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Abstract

Temperature-programmed desorption (TPD) is used for detailed investigation of the surface chemistry of a binary
reaction sequence by sequential gas-phase dosing of a ZnSe(100) substrate with (CH3)2Cd and H2S. Analysis of the
TPD spectra shows that adsorbed DMCd irreversibly dissociates on a ZnSe(100)-c(2×2) surface at room temperature
to form a fully methyl-terminated surface; this termination is responsible for the previously reported, self-limiting
reaction. At ~370 K, DMZn desorbs from this surface due to a methyl-exchange reaction. This desorption temperature
is independent of coverage, indicating a first-order reaction. In addition, at high DMCd exposures, the
adsorption/desorption process leads to replacement of surface Zn by Cd. The experiments also examine the reaction
of H2S with the methyl-terminated surface. This reaction, which is also self-limiting, forms a sulfur-hydride-terminated
surface after the release of surface CH3 groups in the form of CH4.

Studies of surfaces formed by more than one binary reaction sequence are also reported, which show that the
alternating growth surfaces are terminated with either methyl groups or hydrogen. The methyl-passivated growth
surface preferentially desorbs methyl radicals at ~390 K instead of the metal-alkyl species. For the sulfur-hydride-
terminated surface the recombinative reaction of the HS species causes desorption of H2S at 480 K. In this case, the
symmetric peak shape of the desorbed H2S signal and its shift to lower temperature with increasing the coverage
suggest a second-order reaction mechanism. In more general terms, these results indicate that the relative strengths
of bond for methyl–metal (II ) and metal–VI element play an important role in the surface reactions. © 1999 Elsevier
Science B.V. All rights reserved.
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CdS; ZnSe(100)

1. Introduction an increasing interest in examining the application
of such reactions to form an ordered array of
chemisorbed atoms and, in some cases, to use aOrganometallic surface reactions are fundamen-
sequence of such reactions to realize either lateraltal to many applications in thin-film growth and
and vertical ordering. One of the most strikingsynthetic chemistry. As a result there is an extens-
examples of such a reaction sequence has been inive literature on their reaction mechanisms and
the growth of epitaxial layers of semiconductingpathways. More recently, however, there has been
materials as well as in the closely related problem
of designed semiconducting interfaces. The interest* Corresponding author. Fax: +1 212 8541909.
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taxy (ALE), is motivated by the need for control ple, the molecular precursor H2S does not chemi-
sorb on a well-prepared, Zn-rich ZnSe(100)-of layer thickness and uniformity [1–5].

Ideally, ALE achieves monolayer-scale growth c(2×2) surface at room temperature, while it
reacts strongly with the Ga-rich surface ofcontrol through alternation of a set of reactive

molecular precursors, with each reaction step GaAs(100) [10,11]. On the other hand, our ALE
process is initiated by facile chemisorption ofexhibiting saturation of the chemisorbed mono-

layer due to one or more surface phenomena, e.g. DMCd on this same ZnSe(100)-c(2×2) surface.
Our TPD results, which are described here, showlayer-dependent reaction activation, site blocking,

etc. For example, the presence of stable surface that DMCd dissociates on ZnSe(100)-c(2×2) sub-
strate and forms a methyl-terminated surface. Thisligands from the molecular precursor after each

growth step will limit further reaction of the pre- finding appears to be different than that of Vohs
and Sides [2,12] who reported that DEZn andcursor [4–6 ]. Note also that surface ligands can

help stabilize a full monolayer of the deposited DMCd adsorb reversibly and apparently intact on
II–VI semiconductor surface, i.e. as grownelement [1,7]. Unlike many applications of organo-

metallic chemistry, ALE requires that the products ZnSe(100) and the CdTe(100)-c(2×2) surfaces
respectively.be inserted into specific, ordered reaction sites.

Typically such ordering is achieved thermodynami- In our model II–VI system, the self-limiting
reaction in each step of the reaction sequencecally with the aid of thermally activated surface

migration, although it should also be possible to results in layer-by-layer growth. This process was
first studied using in situ AES, XPS, and LEIShave the chemisorption step directly deposit an

atom in its desired lattice position as a result of probes of the growth surface after each step in the
sequence [8,9]. The growth was initiated onvery site-selective reactions on an initially ordered

growth surface. The intent of this and other recent ZnSe(100)-c(2×2) which is the stable surface
structure for several II–VI (100) surfaces whenrelated work is to investigate the use of self-limiting

organometallic surface reactions to achieve terminated by the group II metal [13,14]. LEED
measurements of the grown surface have beenordered growth through the latter mechanism. In

this latter form of atomic layer epitaxy, i.e. that reported in previous papers [8,9]. The results
showed that, while the surface order decreasedresulting from a surface-chemical-reaction-driven

process, ordered growth is achieved by a sequence somewhat in the initial growth stages, a highly
ordered thin film was observed after deposition ofof two surface reactions involving insertion of a

lattice constituent in place of a thermally stable more than 6–7 bilayers of CdS. In addition, more
recently, an investigation using near edge X-raysurface ligand. A complete understanding of such

a process must thus address the detailed chemistry adsorption fine structure (NEXAFS) spectroscopy
[15] showed that, at room temperature, the growthcontrolling adsorption or reaction of precursors

on both substrate and grown surfaces, and their surfaces were alternatively passivated by methyl
or sulfur-hydride ligands, thus preventing furtheradsorbed intermediates.

For example, previous studies in our laboratory uptake of Cd or S, respectively. These results are
in accord with the sketch of the binary surface[8,9] have shown that atomic layer epitaxy of CdS

on ZnSe(100), a model system for II–VI heteroepi- reaction sequence as shown in Fig. 1.
In this paper, we study the surface reactiontaxy, can be achieved at room temperature using

a binary reaction sequence, which consists in mechanisms during both the initial and subsequent
growth stages using temperature-programmedalternately dosing two molecular precursors,

dimethylcadmium (DMCd) and hydrogen sulfide desorption (TPD). First, thermal desorption
studies are made to determine the surface species,(H2S), onto a ZnSe(100) substrate. Our studies

of organometallic and hydride reactions on semi- including both ligands and crystal constituents,
after a saturated monolayer is formed by reactionconductor surfaces have shown that these molecu-

lar species exhibit considerable surface selectivity with either DMCd or H2S. The desorption process
generally, but not exclusively, results in ligand-which is important in the ALE process. For exam-
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Fig. 1. Schematic representation of the ordered bilayer growth examined in this work. Layer by layer growth is achieved by the
repetition of two chemisorption reactions. Note that a different reaction for the initial step on the ZnSe(100)-c(2×2) substrate.

aided abstraction of Group II or VI atoms from Auger electron spectroscopy (AES), a low energy
electron diffraction (LEED) system, and an ionthe crystal surface layer. Second, a more detailed

study is then made of the chemisorption reactions gun for low energy ion scattering (LEIS) and
sputter cleaning the sample. The chamber had afor the first bilayer. In this case, the dependence

of the concentration of surface products on DMCd base pressure of 5.0×10−11 mbar, which was
achieved by a 550 l s−1 turbomolecular pump andexposure is made for surfaces with both half and

integral numbers of bilayers. These experiments a titanium sublimation pump.
The preparation of the ZnSe(100) substrate hasenable an investigation to be made of the impor-

tance of metal migration in the top few layers previously been described in detail [8,9]. Briefly, a
chemically polished ZnSe substrate (II–VI, Inc.)during the growth process as well as the trade-off

between metal abstraction and deposition during with dimensions 1×1×0.1 cm was indium bonded
onto a molybdenum foil. The temperature of thegrowth.
resistively heated or liquid-nitrogen-cooled sub-
strate was measured with a K-type chromel–alumel
thermocouple spot welded to the back of the2. Experimental
molybdenum foil. The surface was sputtered at
room temperature with 1000 eV Ar+ followed byThe experiments were carried out in an ultra-

high vacuum (UHV ) chamber equipped with a annealing at 425°C for 15 min and 435°C for
3 min. The preparation of a clean, ordereddifferentially pumped quadrupole mass spectrome-

ter for TPD, a hemispherical energy analyzer for ZnSe(100)-c(2×2) surface [13,14] was verified
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with AES and LEED. The precursors, DMCd [16 ]. In our case, no distinction in the cracking
patterns for methyl radicals and methane was(Strem Chemical, 99.999%) and H2S (Matheson,

99.5%) were purified by repetitive freeze–pump– observed, probably because of the presence of
residual H2 and other hydrides in the chamber.thaw cycles and introduced to the growth surface

via two separate dosing tubes located close to the The existence of an H2 background was determined
by residual gas analysis (RGA) in our chambersurface. The flux of each of the precursors on the

sample was controlled by a leak valve and moni- and may be attributed to the presence of H2S,
which was introduced as a reactant.tored by measuring the pressure rise in the dosing

chamber. In this paper, exposure data are given in
terms of a relative exposure scale. This relative
exposure was obtained by multiplying the overall 3. Results
chamber pressure (constant during dosing) by the
dosing time. An approximate calibration of the 3.1. TPD spectra from adsorbed or grown surfaces
actual exposure level of the sample surface was
obtained by first static backfilling of the chamber This section discusses the surface adsorbates

formed, after saturated exposure to one of the twoand then cross checking the amount of adsorbed
species, using TPD, with that obtained with the molecular precursors, DMCd and H2S. As men-

tioned in the introduction, experiments with Augerdosing apparatus. This experiment showed that
the actual exposure obtained using the dosing and NEXAFS spectroscopies, reported in Refs.

[8,15], had earlier shown that, after each half-cycleapparatus is approximately 3×103 times higher
than that calculated based on the overall chamber of exposure to one of these precursors, the surface

composition changed in cyclic manner from thepressure.
The mass spectrometer was enclosed in a water- cation to the anion species, and that after each

full cycle a chemisorbed bilayer, i.e. a single layercooled shroud with a 3 mm diameter aperture
located in front of the ionizer. The sample was of CdS, was formed. This same work also sug-

gested that the surface ligands were methyl groupspositioned within 1 mm of this aperture during
TPD experiments to allow species desorbing from for the cation termination and hydrogen for the

anion termination.the surface to be preferentially admitted to the
mass spectrometer. This procedure was found to
minimize or eliminate desorption signals from 3.1.1. Methyl-terminated surfaces

The first series of experiments examined a sur-other parts of the substrate holder. A heating rate
of 4 K s−1 was used in all of the TPD measure- face prepared as a result of saturated chemisorp-

tion of DMCd on bare ZnSe(100)-c(2×2) to formments. Computer multiplexing allowed the temper-
ature to be sampled and the heating rate to be 0.5 bilayer, or on a sulfur-hydride-terminated sur-

face to form 1.5, 3.5, etc., bilayers. The mostcontrolled. As many as twelve separate mass-to-
charge ratios could be monitored simultaneously. important TPD spectra for the adsorbates and

growth products on the DMCd-dosed surfaces areDesorption products were assigned by comparison
with mass spectrometer cracking patterns obtained summarized in Figs. 2 and 3, which display the

fragments observed at mass-to-charge ratiosboth from the literature and from measurements
taken in our laboratory under the same conditions (m/e+) of 15, 79, 112, and 127, for specific numbers

of chemisorbed bilayers. In both figures, the TPDas those during TPD. For our mass spectrometer,
the relative CH3/CH4 signal was always observed features change with the number of bilayers of

CdS. As will be shown below, after exposure toto be ~1 in the cracking patterns of the phy-
sisorbed molecular DMCd, desorption product of DMCd the surface was left terminated with methyl

groups. In addition to the spectra shown in Figs. 2DMZn, methyl radical, and gas-phase methane.
Typically, a low, m/e+=15 to 16 intensity ratio of and 3, other hydrocarbon fragments (m/e+= 14,

16, 28, 29, 30) were monitored during the TPD1:1 is assigned to methane desorption, and an
intensity ratio of 4:1 to methyl-radical desorption experiment. No desorption peaks for m/e+=28,
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Fig. 2. TPD spectra taken from three different half-bilayer surfaces, i.e. 0.5, 1.5 and 3.5 bilayer surfaces: (a) for m/e+=79, monomethyl
zinc (MMZn), and (b) for m/e+=15, methyl (CH3). The inset in (a) plots the integrated intensity signal versus the number of bilayers.

29, 30 were observed, suggesting that neither sur- ature, ~410 K. In the spectrum from the 3.5
bilayer surface, only a weak, broad peak is seen,face dehydrogenation nor recombinative reactions

of methyl groups occurred to form desorbed ethy- which is shifted to even higher temperature,
~445 K. Although not shown in Fig. 2, peaks atlene, free ethyl radicals, or ethane. The TPD

spectra for m/e+=14 and 16 showed identical m/e+ values characteristic of zinc and dimethylzinc
(i.e. m/e+=64, 94) were also detected at the samebehavior to that for m/e+=15, thus, indicating

that all three peaks originated from the same temperatures as for MMZn from these three sur-
faces. Based on the ratio of the m/e+=64, 79 anddesorbed species.

Consider first the TPD spectra arising from the 94 peaks and the known mass spectrometer crack-
ing pattern for dimethylzinc, these peaks can bedesorption of metal and organometallic species.

TPD studies of the growth surface for the first few attributed to the desorption of this organometallic
compound. The MMZn peak was selected as repre-half-bilayers showed, surprisingly, the presence of

zinc species even after several growth cycles. For sentative of DMZn since the signal of m/e+=79
is more intense than that for the parent ion, and,example, Fig. 2a shows the TPD spectra for

m/e+=79, corresponding to the mass of mono- thus, this peak shows clearly the change in the
amount of desorbed DMZn.methylzinc (MMZn) from 0.5, 1.5 and 3.5 bilayer

surfaces. A sharp, intense feature is observed at The inset to Fig. 2a shows the integrated MMZn
desorption signal for the three different layer thick-about 370 K in the 0.5 bilayer spectrum. For the

1.5 bilayer surface, this peak broadens, with nesses shown in the figure. The data demonstrate
that, with an increase in the number of the depos-smaller amplitude, and shifts to higher temper-
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Fig. 3. TPD spectra taken from three different half-bilayer surfaces, i.e. 0.5, 1.5 and 3.5 bilayer surfaces: (a) for mass m/e+=112,
cadmium (Cd), and (b) for m/e+=127, monomethyl cadmium (MMCd).

ited layers, the amount of DMZn desorption this question by varying the maximum temperature
of the TPD ramp. These experiments were con-decays exponentially. The shift of the TPD peak

to higher temperature as the number of bilayers ducted as follows: first, the surface was dosed with
DMCd to saturation at room temperature and theincreases reflects the differing surface composition

in the top layer. The 0.5 bilayer surface is formed initial TPD was taken, with a maximum ramp
temperature of either 430 or 670 K. Note, heatingby reaction of the DMCd with the clean substrate

to fill in the metal-atom vacancies in the the sample to either of these two temperatures will
cause complete desorption of methyl groups in theZnSe(100)-c(2×2) surface and hence surface Zn

is copious, i.e. ~0.5 ML in this case. However, form of DMZn, and thereby remove the top half-
monolayer of Zn atoms. However, the higherzinc appears to be always present in the top metal

surface, to at least some extent, with the concen- temperature would enable greater Zn migration
during the temperature ramp, if this process con-tration dependent on the number of CdS bilayers.

A more extensive discussion regarding the reaction trols the surface Zn concentration. The surface
was then dosed a second time with DMCd at roommechanism for this layer will be presented in

Section 3.2.1. Because of its relevance to crystal temperature, and a comparison TPD curve was
obtained with a temperature ramped to 670 K.growth, it would be of interest to know whether

Zn diffusion to the surface layer was dominantly Comparing the magnitudes of DMZn desorption
signals from different TPD runs provides a probethe result of migration during the high temperature

TPD ramp or alternatively during the growth of the surface Zn concentration under different
conditions. For each of the two comparison TPDprocess itself. Limited experiments were done on



265M. Han et al. / Surface Science 425 (1999) 259–275

runs (i.e. one run for each of the two initial TPD shows that the temperature and shape of the peak
are the same as those for MMZn as seen in Fig. 2a.with different final temperatures), identical DMZn

desorption peaks were observed at 372 K with a Further, the ratio of the peak intensities of CH3
to MMZn agrees with the cracking pattern ofpeak intensity ~2/3 of that obtained in the initial

TPD ramp. These results suggest that Zn migration DMZn, indicating in the first layer, all surface
methyl groups migrate to surface Zn sites andto the surface is not a dominantly thermally driven

process, occurring during the TPD, but instead is desorb as DMZn at ~370 K (see the sketch in
Fig. 4a. Note that no additional hydrocarbona more complicated consequence of the growth

chemistry. desorption feature was seen with temperatures as
high as 700 K for the 0.5 bilayer sample. TheseFig. 3a and b displays the TPD spectra of Cd

and MMCd (m/e+=112, 127), respectively, mea- results in conjunction with earlier NEXAFS
experiments on this same system demonstrate thatsured on surfaces, after 0.5, 1.5, and 3.5 bilayers

have been formed. Although it is not shown in the the 0.5 bilayer surface is covered with adsorbed
methyl species.figure, m/e+=142 was also measured. Essentially

identical peak profiles and positions were observed However, a different behavior was observed in
the m/e+=15 spectra for the 1.5 and 3.5 bilayerfor Cd, MMCd, and DMCd. The relative inten-

sities of these three m/e+ peaks are in good surfaces from that of the first layer. The desorption
peak shifts to higher temperatures and broadensagreement with the DMCd cracking pattern mea-

sured with our apparatus under identical instru- with increased layer thickness. In addition, it does
not exhibit the same quantitative behavior as themental settings, indicating all three of these mass

peaks originate from DMCd. As shown in Fig. 3a, MMZn signal which decreases with the number of
bilayers. Specifically, in the spectrum of 1.5 bilayerin addition to the desorption peak below 500 K,

the intensity of m/e+=112 signal increased sharply surface, the mass 15 desorption feature is large
and broad, and is centered at 385 K. A morefor temperatures above 550 K; this feature origi-

nates from sublimation of Cd atoms from the striking result was observed for the 3.5 bilayer
surface, namely, this desorption signal is muchgrown layer. The mass signals from desorbed

DMCd are small in comparison with those of larger than that from the first layer and is centered
at 398 K. Other measurements, see Fig. 3, showedDMZn from the first layer. Their magnitudes are

comparable with that of the DMZn signal from that no significant Cd-alkyl species were produced
in this temperature range. Taken together, all thesethe 3.5 bilayer surface. Additionally, the peak

positions for desorption of DMCd change in results show that methyl groups desorb predomi-
nantly as either free methyl groups (see the sketchexactly the same manner as for DMZn on these

three surfaces. These results show that the evolu- in Fig. 4b) or as CH4 (resulting from a dehydroge-
nation reaction with a neighboring CH3 group)tion of DMCd is not a dominant desorption

pathway on methyl-metal-terminated surfaces even when the surface has a low concentration of Zn,
i.e. 1.5, 3.5 bilayer surfaces. As indicated abovewhen surface is covered by a full monolayer of

Cd, terminated with methyl groups, i.e. 1.5 and the exception is that trace amounts of surface Zn,
resulting from diffusion, cause some surface methyl3.5 bilayers. Under these conditions, the surface

methyl groups preferentially combine with Zn and to desorb as DMZn. However, the amount of
DMZn evolution decreases rapidly with thedesorb as DMZn, if Zn atoms are present. In the

absence of significant Zn concentration, as on the number of deposited layers. The question as to
whether the m/e+=15 signal originates from3.5 bilayer surface, most of the methyl groups

desorb directly (see discussed below), which implies desorbed CH3 or CH4 is addressed in Section 4
below.that Cd bonds more strongly to the subsurface S

atoms than to any capping CH3 group, thus pre-
venting desorption of DMCd. 3.1.2. H-terminated surfaces

After chemisorption of DMCd, the surface isReturning to the m/e+=15 (methyl ) features
given in Fig. 2b, the spectrum from the first layer left covered with Cd/Zn, terminated by methyl
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Fig. 4. Schematic depiction of the surface chemistry for methyl-terminated surfaces. Two major TPD pathways are seen: (a) a methyl-
exchange reaction following DMCd dosing of a bare ZnSe(100)-(2×2) surface and (b) direct methyl desorption following DMCd
dosing of a S–H terminated surface.

ligands. The methyl-terminated surface was then
dosed with H2S to chemisorb sulfur by displace-
ment of methyl ligands. This chemisorption step,
shown schematically in Fig. 1, had earlier been
verified by NEXAFS measurements. The measure-
ments also suggested that a sulfur-hydride-termi-
nated surface is then formed.

After saturating H2S exposure, thermal desorp-
tion spectra were used to probe several possible
products, including Zn, MMZn, DMZn, Cd,
MMCd, and DMCd. These species were not
detected and, in fact, the only detectable desorp-
tion signals were at m/e+ values corresponding to
CH3 and H2S. A comparison of the TPD spectra
of CH3 and H2S, i.e. m/e+=15 and 34, respec-
tively, for the 1.0, 2.0 and 4.0 bilayer surfaces is
shown in Fig. 5.

The top three spectra in Fig. 5 show the TPD
signals for m/e+=15, methyl radicals. The peak
desorption temperatures for these three surfaces
were located between ~330 and 430 K, which is
the same temperature range for methyl desorption
from the 1.5 and 3.5 bilayer surfaces (see Fig. 2b).
The methyl coverage for each of the three bilayer
samples in Fig. 5 can be estimated by first assuming Fig. 5. TPD spectra for CH3 (top) and H2S (bottom) taken
that the area of m/e+=15 desorption peak from from three different full-bilayer surfaces, i.e. 1.0, 2.0 and 4.0

bilayer surfaces.the 3.5 bilayer, methyl-terminated surface, Fig. 2b,



267M. Han et al. / Surface Science 425 (1999) 259–275

can be taken as the value for the desorbed signal spectrometer. The desorption temperature of this
feature was peaked at 480 K, irrespective of thefrom one monolayer of methyl groups. Then meas-

urement of the integrated m/e+=15 signal from number of bilayers. This desorbed H2S is attrib-
uted to recombinative desorption of surface HSthe 1.0, 2.0 and 4.0 bilayer surfaces and normaliza-

tion of these signals with that from the 3.5 bilayer species, a process which removes the surface
hydrogen and leaves about 0.5 monolayer of sulfursample, give a methyl coverage of about 4%, 5%

and 10% of a monolayer, respectively, for the three bonded to the surface metal layer (see the sketches
in Fig. 6). This interpretation is supported by thesurfaces in Fig. 5. Finally, additional experiments

showed that these CH3 signals were independent fact that NEXAFS experiments show that, after
H2S exposure, surfaces containing integral num-of the total H2S exposure, but generally correlated

with the DMCd exposure used in preparing the bers of bilayers are found to have both a strong
sulfur L-edge feature corresponding to CdS and abilayer. As a result, we attribute these features to

the exposure of trace amount of DMCd gas which feature attributed to SH. In addition, after heating
this surface to more than 480 K, the SH featureremains in the chamber from the previous exposure

and which would react readily with the hydrogen- was extinguished leaving only the features corre-
sponding to CdS [15]. In comparison, other TPDterminated sulfur surface. The slight increase in

the methyl desorption signal with the number of studies of H2S-dosed GaAs(100) [11] and trans-
ition metal (100) [17–19] surfaces have beenbilayers thus simply reflects the fact that, with the

larger number of dosing cycles, the cumulative reported in which chemisorbed H2S dissociates
into HS and H species. For GaAs(100), these SHwall exposure to DMCd increases.

The bottom spectra in Fig. 5 show desorption and H species undergo recombinative desorption
at 320 K; in addition, a process leading to dissoci-of m/e+=34, i.e. H2S. The measured desorption

spectra for the lower mass ions, i.e. HS and S, ation of the remaining SH groups at 550 K, to
produce adsorbed S and desorbed H, provides awere identical in shape and position to those for

the parent ion as shown in Fig. 5, indicating that second desorption channel. However, on heated
Ni(100), Mo(100), and Rh(100), only the dissoci-they originated from cracking of H2S in the mass

Fig. 6. Schematic depiction of surface chemistry for hydrogen-terminated surfaces. In all cases, only a recombinative desorption
pathway is obtained. Panel (a) shows H2S dosing of a methyl-terminated surface, formed by exposure of a bare ZnSe(100)-c(2×2)
surface to DMCd and panel (b) shows H2S dosing of a surface fully terminated with Cd–CH3.
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ation of HS species occurs, leaving stable sulfur- different doses of DMCd; the surface was either
at liquid-nitrogen temperature (~100 K) or roomcovered surfaces. This behavior is in accord with

the fact that the transition metal–sulfur bond is temperature (~300 K). In each case, the TPD
spectra showed the identical desorption peaks ofmuch stronger than Ga–S, Zn–S and Cd–S bonds;

most probably the transition metal chemistry DMZn at 372 K1. The equal intensity of the
desorbed DMZn signals obtained from the sub-involves empty d orbitals. In our case, as we will

discuss later, on a fully HS-covered surface, recom- strate dosed at either ~100 or 300 K implies that
relatively strong DMCd chemisorption of a certainbinative desorption of H2S is the only TPD

channel. form must occur prior to the desorption of the
physisorbed precursor, indicating this energy bar-Finally, note that the peak in the spectrum

obtained from the 1.0 bilayer surface is asymmet- rier for this chemisorption is very low2.
The DMCd dose dependence of the detectedric, suggesting heterogeneous SH bonding sites.

This interpretation will be discussed in more detail methyl radical and MMZn signals is shown in
Fig. 7a for a sample dosed at 300 K. The peakin Section 3.2.2. Relatively symmetric peaks are

seen, however, in the TPD spectra taken from the desorption temperature of both species was 370 K
for the entire range of DMCd exposure shown in2.0 and 4.0 bilayer surfaces, indicating that the

bonding sites for HS species for these surfaces are the figure. Since direct calibration of coverage was
not possible, the relative intensities of desorptionhomogeneous and that the reaction is predomi-

nantly of second order. The slight decrease in the signals were used to measure the coverage of
surface species as a function of DMCd exposure.peak area for H2S (m/e+=34) of the 4.0 bilayer

surface is accompanied by a small increase in the Curves (1) and (2) display the peak heights of the
TPD signals of the methyl radical and MMZn,peak area for CH3 (m/e+=15) on the same surface,

suggesting that some S–H sites have reacted with respectively. Both curves show identical trends and
both saturate at approximately the same value oftrace amounts of DMCd in the chamber.
DMCd exposure. However, as shown in Fig. 7b,
the AES curve (2) for the surface Cd signal, also3.2. TPD measurements of the dose dependence of

surface reactions in the first bilayer prepared at room temperature, does not exhibit
the same behavior as curve (1) for the TPD signal
of methyl radicals; in fact, the surface Cd concen-It is of importance to understand the formation

of the first bilayer for two reasons. First, the tration saturates at a higher value of DMCd
exposure.structure and composition of this layer determine

the interfacial properties of this CdS–ZnSe hetero- Specifically, as mentioned earlier, the desorbed
DMZn signal provides a probe of the concen-system. Second, the properties of this layer also

influence all subsequent chemisorption reactions. tration of surface methyl groups for the first layer.
Thus the curves in Fig. 7b show that the amountNote also that, unlike all subsequent bilayers,

growth of the first layer involves a half-metallized of surface Cd is still increasing even after the
concentration of surface methyl groups hassubstrate. In order to understand the detailed

mechanism of the surface reaction in the first
bilayer, a series of measurements were made of

1 Note that for the substrate at about 100 K, there was alsothe surface concentration of CH3 following expo-
a desorption peak corresponding to physisorbed DMCd at

sure of ZnSe(100)-c(2×2) to DMCd. The TPD 160 K.
study also included measurements of the DMCd- 2 NEXAFS data demonstrated that, at 300 K and above,

DMCd dissociatively chemisorbs on ZnSe(100)-c(2×2) sur-dose dependence of the first bilayer reaction with
face. However, rigorously speaking, there are not enough dataa constant saturating dose of H2S.
to give the low-temperature limit for the dissociation of DMCd
on this surface, i.e. at what temperature methyl groups transfer

3.2.1. DMCd on ZnSe(100)-c(2×2) to surface Zn atoms. Thus, we cannot rule out the possibility
The TPD spectra in this section were obtained of the existence of a molecular chemisorption of one monolayer

DMCd at temperatures below 300 K.following exposure of the c(2×2) surface to



269M. Han et al. / Surface Science 425 (1999) 259–275

Fig. 8. Panel (a) shows a series of TPD curves of MMZn
(m/e+=79) obtained subsequent to exposing the ZnSe (100)-
c(2×2) surface to (i) 0.0005, (ii) 0.001, (iii) 0.004, (iv) 0.02,
(v) 0.2 and (vi) 10 relative exposure units (see text) of DMCd.
Panel (b) shows H2S (m/e+=34) TPD curves obtained after
first dosing the bare ZnSe surface with (i) 0.0005, (ii) 0.001,
(iii) 0.002, (iv) 0.01, (v) 1 and (vi) 10 relative exposure units of
DMCd followed by dosing with 100 relative exposure units ofFig. 7. TPD and Cd AES peak intensities versus the initial
H2S.DMCd dosage on a ZnSe(100)-c(2×2) surface. (a) CH3

(m/e+=15) and MMZn (m/e+=79) signals are shown as a
function of DMCd dosage. (b) Surface Cd AES peak intensity

despite the fact that the Cd ‘uptake’ curve contin-is plotted together with the CH3 (m/e+=15) desorption signal.
(c) Each point on curve (2) for H2S desorption was obtained ues to increase, curve (2) in Fig. 7a for MMZn,
by dosing the surface to 100 relative exposure units of H2S, which probes the desorption of DMZn, does not
following an initial, variable exposure to DMCd. Note that, as decrease even at high surface Cd coverage.explained in the Section 2, the values of exposure shown here

Apparently, the substrate ZnSe, through diffusionare relative; the actual exposure is about 3×103 times the rela-
from the bulk and into or through the surface Cdtive values.

layer, provides an ample source of Zn to form
DMZn and the formation of DMZn is limited
only by the concentration of surface methylreached a constant saturated value. This behavior

suggests the interplay of two reactions on the groups.
Fig. 8a shows the TPD spectra obtained fromsurface, namely a methyl-exchange reaction of

DMCd with ZnSe(100), at low coverage, and a the ZnSe surface after different DMCd exposures.
As shown in the figure, the MMZn (m/e+=79)preferential replacement of Zn with Cd at high

coverage. A detailed discussion of this interpreta- feature has a single asymmetric peak with a rela-
tively narrow full width at half-maximumtion is provided in Section 4.2.

Notice that, as shown in curve (2) in Fig. 7b, (~15 K ). A careful analysis shows that the peak
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desorption temperature is almost independent of the surfaces of III–V crystals have shown that,
after desorption of capping ligands, the surfacecoverage, indicating a first-order reaction. First-

order desorption would occur if two methyl groups structure became unstable, thus forming surface-
supported metal droplets as the temperatureare localized adjacent to a surface Zn before the

desorption temperature is reached. This result sug- increased [1,22]. However, in our study, we have
found no evidence for the formation of Cd drop-gests that surface methyl groups are energetically

favored to exist as pairs even below saturation lets. In particular, no significant decrease of Cd
AES intensity was observed after the samplecoverage. The narrow width of the desorption

peaks is strong evidence that all the binding sites was heated to 620 K. In addition, in the TPD
measurements, an elemental Cd signal did notof the surface species are equivalent. Using

Redhead’s equation for first-order desorption [20] appear until above 550 K; thus the activation
energy for desorption of atomic Cd is much higherand a pre-exponential factor of 1013 s−1 gives an

average activation energy of 22.8 kcal mol−1 for than the heat of vaporization of metallic cadmium
(26.7 kcal mol−1) [23]. It is reasonable thereforethis desorption peak. A slight increase of peak

temperature with increasing coverage, such as seen to consider that covalent bonded Cd remains on
the surface and desorbs at high temperature byhere, suggests a weakly attractive adsorbate

interaction. breaking Cd–Se or Cd–S bonds. Our temperature
ramp did not reach the temperature of the CdAlthough a complete understanding of this sur-

face phenomenon requires a comprehensive inves- desorption peak and, thus, did not allow us to
derive the desorption activation energy. How-tigation using different surface probes, e.g. STM,

surface vibration spectroscopy, etc., based on cur- ever, our observations of high-temperature atomic
Cd desorption do not preclude the existencerent results, we can propose two possible schemes

for the localization of methyl groups. In the first, of strong Cd–Se (46.8 kcal mol−1) and Cd–S
(48 kcal mol−1) bonds [23]. Finally, note thatadsorbed DMZn would already exist prior to its

desorption, i.e. each Zn atom has two methyl Sides et al. also found the appearance of desorbed
Cd at temperatures above 550 K corresponding tobonded to it and remains molecularly adsorbed on

the surface. However, since desorption of multi- the sublimation of Cd atoms from the substrate
CdTe(100) [12].layer DMZn occurs at 160 K, it is difficult to

explain how DMZn molecules can bond to the
surface in a molecular form up to the known 3.2.2. H

2
S reactions with DMCd-exposed ZnSe(100)

To further understand the surface chemistrydesorption temperature (~370 K ). In the second
scheme, Zn and Cd atoms remain on the surface which occurs at the interface, TPD experiments

were also performed on a surface formed with ain the form of monomethyl species. If, however,
methyl groups have a tendency to pair up on top variable exposure to DMCd followed by a satu-

rated dose of H2S. The experiments measured theof the nearest neighboring Zn and Cd atoms, even
at low coverage, this would require an attractive dependence of the H2S desorption signal on the

value of the initial DMCd exposure. The peakinteraction associated with this configuration. Such
a phenomenon has been seen, for example, in the intensity of the desorption signal for m/e+=34

versus the initial DMCd dosage is shown in Fig. 7c.desorption of H2 from the Si(100)-2×1 mono-
hydride state [21]; in this case hydrogen pairing at The measurements show that the desorbed H2S

tracks the surface methyl concentration in the firstthe Si dimers results in a first-order like desorption.
Additionally, experiments were made to detect layer, see curve (1) in the same figure. The relative

methyl concentration was obtained as described inCd-related species (m/e+=112, 127 and 142) at
different DMCd exposures using TPD. No signifi- the previous section. As discussed above, surface

Cd and Zn concentrations vary as a function ofcant features were seen in these spectra except for
a rising signal at ~550 K for Cd m/e+=112. This the initial DMCd dose. The fact that the surface-

sulfur coverage correlates only with the surfacehigh-temperature Cd signal became sharper with
increasing DMCd exposure. Prior observations on concentration of CH3 but not of Cd or Zn is
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consistent with H2S reacting only with surface of surface HS should occur at slightly lower tem-
perature. The observation of a broad and slightlymethyl groups on either Cd or Zn to form an
asymmetric peak for the H2S signal, which suggestsHS-terminated surface.
heterogeneous bonding sites for surface-HSAdditionally, the signals from methyl radicals
species, supports the above discussion. In addition,(m/e+=15) were also measured after saturated
this asymmetry was not observed for the H2SH2S dosing for different values of initial DMCd
desorption peaks from 2.0, 4.0 bilayer surfaceexposure. The results showed that, except for much
(Fig. 5) where SH groups bond homogeneously togreater exposures of DMCd than the saturating
Cd atoms.dose, there was no significant CH3 signal after

dosing H2S. This result suggests that dosing with
H2S removes all surface methyl groups. Recall that

4. Discussionthe appearance of a trace concentration of methyl
groups, following a high DMCd exposure, pre-

4.1. Desorption of surface methyl groupsviously seen in Fig. 5, is attributed to the residual
DMCd on the chamber walls which, after slowly

The results given above suggest that the domi-desorbing, reacted with the HS species on the
nant desorption species is DMZn from the 0.5surface.
bilayer surface but free methyl radicals or methaneFinally, Fig. 8b shows TPD measurements of
from the 1.5 bilayer (or a higher half-bilayer)desorbed H2S using the same dosing procedure as
methyl-terminated surface. Unfortunately, as men-discussed in the previous two paragraphs. One
tioned in Section 2, it is not possible to use theclear qualitative feature of these curves is the
cracking pattern of our mass spectrometer to dis-decrease in peak temperature (500 K�483 K) with
tinguish whether the desorbing species in the latterincreasing initial DMCd dose. This peak-temper-
case is a methyl radical or methane; thus thermo-ature decrease most probably results from a combi-
dynamic arguments plus other experimental obser-

nation of two possible effects. First, since desorbed
vations must be used to address this question.

H2S results from recombination of two surface HS Chemically, the reaction and desorption channels
species, the process is second order in surface of these surface-methyl groups depend on the
coverage and, thus, the desorption peak shifts to nature of the bonds between the methyl group and
lower temperature as terminal methyl groups and, the surface as well as the relative strength of the
hence, after reaction, the surface-HS concen- C–H bond (for reference, the C–H bond energy
trations increase. Alternatively, the shift in desorp- in CH4 is about 104 kcal mol−1 [24]) within a
tion temperature may also originate from the surface methyl group. In general, there are limited
differences in bond energies between S–Cd and S– dehydrogenation channels for surface methyl
Zn. In particular, as shown in step 2 of Fig. 1, a groups. Prior work has shown that methyl groups
surface-HS species can bond to either Zn or Cd. on semiconductor surfaces may lose hydrogen
As mentioned below the Zn–S bond is stronger through direct hydrogen desorption or abstraction
than the Cd–S bond. At low DMCd exposures, of hydrogen by a neighboring surface methyl group
the concentration of surface Zn-methyl species is resulting in methane desorption. In an example of
relatively high; this leads to the presence of a the first desorption channel, Rueter and Vohs [25]
higher Zn–SH to Cd–SH ratio after H2S dosing reported hydrogen desorption from methyl groups
than that at higher DMCd exposure. Thus, in this on Si (100) at about 850 K. In an example of the
case, the recombination of surface HS, which second channel, Rueter and Vohs in a separate
involves breaking of two metal–S back bonds, study [16 ] described methyl desorption from
would then occur at higher temperatures for higher GaAs(100) in the form of methane after hydrogen
surface-zinc concentrations. However, at higher abstraction from an adjacent surface methyl at
DMCd exposures and, hence, higher Cd–SH con- about 575 K. In addition, the authors also

observed methyl radical desorption from the samecentration than that of Zn–SH, the recombination
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surface about 625 K. These observations of methyl Cd(CH3)2(g)+Zn(CH3)(ads)
dehydrogenation/dissociation at relatively high

�Cd(CH3)(ads)+Zn(CH3)2(, (3)
temperatures are in line with the strong C–H
bonds of surface methyl groups on many semi- Cd(CH3)(ads)+Zn(CH3)(ads)conductor surfaces.

�Cd(ads)+Zn(CH3)2(ads), (4)In contrast to these results on GaAs and Si
surfaces, our work shows that surface methyl Zn(CH3)2(ads)�Zn(CH3)2(. (5)
groups desorb from a Cd–CH3-terminated II–VI
surface before the characteristic temperature of These reactions show that at low DMCd expo-

sure, surface methylation occurs by methyldehydrogenation. This observation is consistent
with the fact that CH3 has a weaker bond to Cd exchange to Zn sites, i.e. reactions (1) and (2)

dominate. The evolution of DMZn during the(43.5 kcal mol−1 in DMCd) [26 ] than to Ga
(59.5 kcal mol−1 in TMGa) [27] and much weaker subsequent temperature ramp, i.e. reaction (4)

with reaction (5), from such a surface is mostlywhen compared with CH3–Si (~90 kcal mol−1)
[24]. Since in our case the growth surface is through a Langmuir–Hinshelwood mechanism, i.e.

abstraction of a surface methyl by an MMZn fromexposed to DMCd at a low, i.e. room temperature,
it is unlikely that the dehydrogenation of the a neighboring MMCd adsorbate. However, at high

DMCd exposure, the concentration of surfacesurface methyl groups will occur during the
growth. On the other hand, during our TPD methyl groups has already saturated and the

replacement of Zn with Cd and subsequent desorp-experiments higher surface temperatures are used
and all detectable hydrocarbon species desorb at tion of DMZn, reaction (3), is the reaction path-

way for DMCd. In this case, it is likely that DMCdtemperatures less than 450 K. Based on literature
values on other semiconductor surfaces, this tem- reacts with an MMZn adsorbate and loses a CH3

group to form DMZn; DMZn then desorbs andperature is still relatively low for hydrogen abstrac-
tion from neighboring methyl groups. Combining MMCd coordinates with the empty MMZn site.

The Cd uptake curve (2) in Fig. 7b shows thatthe TPD measurement and our earlier NEXAFS
study, which showed there is no unsaturated this process reaches an asymptotic limit only at

very high coverage, indicating the reaction pre-carbon species on the surface after a DMCd expo-
sure, we conclude that the growth surface is termi- cedes slowly, even at room temperature.

The observations in this paper show clearly thenated with methyl groups after dosing with DMCd
and the surface methyl desorbs primarily either in importance of methyl-exchange chemistry for

desorption. Similar observations have been madethe form of DMZn or methyl radical rather than
methane (see Fig. 4). No surface dehydrogenation by McCaulley and Donnelly for the adsorption of

TMIn on GaAs(100) [28], which yielded desorbedoccurs during the low-temperature growth.
TMGa after heating; and by Lasky, et al. for
chemisorbed DMCd on GaAs (110) [29], which

4.2. Surface methyl-exchange chemistry resulted in desorption of volatile TMGa. These
observations suggest that the relative bond

Earlier we presented data showing that the strengths of the lattice and adsorbate determine
surface methylation reaction changes in going from the reaction pathways, on both III–V and II–IV
low to high DMCd exposure. In this section we semiconductors. For the isolated molecule, break-
discuss this change in more detail. The equations ing of the first CH3–metal bond requires 43.5 and
for the surface reactions may be written as: 47.2 kcal mol−1 for DMCd and DMZn, respec-

tively, while the total energy required to remove
Cd(CH3)2(g)�Cd(CH3)2(ads) , (1) all methyl groups is 65.6 and 82.9 kcal mol−1,

respectively [26 ]. Thus, since, the bond energies of
Cd(CH3)2(ads)+Zn(suf) bi-atomic ZnSe and CdSe are 32.6 and

46.8 kcal mol−1 [23], methyl exchange from Cd�Cd(CH3)(ads)+Zn(CH3)(ads), (2)
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to Zn should be exothermic by about above, showed that (only) H2S desorbed, i.e.
recombinatively, from a H2S-exposed methyl-ter-17.9 kcal mol−1; hence DMZn desorption is the

preferred demethylation route for a surface con- minated surface, thus indicating that the reacted
surface contained terminal hydrogen, prior to TPDtaining Zn and Cd atoms.
measurements. These experimental results suggest
that reaction (6) is not the dominant reaction4.3. Mechanisms for reactions of H

2
S with a

CH
3
-terminated surface channel.

Reactions (7) and (8) would both yield a 1:1
ratio of surface methyl to reacted molecular H2SUnlike the case of GaAs(100) [10], our AES

and TPD data show that a bare metal-terminated and leave hydrogen-containing surfaces after reac-
tions. However, the desorption of surface methylsurface of a II–VI semiconductor does not react

with H2S. Instead, the formation of a sulfur- through formation of methane, i.e. reaction (8), is
more energetically favorable than reaction (7).containing layer during growth is through methyl-

aided chemisorption of H2S, i.e. either through Specifically, both reactions (7) and (8) require
that a surface Cd–CH3 bond and a H–S bondstrong molecular adsorption of H2S or reaction

of H2S with surface methyl groups. We can elimi- from H2S have to be broken. However, the energy
gained in reaction (7) by forming a Cd–H bondnate the possibility of molecular adsorption based

on the fact that, in this case, methyl groups would (~16 kcal mol−1) [23] and a CH3SH bond
(~74 kcal mol−1) [24] is less than that in reactionremain on the surface, while, in fact, no detect-

able carbon was observed in either our AES or (8), which forms Cd–SH (~48 kcal mol−1) [23]
and CH3–H (104 kcal mol−1) [24] bonds, and,NEXAFS measurements after H2S adsorption on

a methyl-terminated surface [8,15]. In addition, thus on the basis of reaction energies and the
known presence of SH, reaction (8) is the mostthese same NEXAFS measurements also detected

the dissociation of H2S after the chemisorption reasonable reaction channel. These arguments are
supported by our experimental measurements. Instep. As a result, we only need to consider reactive

chemisorption. particular, if CH3SH remained on the surface after
reaction (7), AES, NEXAFS and TPD measure-There are several possible reaction pathways

for H2S to react at room temperature with the ments would have detected carbon-related species,
which is contrary to what has been observed inmethyl-terminated, group-II metal surface, includ-

ing: our measurements. Recall also that our experimen-
tal results using NEXAFS and TPD both showed

2(Cd–CH3)(ads)+H2S(g)�Cd–S–Cd(ads)+2CH4(,
that a sulfur-hydride-terminated surface is formed
after H2S chemisorption. Thus, reaction pathway(6)
(7) also can be ruled out.

Cd–CH3(ads)+H2S(g) Finally it is of interest to speculate on the
transition states for the reaction of H2S with the�Cd–H(ads)+CH3SH( or CH3SH(ads) , (7)
terminal methyl group. The transition state for

Cd–CH3(ads)+H2S(g)�Cd–SH(ads)+CH4(. (8)
forming the HS-terminated surface in reaction (8)
may proceed by (a) abstraction of a surface methylFor reaction (6), only one half of a monolayer of

sulfur could be chemisorbed, and the relative stoi- by one hydrogen from H2S, to yield desorbed
CH4 and HS bonds to surface Cd; or by (b) directchiometry for Cd to S of a thick film should be

2:1 for Cd to S. However, our earlier AES data attack of Cd by the sulfur end of H2S, and
coordination with H and CH3, leading to theon an epitaxial 15 bilayer sample [8] showed a Cd

to S ratio of 1:1, as calibrated by the Auger breaking of one Cd–CH3 bond and one H–S bond,
again yielding desorbed CH4, forming a Cd–SHintensity ratio measured on a bulk CdS crystal.

Thus, the ratio of adsorbed precursor H2S to bond. For (a) the barrier to the first step would
appear to be too high because the formation ofsurface Cd–CH3 sites must be 1:1 for repetitive

growth. In addition, our TPD data, presented methane requires breaking of two strong bonds,
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i.e. Cd–CH3 (43.5 kcal mol−1) [26 ] and HS–H From the wider perspective of ordered organo-
metallic growth, our study offers several important(~90 kcal mol−1) [24], before the final sulfur-

hydride-terminated surface is obtained. On the insights. First, at the most fundamental surface
chemical level, the chemical approach to orderedother hand, for (b) it might be expected that the

coordinate interactions could lower the reaction reactions described in the introduction appears to
‘work’. Thus the reaction sequence shown schemat-barrier through bypassing any energetic intermedi-

ate states and thus facilitate this slightly exothermic ically in Fig. 1 operates by the two displacement
reactions for all except the first adsorbed layer.reaction of about 5 kcal mol−1. Thus, from the

kinetic point of view, (b) is more likely the reaction The fact that such a scheme is effective means that
thin films of ordered materials can be synthesizedpathway.
at temperatures other than those usually employed
for thermally driven organometallic growth. In
addition, our study of the surface chemistry sug-5. Conclusions and implications
gests several new approaches to such chemically
controlled growth, including the use of multipleIn this paper, surface reaction studies are

described which use TPD and AES to examine a substrate temperatures and layer-dependent varia-
tion in the amount and the composition of thebinary surface reaction sequence for chemisorbing

ordered layers of CdS on ZnSe(100). Two reaction dosed precursors. In fact such an investigation is
currently under way in our laboratory. Finally,mechanisms are proposed for adsorption of DMCd

on this substrate at room temperature. One is a our studies of the chemistry in the first monolayer
show that interfacial chemical abruptness is anmethyl-exchange reaction, which is the dominant

reaction pathway before the vacancies of the important area in which chemical control is partic-
ularly demanding owing to the surface composi-c(2×2) surface are fully filled with Cd. The other

reaction is Cd replacement of surface Zn, which tional heterogeneity of many common surface
reconstructions and to the importance of inter-becomes dominant after the surface is saturated

with metal. Both of these reactions form a methyl- diffusion across the interface.
terminated surface. While DMZn is the major
desorption product from this methyl-terminated
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