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Abstract. The van-der-Waals surfacé8001) of the layered Most of the STM investigations concerning dopants in
structure semiconductoM/S, and WSe, are known to be semiconductors were reported for highly dop@dAg110

free of intrinsic surface states. Therefore, they provide afii—10]. Superimposed on the atomically resolved lattice, to-
ideal system for investigations of the influence of individ-pographic contrasts with lateral dimensions of several

ual dopants on the local electronic properties, which can beere observed and attributed to localized dopant sites.
measured by scanning tunneling microscopy (STM). Individ- The contrast (topographic depression or hillock) was
ual dopant sites were resolved as topographic depressiogBown to depend on the sample voltage and type of dop-
superimposed on the atomically resolved lattice. The appaing. Cox et al. [1] attributed depressions in the topographic
ent depth of these depressions showed a discrete statisticalage toAs vacancies in gsaAs(negative sample voltage)
distribution and was attributed to the spatial depth of theandGavacancies in rGaAs(positive sample voltage). Feen-
dopant site. Using an STM-induced electrochemical processtra et al. [2—4] showed that arsenic antisite defectsAsen

we could locally expose the first and second sub-surface lay€sa sites) result in hillocks with variable heights, which they
to correlate the previously recorded topographic contrast taorrelated to the spatial depth of the defect for the first time.
the location of buried dopants. To our knowledge this is thelohnson et al. [5, 6] showed thBe and Zn acceptors also
first direct proof of the capability of STM to detect individual result in hillocks in p-typeGaAs (negative sample voltage).
sub-surface dopants. An interpretation of the contrast mect-hey calculated the topographic contrast by assuming a scat-
anism is given in terms of tip-induced band-bending effectsering process for holes, involving the ionized acceptor, while
and current transport mechanisms involving minority chargelepressions observed féd [6] in p-GaAswere explained
carrier injection and majority charge carrier extraction. by the energetic position &l states in the conduction band
of GaAs Zheng et al. [7, 8] showed th&in acceptors in p-
type GaAsandSi donators in n-typ&aAsresult in hillocks
independent on the applied sample voltage and also claimed
a possible depth resolution. Goldman et al. [9] investigated
Scanning tunneling microscopy can be used to directly imag&aA3GaN superlattices and attributed topographic depres-
the dopant distribution on semiconductor surfaces or intersions toN on As sites.

faces. This is an important application with respect to micro- Concerning the transition metal dichalcogenides semicon-
electronics, where efforts are made to minimize device struaductorsMX, (M = Mo,W; X = SeS), rather few results exist.
tures to thenm scale. For that purpose doping distributionsVarious structures such as hillocks, depressions, ring struc-
have to be controlled with high spatial resolution. In ordertures or dark and bright atomic spots have been reported [11—
to use the STM as a reliable tool for device characterizatiorl5]. Reviews are given by Whangbo et al. [13] and Mag-
the basic topographic and spectroscopic contrast mechanism@sov et al. [14, 15]. However the authors were not able to
observed in the vicinity of individual dopant sites have toexperimentally relate the different observations to the chem-
be investigated. In the case of semiconductor surfaces witical nature of the investigated dopants and their STM meas-
a high density of surface states in the forbidden band gaprements were performed under ambient conditions, so that
(such asSi(111)7 x 7), the electronic properties are governedthe influence of adsorbates and tip contamination may have
by surface states. As a result of screening effects impuritigglayed an important role. Their theoretical considerations did
may solely contribute to a lateral contrast on the atomic scalenot include the influence of tip-induced band-bending, which
In contrast semiconductor surfaces with a low density of inwe show to be essential for tivéX (0001 surfaces [16].

trinsic surface states may show a topographic contrast within In spite of the lack of reliable STM measurements con-
several nm in the vicinity of an individual dopant site due tocerning dopants, the transition metal dichalcogenides have
localized charges and band-bending effects. the great advantage that their van-der-Waals surf@661)
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is known to be free of intrinsic surface states [17]. All chem-rect insight onto dopants located in sub-surface layers, and
ical bonds are saturated, as adjacent covalently bddXd  to investigate their contribution to the topographic STM con-
layers are weakly coupled by van-der-Waals interactiondrast.
Doping is achieved either by adding impurities or by adjust-
ing the chalcogenide partial pressure during crystal growth.
A detailed review of theMX, material properties is given .
in [18]. 1 Experimental

In [19, 20] we show that the layered structivie , semi-
conductors can be structured by STM and AFM under amFor our STM investigations we us&lS, and WSe single
bient conditions, involving an electrochemical etching pro-crystals, grown by chemical vapour transport (without inten-
cess. In addition to reliable UHV STM measurements, outionally adding impurities, as well as with additional nickel
approach was to combine STM imaging under high vacuurand oxygen doping). Temperature-dependent Hall measure-
conditions with etching under ambient conditions, to get di-ments showed that all samples were p-type, with charge car-
rier concentrations 06 x 10 to 2 x 10" cm~3, hole mo-
bilities of 120-230 cn?/Vs and activation energies of about
100 meV To expose a clean, atomically fled001) surface,
the crystals were either cleaved in situ or introduced immedi-
ately into the vacuum chamber after cleavage in air. The used
STMs were operated in UHV5(x 10-1°mbal) or in a high-
vacuum (0®mba) chamber, which allowed fast venting
and pumping without loss of the scanned area for the etching
experiments.
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Fig. 1a,b. Topographic image of aNS, single crystal (0001 surface.
a Topography acquired fsample= 0.95V, lref = 3 NA, scan are®5 nm x Samp]e Vo|tage [V]

65 nm Topographic depressions labeled A, B, C are attributed to acceptors

embedded in the uppermost, first and second sub-surface molecular layeFsg. 2. Dependence of the apparent depth of the dopant-related topo-
respectivelyb Zoom and cross-section at an acceptor site, showing the pregraphic depressions (A-, B-, and C-type) on the applied sample voltage
served atomic order within the depressioNgafnple= 1.5V, lref =5nA, (Iref = 3nA). The inset shows the statistic distribution of depression depths
scan ared@.5 nm x 2.5nm) acquired atVsgmple=1.25V
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2 Results and discussion same area was imaged again (Fig. 3b—e). In the upper half of
the image the first and partially the secombe layer were
Figure 1a shows an STM image acquired ofV&, (p=  removed, to expose the surface of the first and second sub-

2 x 10 cm~3) single crystal. Superimposed on the atomi-surface layer. The depressions, that had been classified as B-
cally resolved lattice (Fig. 1b), topographic depressions werand C-type (indicated by arrows in Fig. 3a), were now re-
observed with typical diameters in the range8eb nm The  solved to be located in the first and second sub-surface layers,
apparent depth of the observed depressions increased witbspectively (The images in Fig. 3c—e correspond to Fig. 3b
decreasing sample voltage as depicted in Fig. 2. The statigsith the contrast adjusted to the individual layer surfaces). To
tical investigation of more than 100 individual depressionur knowledge, this is the first direct proof that dopants lo-
revealed a discrete distribution (see insetin Fig. 2f@b V).  cated in sub-surface layers may contribute to the topographic
These results indicated that as with the interpretation ofontrastin STM [21]. These results also confirm the assump-
the hillocks, which were reported for GaAs(110) [2—8], thetions published for th&aAg110) surface.
observed depressions 0S, might be associated with ac- From the crystal growth conditions, we expected the ac-
ceptors embedded in the surface layer (A), first (B) or secondeptors states to be mainly caused by W vacancies. The con-
(C) sub-surface-layer, respectively (one layer consists of oneentration of acceptors deduced from the STM images was
MX, sandwich). In order to give a direct proof for this inter- a factor 2—3 higher than the net charge carrier concentration
pretation, we first imaged the surface opa=5x 10°cm=2  determined by Hall measurements. However, the STM de-
WSe single crystal under high vacuum conditions (Fig. 3a).tects all acceptors, whereas the Hall measurement determines
Then the vacuum chamber was vented with air to enablenly thermally ionized dopant#s the majority charge car-
STM-induced electrochemical etching (which requires an adrier concentration was not in the range of carrier exhaustion
sorbed water layer [19, 20]). By applying short voltage pulsest room temperature, the STM results are consistent with the
for initial defect nucleation and scanning at positive samimacroscopic measurement.
ple voltage of1.5V over selected areas, tNéSe, could be Based upon the tunneling spectroscopy results\(#
removed layer by layer in a controlled way. After evacuaq{16], the influence of surface states can be neglected for the
tion of the STM chamber and subsequent tip cleaning, thanterpretation of the observed topographic contrast. Figure 4
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Fig. 3a—e.Topographic image of &/Se single
crystal beforea and afterb—e removal of the
first and partial removal of the secoiSe
layers in the upper half of the image. The step
height is0.6 nm In c—e the image contrast is
adjusted to the individual layer surfaces
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sions, which extended over several nm and were observed in
comparable concentrations as for the samples above, these
crystals also exhibited strongly localized structures on an
atomic scale, which we attribute to the different chemical
bonding in the vicinity of the impurities. The strong lateral
localization indicates, that th® and Ni impurities do not
act as active dopants, as no additional charge accumulation
was detected on a scale of several nm as described before. In
addition, the impurity concentration observed by STM was

5 too high (L0?°cm~3) to be compatible with the net charge

carrier concentrations and activation energies determined by

eU Hall measurement. This also allows to conclude Band
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Fig. 4. Band scheme for the tunneling contact on &/, sample for a sam-
ple voltage ofl.4V

illustrates the principles of the underlying charge transpor
mechanisms. For positive sample voltages the tunneling cu
rent consists of two components, a minority injection current
into the conduction band of the semiconductdgd), and
a majority extraction current from the valence barig(.
Close to an acceptor site, the tip is opposite to a higher ma
jority concentration, and the semiconductor bands are be
further upward (indicated as dashed lines in Fig. 4). There
fore, Jeg is reduced whilelyg is increasingAs the injection
current mainly determines the total tunneling current for low
or moderate doping levels, the local reductionJigg causes
the tip to approach the surface to maintain constant curren
The increase of the apparent depth with decreasing sampl@}
voltage is caused by the fact that the additional local bar-
rier inside the semiconductor (dashed line in Fig. 4) showq
a stronger influence on the total minority injection current for
lower sample voltages.

The reverse topographic contrast (hillock) is expected
and was also measured, for highly doped semicondug
tors [2—-8]. In the case of high doping levels, the majority
extraction dominates the tunneling current.

Under ambient conditions, we observed that the depres
sions, measured under high vacuum and UHV conditions, i
general were imaged as hillocks, which is consistent with re
sults in [13—15]. This observation is also evident from the
model given above. Under ambient conditions the gap be
tween tip and sample is likely to consist of a water film. An
extension of the simple electrostatic model in [16] to the casd
of a dielectric tip/sample gapater~ 80!) shows that the sys-
tem then essentially behaves like a Schottky diode. Thereforé
the majority current dominates for moderate and low doping
levels as well. Even the ring structures reported in [11-15
may be explained by the competing current contribution of
minority injection and majority extraction. Current investi-
gations using standard and photoassisted scanning tunnelitlg
spectroscopy strengthen the validity of the description giverfQ
above, and will be published in a forthcoming paper. Fig.5. a (0001 surface of anO-doped pWSe crystal. Vsampie= 1.3V,

Topographic imag(?s of oxygen-doped and niCkel'dOpe of=1nA, scan are®20nm x 18nn). b (0001 surface of arNi-doped
WSe are shown in Fig. 5As well as topographic depres- p-WSe crystal. ¥sample= 1.4V, Irer =3 nA, scan ared5nmx 13nm)




Ni impurities do not significantly influence the charge carrier 4.

concentrations iWSe. .

6.

3 Conclusions
7.

We performed STM investigations of dopantsWS, and 8
WSe single crystals. We could directly demonstrate that the

discrete distribution in the apparent depth of topographic de- 9-
pressions is correlated with the localization of acceptors in
the first, second and third molecular layer. This is the first

direct proof for the capability of the STM to detect buried 11.

dopants. While the topographic depressions were attributed
to W vacancies©O and Ni impurities led to strongly local-
ized topographic structures which indicate, theaindNi are

not active as dopant and do not essentially contribute to the
charge carrier concentrationWSe.
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