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Simultaneous layer-by-layer and step-flow sublimation on the CdT€&O01) surface derived
from a diffraction analysis
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High-resolution low-energy electron diffractighflRLEED), mass spectrometry, and computer simulations
using a solid-on-solid model were combined to study the sublimation kinetics of the(@J surface. The
HRLEED spot profile measurements show that specular spot intensity oscillations during sublimation are
caused by an only small variation-(L5%) of the step density, and that the step flow contribution dominates
the sublimation process. Consequently, two different activation energies were derived from the mass desorp-
tion (1.55 eV} and the oscillation frequency of the HRLEED intengity94 e\j. These findings are confirmed
by computer simulations of the sublimation on irregularly stepped surfaces. These show a mixed sublimation
mode with vacancy nucleatiofleading to intensity oscillationsonly on the largest terraces and step flow
otherwise. On the basis of these results, we can explain discrepancies in earlier determined sublimation
energies.

[. INTRODUCTION no significant step flow contribution to the desorption flux,
and that the oscillating part of the step density, which causes
The molecular-beam epitaxyMBE) growth of high- the RHEED oscillations, is large compared to the average
quality binary and ternary compounds, such as CdTe antbtal density of steps. Only in this case the RHEED oscilla-
Hg,Cd,_4Te, is of great technological interest. For optimiz- tion frequency is actually proportional to the mass desorption
ing and modeling? of the MBE growth of these materials, a flux. However, due to a non-ideal long scale surface mor-
detailed knowledge of the kinetic surface processes is ophology, which could result from, e.g., a small miscut during
large importance. Especially, sublimation processes arthe substrate preparation and/or due to dislocation induced
rather easy to study and can provide detailed information ogrowth spirals* a nonzero step density is usually unavoid-
the kinetics of microscopic processes such as desorption @ble. As RHEED specular beam intensities are not sufficient
diffusion~8 Therefore, in the past years the experimentalto determine step densities quantitativEiy® one has to be
determination of sublimation rates has been a subject of coraware that a pure layer-by-layer sublimation mode cannot be
tinuous interest in the research on MBE-grown semiconducederived from RHEED intensity oscillations alone. Therefore
tor compound materials under both technological and basiit is essentially unclear, whether the activation energies mea-
physical aspects’ %12 sured in RHEED really correspond to the sublimation energy
In this paper, we report a detailed experimental investigaef CdTg001). Rather early performed measurements on al-
tion on the sublimation process on the C{0®&l) surface. kali halide surfacésand silicort have already demonstrated
This surface constitutes a common substrate for the MBEhat dominant polyvacancy nucleatideading to a layer-by-
growth of low-band-gap materials.For CdTe up to now layer desorptionoccurs only on large terraces and for high-
two different approaches have been chosen to study sublimaesorption fluxes, but that the desorption flux is generally
tion: The desorption flux was measured by quadrupole massominated by step flow sublimation. Thus RHEED oscilla-
spectrometry(QMS) of the desorption producfs or by tion measurements are generally not sufficient for the deter-
weight loss measuremeritsAlternatively, the evolution of mination of sublimation rates. We note that the analogous
the surface roughness during the sublimation process wasoblem for MBE growth has been extensively studied using
studied, for instance, by using reflection high-energy electrowicinal surfaces’*®
diffraction (RHEED).}"® In this context, it is interesting to note that the experimen-
The derivation of sublimation rates from RHEED oscilla- tal results for the sublimation energy of CdU81) differ
tions is usually based on the assumption that exactly onsignificantly. The frequencies of the RHEED intensity oscil-
monolayer of CdTe(i.e., one layer of Ccnd Te atom$is lations during sublimation show an Arrhenius behavi6?.
evaporated per oscillation period. This implies that there isThe activation energies determined in the temperature range
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from 300 °C to 400 °C agree well within small errors mation regime (300 °C—340 °C). The LEED intensities and
(1.89 eV-1.95 eV). They have been associated with the vaspot profiles were recorded at constant temperature, using a
cancy island formation by desorption of a Cd atom from theHRLEED instrument with a transfer width of 1800 R.
topmost layer:** QMS measurements yield an activation en-  Cd and Te partial pressures were measured with a quad-
ergy of (1.98:0.18) eV for congruent sublimation in the rupole mass spectromet@alzers QMS 42in line of sight
higher temperature range between 410°C and 488°C,to the sample surface. The desorption flux was measured
which is also in good agreement with the RHEED resultsrelative to the background, which was determined while
However, weight loss measurements on a rough @@0®  keeping the sample at 250°C. For the measurements the
sample show an activation energy of only 1.54 eV in thesample was heated to constant sublimation temperatures
300-400 °C temperature rantjeOn the background of the (330 °C—360 °C) for 5 min and then cooled down again to
assumption that sublimation occurs in a pure layer-by-layeps0 °C. In comparison to measurements with linear tempera-
mode, this difference cannot be explained. ture ramps, this procedure was found to be more accurate
In this paper, we present a combined investigation of theyecause the background pressure due to desorption from the
sublimation of CdT&01) comprising high-resolution low- sample holder could be discriminated from the desorption
energy electron diffractiotHRLEED) and quadrupole mass  signal from the sample. All experiments were done in UHV
spectrometry(QMS) as well as solid-on-solidSOS com-  conditions at a base pressure below 20~ ° mbar.
puter simulations. HRLEED offers the possibility of in-situ
spot profile measurement during the sublimation. By evalu-
ating the half widths of the profiles, the step density was
determined quantitatively as a function of tiff& Thus, we A. HRLEED measurements

were able to discriminate the relative contribution of the step During the sublimation process a HRLEED pattern with

ﬂOW. and the Iayer-by-layer sublimation process that ISpronounced integral order spots and unchanged symmetry
equivalent to a determination of the small fraction of desorb- ith respect to the structure observed at room temperature
ing atoms that create new steps. Additionally, the kinetics Otxas observed, which shows that the surface remains crystal-

sublimation oscillations as well as mass desorption werg L

. ine throughout the sublimation process. The surface was
studied by temperature dependent QMS and HRLEED mea(zx 1) reconstructed, the superstructure spots being strongly
surements omdentically preparedsamples.

elongated along thgl10] direction, due to the formation of

For a better understanding of the underlying m|croscop|casymmetric domains as described in Ref. 32.

fnrggglsesdesb thlfirfler?ii fﬂvoor:l:é'cg]aﬁziﬁcs)ug%ﬁgg;@hg:qo?gewas The time evolution of the average step density was mea-
y sured by successively recording the peak intensity as well as

basis of the solid-on-solidSOS model. For these model . ) —
surfaces LEED profiles have been calculated in the kineSPOt profiles of the specular spot ((0,0))[#10] and[110]

matic approximation, and the desorption flux was monitoregdirection during the sublimation process. An electron energy

The SOS model is ideally suited to relate the “macroscopicOf 45 eV was chosen. This causes destructive interference of
effects” observed in the experiment to the underlying “mi- electrons scattered from adjacent terraces separated by steps

croscopic processes” on atomic scale. Even though som@f 3-3 A height(antiphase condition which is known to be
analvti o e the predominant step height on Cdu@1).3*33we note
ytical descriptions for nonequilibrium processes on sur . X )
faces exist, they are limited to rather special situatfrand ~ that for this electron energy a maximal amplitude of the peak
therefore computer simulations are an important tool to stud{Ntensity oscillations during sublimation was fouttd. _
nonequilibrium situation&® SOS-models have already been Figure 1 shows the specular spot profiles recorded in
successfully applied to diverse surface processes dd.10] and[110] direction at the first maximum of the inten-
sputtering?*?° layer-by-layer and step-flow growt,or the  sity oscillation observed at 310 °Qe., after 75G in Fig.
three-dimensional growth mode in MBERecent computer 2). The spot profiles exhibit almost identical half widths in
simulations also considerédmongst other effectshe effect the two directions described above. Additional two-
of desorption during growttt®?°and sublimatiof. dimensional scanfot shown hereshow that the specular
spot is almost round, revealing a nearly isotropic terrace
length distribution. The profiles were fitted by a so-called
Il. EXPERIMENT modified Lorentzian

The samples were undoped CdU0@l) substrates with a
miscut of<0.25° (Japan Energy CorporatipnThe tempera-
tures were measured by a Cromel-Alumel thermocouple at-
tached to the sample holder and controlled within an error of
+0.5 K. Systematic temperature errors are estimated to bgnd the average terrace widthwas derived from the fits of
<5 K. The surface preparation was done by sputtering folEq. (1) to the experimental profiles. This type of spot profile
10 min with Ar* ions at an energy of 600 eV and subsequenis expected in two dimensiof2D) for a geometrical terrace
annealing at 320 °C for 10 min. This preparation routine re-width distribution, i.e., for a constant step probabififyin-
moves all surface contamination and yields atomically flatstrumental broadening was included in the fit by a numerical
terraces with average widths of several hundreds ofA.  convolution with a measured instrumental response function.
Sublimation was studied by quickly<(1 min) heating the As shown in Fig. 1 the experimental profiledoty are very
sample from lower temperaturdat which sublimation is well reproduced by the parameter fitnes), which shows
negligible (250 °C-270 °C) to a temperature in the subli- that the surface morphology can be well described by a geo-

Ill. EXPERIMENTAL RESULTS
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k(% B2) maximunof | 5. This relative change of only 15% shows that
5 0 5 the intensity oscillations are caused by small changes of an
é)d'll'e((;m)l e almost constant step density. This can be expla@ned by the
first maximum nucleation of an only small number gblyvacancieqva-
1=3.5 cancy islands or “Lochkeime)*® in the uppermost layer by
the desorption of Cd and Te atoms. Once the polyvacancies
have nucleated they grow by step flow sublimation until they
coalesce with other vacancy islands or step edges. However,
this process causes only a small minority of additional steps
on the sublimating surface.

The fact that all recorded profiles are of identical form
shows that the polyvacancy formation does only cause minor
deviations from the geometrical terrace width distribution.
Based on this finding a rough estimate of the increase in the
. density of steps caused by vacancy island nucleation can be
kA" given by simply subtracting the minimal from the maximal

observed step density.For the data presented here, this cal-

FIG. 1. Specular spot profiles recorded[10] and in[110]  cylation yields an average distance-62000 A between the
direction in the first intensity maximum at about 550 s after theyqditional steps related to the polyvacancies.

onset of the sublimatior_l at 310 ‘Gee Fig. _?. The electron energy The common picture of layer—by—layer sublimation im-
was 45 eV,_ corresponding to desFructlve |nterferenc§- from adjacerB”eS the growth and coalescence of polyvacancies. However,
terraces. Fits to the dat"f‘ a(.:cord'ng 10 .E‘b)' plus a '.'near ba}Ck' all steps on the surface, whether permanent or caused by the
ground_are shown as solid ling.he profiles are vertically shifted polyvacancies, should contribute equally to the desorption
for clarity.) flux.2® Therefore, a dominant contribution from the step flow
to the total sublimation rate can be derived from the non-
oscillating part(background of the step density.
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metrical terrace width distribution. The fits yield almost

identical average terrace widths in th£10] and in[110]
direction of 287 and 275 A, respectively.

Since all recorded profiles during the sublimation process
could be well fitted by Eq(1), the step density’ ~! and the As a consequence the desorption flux is dominantly re-
peak intensityl , could be tracked quantitatively by analyz- lated to the speed of the step flow and not by the rate of
ing all measured spot profiles in an identical manner. Figurgoolyvacancy nucleation. The two processes are governed by
2 shows the fit results of such a profile series. These mealifferent microscopical mechanisms and therefore should ex-
surements were carried out at a constant temperature of 31@ibit different kinetics® In order to determine the mass de-
°C. Upon the onset of sublimation, correlated oscillations ofsorption flux separately, additional QMS measurements were
the peak intensity, andof I' are observed. This reveals, that performed.
the intensity oscillations are indeed caused by an oscillating Figure 3 shows an Arrhenius plot of the Cd and Te partial
step density. However, the amplitude of the oscillation§ of pressures as well as of the intensity oscillation frequency
is very small on a large constant background. This backmonitoring the polyvacancy formation rate. The data were
ground should be due to permanent steps related to the igbtained from identically prepared samples. All three data
trinsic surface morphology. The average terrace width variesets are well described by Arrhenius laws of the form: exp
from ~250A in the first minimunmto ~290 A in the first (—Ea/kg T) (solid lineg. Hereby, we do not find a differ-

ence in the activation energi€s, for the mass desorption

flux of Cd and Te, indicating that no preferential desorption
300 of Cd from the bulk occurs as has been observed in Ref. 10.
This could be related to slightly modified bulk stoichiometry
in Ref. 10, due to a different sample treatment such as addi-
tional annealing procedures.

B. Comparison with QMS measurements
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C. Experimental conclusions

Two significantly different activation energies are found
for the mass desorption flux (1.5%9.10 eV) and for the
HRLEED oscillation frequency (1.940.10 eV) in Fig. 3. It
reveals that the processes responsible for the mass desorption
and for the intensity oscillation frequencies indeed exhibit
different kinetics and are thus to some degree independent.

FIG. 2. Time evolution of the specular spot intendity(right This observation can be explained by the dominant step
scalg and the average terrace widih(left scalg, as determined by flow contribution to the total mass desorption, whereas the
the parameter fits described in the tégee also Fig. 1 Empty  electron diffraction oscillations are selectively determined by
squares{110] direction, full squaresf110] direction. The solid the formation and coalescence of polyvacancies. This is in
lines are guides to the eye. accordance with the observation of only small oscillations of
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Temperature (°C) a quantitative agreement between experiments of compound
semiconductors and simulations can be achiéfed.
3?0 3‘]'0 3$° 3?0 0.3 The particles are allowed to diffuse with a rate
- i =peexp(—E/kgT) for a jump in each direction. The vibra-
CdTe(001) | tion frequency is chosen to be of the order of typical Debye

0.1 frequenciesy,=10"%s"1. The activation energy is param-
eterized aE=Eg+n-Ey\ whereEg stands for the diffusion

7 barrier of an atom on a flat surface. Each next in-plane neigh-
- 0.2 bor of the considered atom contributég to the activation
energy. Hereby,n denotes the number of next in-plane
neighbors. The term- Ey thus describes the energy required
to break the bonds to neighboring atoms. Furthermore, an
Ehrlich-Schwoebel barrier at step edgegg is
considered’:*® This parameterization of the activation en-
0.1 ergy is commonly used in KMC simulatio$2® A second

4 process is the desorption of particles. A particle withext
in-plane neighbors possesses a desorption wgeed — (Ep
+n-Ey)/kgT].

The simulations were carried out on a %1212 lattice
with helicyclic boundary conditions. We will measure all
e length scales on the substrate in units of the lattice constant
(a). The height will be expressed in monolay&€kslL ). All

1T (108 K1) results were obtained from averaging 6 independent simula-
tion runs. The model parameters were chosen as follows:

FIG. 3. Arrhenius-plot of the specular spot oscillation frequencyEg=0.9eV, Ep=1.1eV, Ey=0.25eV, andEg=0.1eV.
(squarep as well as the Cdtriangles and Te(circles desorption  This particular choice of parameters leads to length and time
rates measured by QMS. The solid lines are best fits to an Arrheniuscales that are of the same order as the experimental findings
law. presented in this paper. However, we would like to stress

that the findings of our present paper are of more general
the intensity as well as the step dendity’. It also explains relevance, independent of the specific choice of the energetic
that two differentactivation energies have been obtained inparameters.
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previous investigations for the desorption fitband the An earlier investigatiohof stepped surfaces with parallel
RHEED intensity oscillation frequencit§® in the same terraces of equal width (vicinal surfacep performed with
range of temperatures. this model showed a strong influence of the morphology on

the sublimation process. Desorption from surfaces with ter-
races larger than a critical terrace width gave layer-by-
layer oscillations whereas on small terracks<( ) no for-

The above presented experimental investigation seems fdation of polyvacancies was found. For the above set of
indicate the presence of a rather special situation for the sutharameters we fount ,~93a at 327 °C(600 K), which
limation of CdT€001). In order to test and visualize the increases with decreasing temperature. A significant step
scenario developed in the preceding section we used conflOW in comblnatl_on with intensity oscillations, however, was
puter simulations in the framework of the SOS model, thenotobserved. This appeared to be a general property of regu-
basic approach that was described in Refs. 26 and 36. THarly stepped vicinal surface. _ _
simulations will show however that the observed behavior is Here, we went one step further and instead of one unique
not a specific property of CdT@01) alone but constitutes a terrace width we used a vicinal surface with an

very general behavior that is already observed in the simplegPProximatel§® geometric distribution of terrace widths with
model of surface kinetics. parallel step edgesin correspondence to the Lorentzian

shape of the LEED profilgsThe average terrace width was
set to 34. We note that on real surfaces rather an assembly
A. Computational model of extended mounds and dislocation-induced spirals is often
The model possesses two basic restric[icﬁa};the lattice observedl.o Since the LEED-instrument exhibits a transfer
structure is fixed andb) no overhangs are allowed. In the Width much smaller than the typical size of such moutfds,
model used in this paper, only one species of atoms is simihe modeled vicinal surface should thus be sufficient to rep-
lated on a simple cubic lattice. This can be interpreted as theesent the real surface.
simulation of the Cd atoms with slower dynamiggspon-
sible for the Cd-terminated surfae The Te-atoms can be
assumed to be in thermal equilibrium, thus affecting the Cd
dynamics in a mean-field manner. Therefore, a qualitative Figure 4 shows a sequence of snapshots of the simulated
understanding of the kinetics is well within the scope of thissurfaces at 327 °C. Hereby Fig(a# corresponds to the first
model?*?*27 For well-chosen experimental conditions and minimum and 4c) to the maximum of the LEED intensity in
carefully adjusted energy parameters in the simulations, evelRigs. 5 and 6. Clearly, both processes are present: step flow

IV. SOLID-ON-SOLID SIMULATIONS

B. Computational results
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FIG. 6. Intensityl o(CJ) and typical length scal&(A) as de-
rived from fits of Eq.(1) to the simulated profiles. The solid lines

FIG. 4. Snapshots of simulated surfaces on a-6a22 lattice at &€ uides to the eye. Note thattatO's, bothl, andl” are notat
327 °C. We show a complete sequence starting from the first mini@ximal values as expected for the smooth starting surface with
mum in the LEED intensitya) where on the large terraces a large Perfectly aligned step edges. This is due to the fact that the fit to the
number of vacancy islands exists. (ln the coalescence of polyva- Medified Lorentzian breaks down &t0 s, because the profile is
cancies is shown which evolves to a smooth surface with maximafomposed of &-function and anonmodifiedorentzian profile. In
LEED intensity(c). In (d) the creation of new polyvacancies can be addition the spot intensity &;=0 (the mean reduced heigh, full
identified. (For the visualization the grey scale on the terraces idine) is shown.(For further details see text.
tilted). Note the movement of the steps with respect to the lettering,
which marks a constant position. the vacancy nucleation. This is the reason, why only step

flow occurs on the small terraces. One could speculate that

as well as creatiofiFig. 4(d)] and coalescendé-ig. 4b)] of  another reason also leads to the suppression of polyvacancy
polyvacancies. We note that such a polyvacancy formatiofiormation on small terraces: if the step velocity were high
was recently also observed by scanning tunneling microsenough there would be not enough time for the formation of
copy (STM) on a CdT€001) sample heated shortly to 320 polyvacancies. In the simulations, however, the step velocity
°C.* Note that the two processes occur in different localis rather small and thus only the passivation by the adatom
areas on the surface: creation and coalescence of polyvacagas plays a role.
cies occurs on large terraces only, whereas step flow is the For these surfaces we calculated LEED profiles within the
only process on small terraces. The influence of the adatorkinematic approximation. Under antiphase condition this is
gas can be easily recognized. On the large terraces one canuivalent to taking the Fourier transform of a surface where
see that near the step edges no polyvacancies are formedll heights are reduced to 1 for even, and for odd heights.
The high concentration of the adatom gas near step edgd$e squared absolute value of the Fourier transform at
leads quasi to a “passivation” of the terraces and suppressegavevectork), is then proportional to the intensity of a
LEED measuremenit(k)). From the definition of the Fou-
rier transformation it follows that the intensity kt=0 de-
scribes the mean heigtd of the reduced surface. A step
train moving at a constant velocity does not change this
quantity (except for possible boundary effetdswhereas the
creation of polyvacancies does. Hence, oscillations! afi-
rectly monitor the creation and coalescence of vacancy is-
lands. On the other hand, all wavelength dependent informa-
tion is contained inl(k;#0), which is comparable to the
information obtained from the HRLEED spot profiles. Thus,
only the points fork#0 were used in the analysis of the
simulated data by the profilgEq. (1)]. The noise(which is
solely due to the randomness of the Monte Carlo
algorithm—and not due to ‘“conventional” background
K, (% B2) noise as in the experimenteads to an offset of the whole
! profile;** which we considered in the fits by an additional

FIG. 5. Spot profiles of simulated surfaces. The lower cgbye ~ Constant. _ _ _ _
corresponds to the first minimum and the upper @eo the first Clearly, the simulated diffraction profiles are strongly an-
maximum ofl . For clarity the two curves are shifted against eachisotropic due to the enforced step direction. Therefore, we
other. The lines are nonlinear least-square fits according t¢1Eq. Calculated the average of thk, and k, scans{I(kj)
plus a linear background, excluding the central poinkat 0% =1/2-[1(ky) +1(ky)]} in order to obtain results comparable
BZ, which is not shown here. to the experiment, in which both step edge orientations ap-

Intensity (arb. units)
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pear with approximately equal probability. The resulting pro- T (C)

files for the first minimum and maximum of the intensity are 330 320 310 300
shown in Fig. 5. These simulated profiles are also well de- 0.0101
scribed by the modified Lorentzidieq. (1)] as the experi-
mental data. We are aware that the underlying assumption of
an isotropic terrace width distribution, which leads to Elq.
(Ref. 39 is not strictly fulfilled here. However, we observed
that after an initial step roughening theodifiedLorentzian
constitutes a considerable better fit to the data thamtme
modifiedLorentzian

0.012

L (k)= ()

0
1+(kI/2)%

Oscillation Frequency (Hz)
Mass Desorption (ML s™)

We also note that the starting surfaces with perfectly straight
step edges are not described by EQ.because thé, scans 0.001 1
yield a é function and thek, scans anon modifiedLorentz
prOﬁIe- I S PRI SRSV BRI BT
We now turn to the dynamics of the sublimating surfaces 1684 1668 1.68 1.70 1.72 1.74
simulated atT=327 °C. As in the HRLEED experiments, 1/T (107 k™)
we observe oscillations in the intensity and in the width of ) )
the simulated profileésee Fig. 6. After an initial step rough- _ FIG- 7. Arthenius plot of the mass desorptioh) and the os-
ening the mean reduced height the intensityl o, and the C|II§t|0n frequgncy ©). The solid lines are fits whlch yield acti-
lengthI" from the fit of the profiles to Eq(1l) oscillate in \iatuon energies of 1.680.02eV (mass desorptignand 1.73
phase.[Hereby, the singular pointi=1(kj=0) was ex- __0.02 $¥h(050|lla;|()|n9. Statistical errors are less or equal to the
cluded from the fifl The oscillations of; andI" are slightly Sizes o fhe symbois.
asymmetric(as trendwise also seen in the experimental data
in Fig. 2), which indicates that the polyvacancy deddy
coalescenceis faster than their nucleation. Note, thht
~180a is rather large compared to the preset average terrace
width of 34a of the vicinal surface. This is due to the fact
that the profiles were averaged in the directions parallel and: lati f Sinqul faced
perpendicular to the step directidsee above The same simulations o nor]steppe( Ingu aD. surfaces. .
considerations should apply to the experimental observation The dlfferen_ce in the here obtained act|vat|o_n energies for
of '~270 A, which corresponds te 60 lattice constants of mass desi)rptlon H=1.63-0.02eV) and o_scnlanon fre-
CdTe001) (acgre=4.58 A). In the following, we have used guency £=1.73+0.02eV) of:about O'.l (?,V In Eg$3) and
the mean reduced heiglit in order to extract oscillation (‘r.’) can be u_nderstood by the "expensive” creation of vacan-
periods, since it is the statistically most robust quantityc'es’.]cor which a_surfargse atom_has to break_four bonds to the
(compared with the fit parameters andT"). next in-plane neighborsin addition, the Ehrlich-Schwoebel

As in the experiments we compare the oscillation fre_barrler also dominantly influences the creation of the poly-

qguency with the mass desorption flux as a function of tem_yacgncies. Even thoqgh itis evident that the used parameter-
ation cannot describe all details of vacancy formation on

. . . VA
perature. Figure 7 shows that the two quantities exhibit .
different temperature dependence. The overall mass desor e CdT€001) surface(e.g., the correct details related to the

tion flux (dm/dt) is described by a lower activation energy urface reconstructid), the qualitative prlanatlon cor
) . i : rectly reproduces the trend of the experimental results. In
compared to the intensity oscillations. A fit dhw/dt to an . )
. o . order to adapt the computational model better to the differ-
Arrhenius behavior yields the relation

ence of the measured experimental activation energies one
dm should thus increase the binding energy and/or the Ehrlich—
——=29410"exp—1.63eVkT)MLs ™%,  (3)  Schwoebel barrier. _ _
dt Our simulations were however confined to the here inves-
_ o o i tigated temperature range =295 °C-340 °C. At lower
which agrees within the error limit with the previously ob- temperatures, the minimal terrace width necessary for va-
tained results for vicinal surfaces in the free step-flowCanCy formatiorL , becomes too large and the intensity os-

0.0012

1
—= 1.35 102 exp(—1.73eV/T)s ! (5)

gorees very well with that expected on the basis of earlier

regimé cillations are thus too weak to be detected. At higher tem-
g peratures the mass desorption fludm/dt becomes
dm_ Ustep_ 1 _ 1 comparable toone monolayerf, indicating that mass de-
dt L 1.26 10" exp(—1.60eV/kT) MLs™ . (4) sorption is solely due to creation and coalescence of polyva-

cancies. In this case, the mass desorption rate should coin-
Here, the step velocity g, as derived in Ref. 8, witl. cide with the rate calculated from intensity oscillations. This
=34 was used. Similarly, the temperature dependence of the in agreement with the experimental finding that mass de-
oscillation rate sorption at very high temperatures (410 °C—-480 °C) is char-
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acterized by the same activation enéfggs that observed flow Eg only induces an asymmetric detachment from steps.
in diffraction experiments at lower temperatures This above mentioned analysis demonstrates also, that the

(300°C-400°C)."*° different sublimation energiesannotbe interpreted as a dif-
ference of two single microscopic energies that are rate lim-
V. CONCLUDING DISCUSSION iting energies in the two different sublimation regimes. This

) ) o ~can be understood from the fact that the adatom gas plays an
We have e>_(per|mentally determined activation energiegmportant role for the sublimation. It does for exampéee

for the desorption flux (1.550.1eV) and for the HRLEED  aphovg suppress the nucleation of vacancies near steps.
oscillation frequency (1.940.1eV) on CdT€O01. This  Through this mechanism the desorption energy into the
significant difference is consistently explained with theyacyum and the one from stefhich controls the the den-
above presented model of a step-flow-dominated mass dgity of the adatom gas on terragésdirectly determine the
sorption and polyvacancy nucleation dominated sublimationyrohapility of vacancy nucleation. However, when large is-
oscillations. Additional LEED measurements during subli-jand vacancies are created, these islands evolve essentially
mation at 330 “Qnot shown her#* have yielded a consid- yia-step flow sublimation, i.e., detachment from steps and
erably reduced average distariaout 800 A between steps  subsequent desorption, too, until coalescence occurs. As a
caused by vacancy islands compared to 2000 A at 310 °Gonsequence the processes leading to step flow and layer-by-
Therefore, at higher temperatures, the oscillating contributayer sublimation are intimately coupled to each other and

tion of step density is expected to exceed the constant corrannot be understood from single-rate limiting processes.
tribution, thus causing a transition to a layer-by-layer subli-

mation dominated desorption fldX. The Arrhenius law is no VI. SUMMARY
longer expected to be valid in this transition regime.

The SOS model simulations illustrate that the two desorp- .
tion mechanisms do indeed compete simultaneously but iff CdT&001) depends on sample morphology, i.e., step den-
regions with locally different terrace sizes. For most terraces!ly: as well as temperature in a complicated manner and
step flow is observed, but in addition, on very large terrace§2NNnot be described by one single activation energy. Using
(L>Ly), the creation of vacancy islands occurs, too. on{RLEED and QM.S we were _able to @stmgwsh two differ-
smaller terraces this process is suppressed by the higher d 1t modes of s:ubl|mat|on, which are S|multaneous_ly present:
sity of the adatom gas. As a consequencedineultaneous a) the nuclea_tlon and coalescence of.polyvgcanmes(hhd
occurrence of step flow and vacancy island creationfteP-flow sublimation. The computer simulations of the SOS
coalescence is related to the wide distribution of terracdN©d€l showed that the presence of a geometric terrace width

widths, and such a behavior can be also expected for oth&istribution is already sufficient to allow both, formation of
; ; rpolyvacancies and step flow in regions with low and high

step densities, respectively. The relevant length scales for the

distributions, too. des. | h di d 1o th
It is of course an interesting question which microscopictV0 Modes, 1., the vacancy distance compared to the terrace

process is the most responsible ofnate limiting for the ~ Width d'sgf'l?]“_“o” are _c?rfnparr]ableg n a I|_m|te(;I ;erEpergl'gure
observed difference of the activation energies between steﬁ?nge"’; ich Is essential for the observation of both sublima-
flow sublimation and polyvacancy nucleation. At this point, 100 Modes.

we recall a microscopical analysis of the effective sublima- Our results explain the striking difference of.actlvatlon
tion energies which we derived earlier from our KMC energies for the desorption flux and for the oscillation fre-

simulations® This analysis revealed that the effective energydUéncies in diffraction ~measurements reported for
Y gyCdTe(OOl). The sublimation is found to be step flow domi-

for sublimation is related linearly tall (quasiymicroscopic .
energies Esub= agEg+ apEp+ anyEn+ asEg). The KMC nated in the temperature range from 300°C to 360°C and

simulations on vicinal surfaces showed that free step flow i&Verage step distances are of some 100 A with an activation

characterized byag~0.70, ap~0.32, ay~2.4, and as energy of=~1.55 eV. For higher temperatures as well as for

~0.21. We found that the change from the step-flow Sub”_much larger average terrace widths, the importance of poly-

mation to the layer-by-layer sublimation mode causes a disY2¢31cY formation is expected to increase and should be-

tinct change of the coefficientsy and as and only a slight come the (_iominating process, yielding activation energies of
change ofeg and ap (a~0.61, 2p~0.35, a\=~=2.85, and ~1.9 eV, in agreement with Ref. 10.

ag~0.44). The change iy is plausible because the cre-
ation of vacancies requires to break a higher number of
bonds with respect to creation of free adatoms at step sites. We thank Professor E. Umbach for stimulating and fruit-
The increased influence of the Ehrlich-Schwoebel barrier caful discussions of this manuscript. We also gratefully ac-
be also related to its importance for vacancy creation: Irknowledge discussions with Professor B. Poelsema and Dr.
order to leave a vacancy island an adatom first has to ovelG. Rosenfeld. The work was supported by the DFG through
come the Ehrlich-Schwoebel barrier whereas for the steSFB 410.

To summarize, we have shown that the sublimation rate
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