesses of 2-5 Mbgfirmed by AFM on thermal oxide
substrates. Capping of the films with\8j, and SiQ was done using the same PECVD techniques
with layer thicknesses of 100 nm for PL and 15 nm for AFM/UFMaserements.

Micro-photoluminescence experiments.Low temperature (10K) micro-PL was carried out
on a large number of thin films in a continuous flow He cryosféte signal was collected and
analyzed using a single spectrometer and a nitrogen-cabi@djed-coupled device. The sample
was excited with a laser at 532 nm. All PL spectra presentéusrwork were measured in a range
of low powers where no dependence on power of PL lineshapdouasl.

AFM/UFM experiments. As shown elsewher&the ultrasonic force microscopy (UFM) al-
lows imaging of the near-surface features and subsurfaedaces with superior nanometre scale
resolution of AFM technique&? In the sample-UFM modality used in this pagérthe sample
in contact with the AFM tip is vibrated at small amplitude5@ nm) and high frequency (2-10
MHz), much higher than the resonance frequencies of the A&Milever. The resulting sample
stress produces reaction force, that is modified by the ysidssurface defects or sample-substrate
interfaces, and can be detected as an additional 'ultresonce. A unique feature of UFM is that
it enables nanometre scale resolution imaging of morplyotdgubsurface nano-structures and
interfaces of solid-state objects. In order to interpretithages of a few layer films presented in

Fig[3, one can note that the bright (dark) colors correspgornigher (lower) sample stiffness.

Results

PL of thin MoS films

Fig.[I(a) shows a selection of PL spectra measured for a fewuMiapped Mogfilms deposited
on Si substrates with either PECVD (a-d) or thermal oxida{@-h). In all spectra exciton com-
plexesA andB are clearly visible? though there is a large variation in PL lineshapes for differ
films. TheA complex is composed of a trion PL peAk and a high energy shouldéP corre-

sponding to neutral exciton P42 A low energy shouldel is also observed in some spectra, though
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Figure 1: PL spectra measured for individual mechanicaifpleated MoS uncapped films de-
posited on a 300 nm Sglayer grown by either PECVD (a-d) or thermal oxidation (eeim) a
silicon substrate.

spectra showing weak or no contributionslo&nd A° states were observed on both PECVD (a)
and thermal oxide (e) substrates. A relatively large cbation of L andA® was found in many
films deposited on PECVD substrates (b, ¢) and in some casa%etitral exciton was found to
have brighter emission than the trion [as in (d)]. For filmpatgted on thermal oxide substrates,
there is a less significant variation in the lineshape (edmlL andA° features are, in general, less
pronounced relative t&~ than in films deposited on PECVD grown SIO

The effect of capping of MogSfilms with dielectrics is demonstrated in Fig.2. A 100 nm khic
film of either SiIG or SkNy is deposited using PECVD on films deposited on both PECVD and

thermal SiQ substrates. Here we observe even less variation in lineshagtween the films. A
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Figure 2. PL spectra measured for individual mechanicatfpleated MoS films capped by a
100 nm PECVD layer of dielectric material. The effect of ciaygpis shown for films deposited
on PECVD grown SiQ substrates for SiN (a, b) and SICt, d) capping layers, and also for films
deposited on thermally grown Sj@nd capped with SiN (e, f) and Si@g, h).

further suppression of the low energy shoultdeand neutral exciton peak® is found for films
capped with SiNy (a,b,e,f) on both types of substrates, and with S0@ thermally grown sub-
strates. In contrast, and A? peaks are pronounced when capping with Si©used for MoS
films on PECVD substrates. Further to this, from comparidmspectra in (a,b,c,d) and (e,f,g,h),
we find that the PL linewidths of films deposited on the PECV@exare notably broader than for
those on the thermal oxide substrates.

An interesting trend in all spectra presented in [Eigs.1[aisda2correlation between the inten-
sities of the featurek andA%: the two peaks are either both rather pronounced or supgaéss

any given spectrum relative to the trion pefk. This may imply that peak becomes suppressed
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Figure 3: (a-d) PL peak energies frexciton complex in Mo thin films. Data for films
deposited on thermally (PECVD) grown Si®ubstrates are shown in top (bottom) panels. Panels
(a)-(b) and (c)-(d) show PL peak positions for uncapped apped films, respectively.

when the film captures an excess of negative charge.

Analysis of PL peak energies

A statistical analysis of PL peak energies for films depadsite the two types of substrates is pre-
sented in Fi¢.3. Figl3a,b show that the average valuesédPithpeak energie§2y,,, for uncapped
films areEfy,, = 1.888 eV for the PECVD substrates aBf}},, = 1.88 eV for thermal oxide sub-
strates, with an almost two times larger standard deviatiax for the former (18 versus 11
meV). The data collected for the capped films (shaded fgdySand hatched for Si¢) are pre-
sented in Fi¢.3(c) and (d) for the thermal and PECVD oxidessakes, respectively. Significant
narrowing of the peak energy distribution is found in all&f10gmax~6 meV has been found.
The average peak energies are very similar for both &i1@ SiNy capping on the thermal oxide
substratesE?Y,,=1.874 eV), but differ for PECVD substratesgy,,=1.862 and 1.870 eV for SiO
and SiNy capping, respectively.

From previous report$,for films with thicknesses in the range 2 to 5 MLs, one can eixpec



the PL peak shift on the order of 20 meV. In addition, PL yielasweported to be about 10 times
higher for 2 ML films compared with 4 ML and for 3 ML compared & ML.# In our study,
the integrated PL signal shows a large variation within almme order of magnitude between
the films. The dependence of the PL yield on the type of thetgatlesand capping is not very
pronounced. While our data for PL intensities is consistdgtit the reported in the literature for
the range of thicknesses which we studied, the PL peak emgsgibution shows the unexpected
broadening for uncapped samples: for example, deviationsE2Y,, by +20-30 meV are evident
in Fig[3. For the capped samples, new trends are obserwedighificant narrowing and red-shift
of Emax distributions. As shown below, these effects reflect chamgéhe PL lineshapes between
the capped and uncapped samples, which in their turn refiactges in the relative intensities of

theA—, A? andL peaks.

Analysis of PL lineshapes

In this section we will present the lineshape analysis feAtbxciton PL based on the measurement
of full width at half maximum (FWHM) in each PL spectrum. Tlagproach allows to account for
contributions of the three PL features,A° andA~. The data are summarized in [Fig.4 and Tables
1.

PECVD grown SiO, substrates.These data are presented in Eig.4 in red. Data for uncapped
films are shown in Figl4(a), from where it is evident that timeshapes vary dramatically from
film to film within a range from 50 to 170 meV. FWHM for uncappehin on PECVD grown
substrates is on averag&gy, ,,=96 with a large standard deviatiaprwHm=33 meV. This gives
arather high coefficient of variatiasew Hm/AEEY, =034 showing normalized dispersion of the
distribution of the PL FWHM.

The non-uniformity of lineshapes of the PL spectra is sigaiftly suppressed by capping the
films with SNy and SiQ (shown with red in Figl4(b) and (c), respectively). This védenced
from the reduction of the coefficient of variation in the FWHMIues by a factor of 4 in capped

films compared with the uncapped samples (in Table 1). Degipét narrowed spread AEpwHm
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Figure 4. PL FWHM of exciton compleA in thin Mo, films. Data for Mo$ films deposited

on thermally and PECVD grown Sig3ubstrates is shown with blue and red, respectively. (a) PL
FWHM of uncapped Mogfiims. (b) PL FWHM of SiNy capped Mogfilms. (c) PL FWHM of
SiO, capped Mogfilms.

values, the average FWHM in Si@apped films is rather high, 109 meV, which reflects relagivel
strong contribution ol. and A PL features. Contributions d&~, L and A° features vary very
considerably in the uncapped samples, leading to on averagker linewidths but a very consid-
erable spread in FWHM values. In contrast, ighgicapped filmsA™ peak dominates and both
andA? features are relatively weak, which effectively resultaamrowing of PL.

Thermally grown SiO, substrates. These data are presented in Eig.4 in blue. It can be seen
that uncapped films deposited on the flatter thermal oxidstsaties appear to have significantly
narrower distributions of linewidths compared to uncapijiets on PECVD substrates: coefficient
of variation ofAEfpwH M IS by a factor of 2 smaller for films on the thermally grown dudiies [see

Figl4(a) and Tableél1]. In addition, compared with the fiimpakgted on PECVD grown Sif)



Table 1: Mean values, standard deviations and coefficiehtamation for full width at half
maximum of PL spectra measured for thin Mdiims.

Substrate/Capping Mean value Standard deviation Coeffiofevariation

PECVD/uncapped 96 meV 33 meV 0.34
PECVD/SIQ 109 meV 9 meV 0.08
PECVD/SiNy 84 meV 7 meV 0.08
Thermal/uncapped 79 meV 12 meV 0.15
Thermal/SiQ 76 meV 7 meV 0.09
Thermal/SiNy 64 meV 4 meV 0.06

FWHM is also reduced by about 20% to 79 meV. Such narrowingatflweaker contribution of
L andAP peaks in PL spectra.

The non-uniformity of the PL spectra still present in uncaghiilms deposited on thermally
grown SiG is further suppressed by capping the films witkNgiand SiQ [shown with blue in
Figl4(b) and (c), respectively]. In general, the coeffitsenf variation for FWHM of the capped
films are rather similar for both substrates and are in thgeai 0.06-0.09, showing significant
improvement of the reproducibility of PL features compangith the uncapped samples (see Table
). For SiNy capped films on thermally grown SjOwe also observe narrowing of PL emission
to AE2Y, 14=64 meV. This reflects further suppressiorLaindA? peaks relative té\~, the effect

less pronounced in Srapped films.

AFM and UFM measurements

To further understand the interactions between MadBis and the substrate/capping materials, we
carried out detailed AFM and UFM measurements of our san(pligs3). AFM measurements
of films deposited on PECVD grown substrates[Fig.5(a) shawtthe film is distorted in shape
and follows the morphology of the underlying substrate. Rhg of these films is 1.7 nm with a
maximum heighRya=11 nm, similar to the parameters of the substi@@tgs=2 nm andRn=15

nm. SuchRnaxis greater than the thickness of films3 nm), leading to significant film distortions.
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Figure 5: AFM (left column) and UFM (right column) images oS, thin films deposited on
PECVD and thermally grown SiO2 substrates. (a,b) PECVDtsates uncapped MaSilm; (c,d)
thermally grown substrate, uncapped Mdiin; (e,f) PECVD substrate, MagSilm capped with
15 nm of SiQ grown by PECVD; (g,h) thermally grown substrate, MdiBn capped with 15 nm
of SiO, grown by PECVD.

UFM measurements of these films [[Fig.5(b)] show small ardédsgher stiffness (light colour,
marked with arrows) and much larger areas of low stiffnegs (no contact with the substrate)
shown with a dark colour. This shows that the film is largelgmended above the substrate on
point contacts.

AFM measurements of films deposited on thermally grown,Sibstrates [Figl5(c)] show a
much more uniform film surface due to the less rough undeglgubstrate. This is reflected in a

significantly improvedRms = 0.3 nm anRna=1.8 nm. These values are still higher than those for
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the bare substrate witRms = 0.09 nm andRn2=0.68 nm. A more uniform stiffness distribution
is observed for these films in UFM [Hig.5(d)], though the dar&olour of the film demonstrates
that it is much softer than the surrounding substrate ansl gtili has relatively poor contact with
the substrate. A darker shading at film edges demonstratethty have poorer contact than the
film centre and effectively curl away from the substrate.

AFM and UFM data for films capped with 15 nm Si@fter deposition on PECVD and ther-
mally grown SiQ are given in Fidg.b(e, f) and (g, h), respectively. For the FBGubstrate, the
roughness of the MagSfilm is similar to that in the uncapped sample in Eig.5@)ns=1.68 nm
andRna2=10.2 nm. From the UFM data in Fig.5(f), it is evident thabaligh the contact of the
MoS; film with the surrounding Si@is greatly improved compared with the uncapped films, a
large degree of non-uniformity is still present, as conetlifom many dark spots on the UFM
image. In great contrast to that, the capped MWifil§ on thermally grown SiQis flatter [Fig.5(g,
h)], Rms=0.42 nm andRa=6.1 nm, with the roughness most likely originating from BteCVD
grown SiQ capping layer. The UFM image in Hig.5(h) shows remarkabléoumity of the stiff-
ness of the film similar to that of the capped substrate, dstnatmg uniform and firm contact (i.e.

improved mechanical coupling) between the M&#n and the surrounding dielectrics.

Discussion

There is a marked correlation between the PL properties®MbS films and film stiffness
measured by UFM. The stiffness reflects the strength of theharécal coupling between the
adjacent monolayers of the Mg8lm and the surrounding dielectrics. The increased bondind)
its uniformity for films deposited on less rough thermallypgn SiG substrates and for capped
MoS; films manifests in the more reproducible PL characteristeading to reduced standard
deviations of the peak positions and linewidths. Thesetsglecharacteristics are influenced by
the relative intensities of the three dominating PL featutdon A, neutral excitorA? and low

energyL peak, which are influenced by the charge balance in the,Mit8s sensitive to the
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dielectric environment. The efficiency of charging can belgatively estimated from the relative
intensities ofA~ andA® peaks. In the vast majority of the filma,” dominates. As noted above,
the intensity ofA° directly correlates (qualitatively) with that of the relatly broad low energy PL
shoulder_ (see Fig.ll andl2), previously ascribed to emission fromaserktates. The lineshape
analysis presented in Fig.4 and Table 1 is particularlyiteeso the contribution of peak.

The PL lineshape analysis and comparison with the UFM dathtie conclusion that negative
charging of the Mogfilms is relatively inefficient for partly suspended uncagfigms on rough
PECVD substrates. Both in SyGand SiNy capped films on PECVD substrates, the charging
effects are more pronounced, particularly foxNgi capping. However, bot and L features
still have rather high intensities. The relatively low dljiag efficiency is most likely related to a
non-uniform bonding between the Mg8ims and the surrounding dielectric layers as concluded
from from UFM data [see Figl5(f)]. The charging is more pronced for uncapped MaSilms on
thermal oxide substrates, and is enhanced significantly fesrcapped films: for $Ny capping
AV andL peaks only appear as weak shoulders in PL spectra.

It is clear from this analysis that the charge balance in treSMilms is altered strongly
when the films are brought in close and uniform contact withsiarrounding dielectrics, enabling
efficient transfer of charge in a monolithic hybrid heterosture. Botm-type*/:2tandp-type21:22
conductivities have been reported in thin Mdiims deposited on Si@ It is thus possible that the
sign and density of charges in exfoliated Mdiins may be strongly affected by the properties of
PECVD grown SiQ and SiNy, where the electronic properties may vary depending onrihetd
conditions23=2°1t is notable, however, that for a large variety of samplesligtd in this work, the
negative charge accumulation in the Mdims is pronounced, and is further enhanced when the
bonding of the films with the dielectric layers is enhanced.

The band-structure of M@Sand hence its optical characteristics can also be influebged
strain2® However, the distribution and magnitude of strain canncagsessed directly in our ex-
periments. Indirect evidence for strain reduction in cabg@mples compared to uncapped films

on PECVD may be deduced from the red-shift of the average Rk paergy by up to 30 meV
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after capping (data in Fig.3). One would expect a more umifetrain distribution in the case of
uniform mechanical properties of the sample, which as shiowkJFM is achieved for capped
Mo$S; films on flat thermally grown Si@substrates. Further evidence for increased uniformity of
mechanical properties of thin Me3Ims on flatter thermal oxide substrates is also obtainediin o
studies of Raman scattering (to be presented elsewherejewle observed suppressed variation

of the frequency oE},(R) vibration mode?’

Conclusions

We demonstrate that it is possible to increase the reprbiitof PL properties for mechanically
exfoliated few mono-layer MaSfilms by coating the films with additional dielectric layers o
either SiQ or SkNy. By comparing PL data with results obtained in UFM, we shoat there

is a direct correlation between the degree of the mechan@agbling of the Mo$ films to the
surrounding dielectrics and uniformity of the optical peojes. We show that a wide spread in
PL spectral lineshapes occurs in general as a result of thetdifilm variation of the relative
intensities of the negatively charged trion péakand the two other features, neutral exciton peak
A and a low energy PL barld We find that when the mechanical coupling between the filrds an
the dielectrics is improved, the films become increasinglgatively charged, as deduced from
the pronounced increase in PL of the trion peak, dominatirthpe majority of PL spectra. Such
charging, and also possibly reduction in strain non-uniities, underpins the highly uniform PL
properties in capped MoSilms, leading to the smallest linewidths of around 64 meV tfon

MoS; films deposited on thermally grown Si@nd capped with a @\y layer.
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