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The 11-VI semiconductor CdTe was sequentially deposited ontg®@l) van der Waals surfaces

of the layered compound semiconductors Mp&aad WSe by molecular beam epitaxy. Growth
could only be achieved after deposition of a nucleation layer of CdTe at room temperature. After
nucleation subsequent deposition steps followed at increased substrate temperatures
(T=170-370 °Q in order to increase the crystalline quality of the films. The deposited films were
investigated after each growth step by low energy electron diffraction and photoelectron
spectroscopy. The diffraction pattern indicates a facetting oftté&) oriented film surfaces. From
photoemission data we exclude interface reactions between substrate and film material.
Transmission electron microscopy was used to examine the film morphology after the UHV
experiments. The mean diameter of the film crystallites is 200—400 A19@6 American Institute

of Physics[S0021-897826)02422-X

I. INTRODUCTION sible use of vdWE buffer layers between mismatched
heterointerfaces of 3D semiconductors, the epitaxial growth
In recent years considerable efforts have been devoted i6f 3D material on a layered substrate must be achieved.
the growth of dissimilar materials one on another. In semi-  In the experiment to be reported here CdTe was depos-
conductor technology this is stimulated by the promisingited on the layered compounds MgTand WSe. Lattice
properties of novel heterojunction deviceElectronic prop- parameters are compiled in Table I. With the expression
erties of the devices strongly depend on the atomic and struen= (a;—ag)/a, for the lattice mismatch we derive for the
tural arrangement at the interface. Chemically reactednterface between thé0001) layered compound an¢il11)
phases, dangling bonds, and structural defects may considetinc blende in-plane mismatches wf=30% and 40% for
ably deviate the properties of the real device from thoseCdTe/MoTe and CdTe/WSg respectively. The growth of
which had been expected from the ideal interface. Such inthe CdTe layer and structural properties of the film vras
terface problems are the limiting factors for a large numbesitu studied by low energy electron diffraction and photo-
of principally interesting material combinatiohsOnly re-  electron spectroscopy. The structural studies were completed
cently a novel concept called van der Waals epittwdWE) by ex situtransmission electron microscopy results.
emerged, which may help to overcome the intricate structural
problems of mismatched heterointerfaces. The initial idea of
Koma and co-workefs® was later taken up by other '~ EXPERIMENT
groups!~*3 The experiments were performed in a commercial
The concept of vdWE is based on the preparation ofiltrahigh-vacuum chambefUHV, base pressure 310 !
heterointerfaces which are interconnected with at least ongbap equipped with an angular resolving hemispherical
van der Waals surface present at the interface. van der Waghhiotoelectron spectrometéfG ADES 500 and a three grid
surfaces are naturally exhibited by materials with layeredow energy electron diffraction opti¢/G). The chamber was
crystal structuréi.e., pronounced two-dimensional, therefore connected to the TGM 7 beamline at the electron storage
referred to as 2 as mica, graphite, and a number of tran-ring BESSY in Berlin. Photon energies between 15 and 120
sition metal dichalcogenides; they are chemical inert and freev were available as the excitation source. The combined
of dangling bonds. Therefore no strong structural coupling igesolution of the monochromator and the analyzer has been
mediated across the interface, and it could be shown thajetermined from gaussian broadening of a metallic Fermi
epitaxial films without interface strain can be grown evenedge to be 420 meV at 80 eV excitation energy.
with mismatches up to 50%. However, until recently the re-  The substrates MoTeand WSeg were grown by chemi-
ported experiments on the growth of heterojunctions bycal vapor transport, with Gland By, as transport agents. The
vdWE were confined to the growth of a layered material onsamples were cleaved in air, clamped to the Cu-sample
top of other layered materials or on hexagonally closeholder with a tantalum mask and via a fast entry lock trans-
packed(111) surfaces of Si and GaAs. Deposition of three-ferred into the vacuum chamber. In UHV the samples were
dimensional3D) materials onto layered substrates was carheated to 470 °C for 5 min in order to remove residual sur-
ried out only in few experiments so & But for a pos-  faces contamination. During the cleaning cycle the chamber
pressure was belowx110 8 mbar. The soft x-ray photoemis-
dAuthor to whom correspondence should be sent. Electronic mail:SION spectrdSXPS and electron diffraction patteftow en-
Jaegermann@hmi.de ergy electron diffraction(LEED)] of the cleaved surface
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TABLE |. Compilation of structural data of the layered substrate materials
MoTe, and WSeg and the film material CdTe.

Se3d hv=80 eV|
Cd 4d
MoTe, WSe, CdTe \\
Structure P§mmc P&/mmc F8m \/\J\ 3008
a[A] 3.522 3.286 6.482
c[A] 2x6.984 2¢6.488 = \,A/\‘“"A
S,
2
2 800A
agree to those obtained from cleaved surfaces of such crys£ s
tals. CdTe was sublimated from a home made evaporation
cell, which was charged with ultraclean CdTe powder. The 008
nominal CdTe fluxes were monitored with a water cooled
guartz microbalance. 535{_
After finishing the UHV experiments the films were ex- oA
aminedex situwith a high resolution transmission electron ‘s 57 56 55 54 53 14 13 12 11 10 s B

microscopgTEM, Phillips CM 12, acceleration voltage 120
kV). Pictures were digitally recorded with a VME200A Slow
Scan charge coupled device camé&r824x1024 pixels.

binding energy [eV]

FIG. 1. CdTe/WSegphotoemission core level spectra of S Rubstrate and
Cd 4d film taken at an excitation energy of 80 eV. Spectra are normalized

I1l. RESULTS with respect to the incoming photon flux. The thickness tags at the spectra
refer to the flux the surface had been exposed to. No evidence for chemical
A. Film growth interface reactions are observed.

Prior to deposition the substrates were investigated by
SXPS. They showed the well known valence band and corfpw. Complete film growth at room temperature was not un-
level emission features from clean and high quality surfaceslertaken because the crystalline quality of such a film is
of WSe, and MoTg. The substrate LEED pattern is a hex- expected to be poor.
agonally ordered array of sharp spots.

First deposition steps were attempted under growth con2. Subsequent deposition at elevated substrate
ditions known to yield high quality epitaxial films of Cd#&, temperatures
i.e., substrate temperatures between 200 and 300 °C at depo- | grder to obtain CdTe films with good structural qual-
sition rates of about 10 A/min. Even after extended eXposUrgy the subsequent growth was continued at substrate tem-
of CdTe, i.e., nominal deposit above several hundred A, Weeratures between 170 and 350 °C. Upon heating the CdTe
could not detect the characteristic CdTe photoemission linegoyered surfaces to temperatures above 250 °C the core level

on the(0001 surfaces of the layered compounds. Evidentlyphotoemission intensities of the film material was reduced,
the sticking coefficient of the 3D material on the van der

Waals plane is close to zero due to the weak substrate/
adsorbate interaction. This finding is in qualitative agreement

with other adsorbates as certain metals and molecular Te 4d [hv=80eV|
adsorbates’ :gzi cd ad
1. Low temperature deposition step of CdTe on the 350A
layered substrates 2004

Adsorption of Cd and Te could only be achieved on 73
substrates held at room temperature, with a particle flux still
of 10 A/min. The characteristic emission lines were then ° 1004
monitored by SXPS; see Figs. 1 and 2. An estimate of the | 6A
sticking coefficient from the relative film and substrate core
level intensities and the known particle flux gives a value of

%

i

intensity [a.u.]

~0.1-0.3.
In all further experiments, therefore, a deposition step of
a few A of CdTe was carried out on substrates held at room oA
temperature. The total amount of the offered film material ts 42 41 40 o 38 14 13 12 11 10 8

was adjusted such that substrate core level emissions were
only slightly reduced, i.e., the deposited film was not closed.
On the other hand, enough film material had to be depositediG. 2. CdTe/MoTe photoemission core level spectra of substrate and film
in order to allow for subsequent film growth at higher tem-at an excitation energy of 80 eV. Spectra are normalized with respect to the

: ; :ijncoming photon flux. The sharp Ted4emission line from the MoTge
peratures. If too low an amount had been depOSIted in thlgubstrate becomes gradually exchanged by the slightly broaded Tieet

step the f”m. grovvth. proceeded extremely slowly by subsesom the cdTe film. Deconvolution of the spectra, as well as the spectral
guent deposition at increased substrate temperatures; see beape of the Cdd line, gives no evidence for chemical interface reactions.

binding energy [eV]
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FIG. 4. TEM micrograph obtained from a CdTe film drawn from a WSe
surface(a) A multitude of straight edged crystallites is observed. The mean
diameter of the crystallites is around 200 f) Single atomic rows are
FIG. 3. LEED pattern obtained from the system CdTe/W&e(a) low resolved, reproducing the hexagonal order of thtl) surface.
nominal surface coverage=600 A) and (b) from the closed CdTe film
(~2000 A).
overlayer. In addition, weak half-order spots of the CdTe
o ) ] ] film can be identified. The resulting®x2) superstructure is
indicating either a desorption or clusterlr_wg of the_surfacq,ve" known for the polar111) surfaces of zinc blende type
adlayer. In these cases the amount of film material to b@emiconductor It is formed to reduce the dipolar charging
deposited until the substrate core level emission lines wergs the polar surfaces. We are not able to conclude from the
completely attenuated, i.e., until the film is completely| EED data the orientation of the overlayer film. A detailed
closed, had to be increased drasticdlip to several thou-  gnalysis of the band lineup and the sample work function,
sand A. To obtain films at a reasonable growth rate weyhich will be published elsewhefd suggests that the CdTe
carried out most of our experiments at substrate temperaturegy, grows with the Cd layer oriented to the substrate and the
of about 170 °C. Te layer towards the vacuum. The diffraction spots are rather
streaky. By changing the electron energy the streaks shift
B. Film surface structure between the cornerpoints of the hexagonally ordered pattern
thus indicating a facetting of the film surface.
On MoTs substrates the films behave in a qualitatively
imilar manner. However, the obtained LEED diffraction

We shall only give a schematic description of the film
surface structure since the electron diffraction patterns obg
tained are rather poor. Two LEED patterns of CdTe on WSegpqt5 of the CdTe are clearly observable but less defined on
are depicted in Fig. 3. In Fig.(8 the sharp outermost spots 5., increased diffuse background.
are from the substrate due to partly uncovered substrate ar-
eas. Faint extra spots caused by the CdTe overlayer are oh-
servable. The overlayer pattern reproduces the hexagonal ar-
ray of the substrate pattern indicating thereby(Jd1) After the UHV experiments the films were torn off from
orientation of the film surface. At this stage of the film for- the layered substrates and deposited without further treat-
mation most of the substrate is still not covered by the CdTement on a C-grid sample holder of the TEM. This prepara-
Upon further film growth the substrate pattern gets attenution allows only for an observation of the films perpendicular
ated and finally vanishes completely. The residual diffractiorto the film plane. Morphology and crystallite sizes of the
pattern exclusively stems from the CdTe film. films were investigated. In Fig.(d TEM micrograph is de-

The surface mesh of the overlayer main diffraction spotgicted as obtained from a CdTe film grown on WS&he
exhibits a ratio 0F~38% to the substrate mesh. This value isCdTe film consists of a polycrystalline layer. The average
in good correspondence to the expected ratio of 40% giveshape of the crystallites is close to a honey comb with a
by the a axis of the substrate an@11) axis of the CdTe mean diameter of 200 A. In most cases the grain boundaries

Film morphology by TEM
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are line segments enclosing 120° angles. In a higher resolu-
tion micrograph Fig. &) single atomic rows are observed. a)
The hexagonal order of the atomic rows as well as the dif-
fraction pattern refer to thél11) orientation of the films.

IV. DISCUSSION

The adsorption behavior of CdTe on the layered surfaces

corresponds to that of CdS on the same materials investi- g grain boundaries

gated earlief’ Deposition of the 11-VI material on the lay- °

ered substrates is not possible at temperatures known to yield y/
epilayers of these materials in conventional epitaxy, i.e., ep-

itaxy on 3D substrate crystals. Our observations indicate that

a deposition on layered substrates is hindered by the fail of
nucleation on the van der Waals surfaces with deposition
conditions known from conventional epitaxy. FIG. 5. Summary of the growth of CdTe film on I_ayered substrates_MoTe

As van der Waals surfaces do not exhibit dangling bond%nd WSe following the growth protocol descrlbed in the t_e@ nuc!eatlop ]

. . . . . yer formed at room temperaturéh)) formation of three-dimensional is

at their surfaces, only weak bonding interaction of the in-jands during heating to subsequent growth temperdfiiz6 °Q; (c) initial
coming film material is expected. Therefore most of the filmgrowth atT=170 °C;(d) continued growth aT =170 °C.
material is assumed to desorb from the surface before assem-
bling to the critical growth nuclei of sufficient siZé.Fur-
thermore van der Waals surfaces do not exhibit a high con-  Part of the deposit from the first step was desorbed upon
centration of steps, thereby contrasting also the surfaces tfeating the nucleation layer above 150 °C. With further in-
three-dimensional materials used in conventional epitaxycreasing temperature the nucleation centers are considered to
Their substrate surfaces always exhibit steps and kinkassemble to larger 3D clusters uncovering more of the sub-
which are predominant adsorption centers for incoming destrate surface and reducing nucleus density. However, to get
posit material. Once a step is decorated with incoming parreasonable growth rates the density of nucleation centers
ticles there is a new step and so on. This case is therefoghould be kept high enough.
referred to as “step flow.2? This condition can obviously The film morphology is obviously a consequence of the
not hold for the growth on single crystal van der Waals sur-above discussed growth behavior. Growth proceeds from the
faces since they are atomically flat over mesoscopic regionsnitially deposited nucleation centers which are randomly

The nucleation problem might be overcome by drasti-distributed over the substrate surface. From their rather even
cally increasing the deposition rates in order to increase thdistribution and number we conclude that nucleation does
supersaturation on the surface. However, film thickness comot occur at steps and/or cleavage defects but on two-
trol would be lost by this procedure and interface formationdimensional terraces as also observed in conventional van
could not be monitored by surface sensitive techniques. Weler Waals epitaxy2D on 2D.8%*24 Complete coverage of
therefore refrained from this procedure. Alternatively, thethe substrate is reached when the crystallites meet each other.
substrate temperature was lowered in order to allow thé&ince the sticking coefficient of the incident particles can
nucleation of the incident particles and to deposit a layer ofeadily be assumed to be much higher on the CdTe islands
nucleation centers on the substrate surface. From thedkan on the van der Waals surfaces the film will grow in a
nucleation centers the film growth may proceed upon subsesimultaneous multilayer mod&.A sketch of the complete
guent deposition. For the deposition of the CdS nucleatiogrowth procedure is depicted in Fig. 5. The formation of
layer a temperature of-100 °C was required; for CdTe it facets on the CdTe surfaces may be recognized as a conse-
was sufficient to deposit at room temperature. However, afjuence of this growth mode resulting in pyramidal three-
this temperature the actual deposit is still below the nominatlimensional crystallites. A high texturization {f11) direc-
deposition, i.e., the sticking coefficient is still estimated to betion is also observed for CdTe deposition on glass
well below unity (0.1-0.3. Also, the intensity observed substrate$® The additional preferential azimuthal orienta-
from the substrate emissions indicates that the overlayer cotion, observed in our experiments on van der Waals planes,
sists of CdTe islands which leave most of the substrate sumust be related to a directional interaction with the underly-
face uncovered. ing substrate. In 2D/2D van der Waals epitaxy a corrugation

Subsequent deposition was performed at elevated sulof ultrathin overlayer films has been proven by scanning tun-
strate temperatures. Growth conditions on already grown isaeling microscop¥y?3and by LEE* experiments. This cor-
lands of CdTe should be close to those known from convenrugation would lead to “locked”(in registry and “un-
tional epitaxy in order to obtain good structural quality. Welocked” (out of registry areas across the heterointerface.
cannot conclude so far whether the stable critical nucleWhether a similar mechanism is valid also for 3D/2D inter-
move in a sufficient way on the surface to allow for opti- faces has to be checked by further experiments on the initial
mized film crystallinity. We have tried to trade off between nucleation steps and resulting overlayer morphologies. We
the extremely low sticking of incident particles on van derexpect that with such experiments the crystallinity and the
Waals surfaces and th@omoepitaxigl growth conditions morphology of the film can further be optimized by changing
for CdTe. the deposition parameters and geometry.
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