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The Cd and Te desorption from (001), (110), and (111)B CdTe surfaces have been studied as a function
of temperature by measuring the electron beam current reflected from these surfaces. For Te, activation
energies of 0.96, 1.23, and 2.04 £0.10 eV have been found for (001), (110), and (111)B surface orientation,
respectively. For Cd, activation energies of 1.9+0.1 and 1.96+0.10 eV are measured for the (111)B and
the (001) CdTe surfaces, respectively, similar to the measured values of activation energy for the sub-
limation of these surfaces. A detailed analysis of the desorption process gives some enlightenment con-
cerning two remarkable phenomena, namely, (i) a reversible transformation between a ¢ (2X2)+(2X1)
and a (2X 1) reconstruction for (001) CdTe and (ii) a hysteresis cycle between a (1X1) and a c(8X4) sur-

face for the (111)B CdTe.

I. INTRODUCTION

II-VI semiconductors are a subject of current interest
for their potential applications as blue emitting devices
and as infrared or x-ray detectors. In practice, the reali-
zation of such devices depends on the ability to grow
high-quality material in reproducible conditions. In par-
ticular, the crystal quality of a layer grown by
molecular-beam epitaxy depends on both the substrate
temperature and on the II/VI flux ratio. As the surface
structure also depends on these parameters, a correlation
can be established between this structure and the bulk
crystal quality. Hence, detailed knowledge of the surface
stability is essential for controlling the growth process.

Some results concerning the activation energy for
desorption of Cd and Te on (001) CdTe, on Cd-
terminated (111)4 CdTe, and on Te-terminated (111)B
CdTe have been reported by previous authors.! > As the
values obtained are rather scattered and sometimes con-
tradictory with each other, it appeared useful to carry
out detailed investigations on the stability of (001),
(111)B, and (110) CdTe surfaces prepared in comparable
experimental conditions.

The aim of this paper is to report Cd and Te desorp-
tion experiments performed on these three types of sur-
faces for temperatures ranging from 220 to 340°C. The
surfaces were prepared according to the procedure de-
scribed in Sec. II and then saturated either with Cd or
with Te. After suppression of the Te or Cd flux, the sur-
face evolves to its under-vacuum stabilized state, some-
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times through several intermediate stages, which can be
correlated with characteristic surface reconstructions.
The main experimental technique was reflection high-
energy electron diffraction (RHEED). The recovery time
of the surface after stopping the extra flux was measured
by recording the intensity variations of the specular spot.
This technique is particularly well suited to the present
study as structural surface transitions produce strong
variations of the RHEED specular beam intensity, relat-
ed to changes of surface stoichiometry.®” Some measure-
ments have also been performed on the fractional-order
streaks in the RHEED pattern. However, measurements
of the intensity of a particular reconstruction line provide
only partial information on the structural changes.
Measurements as a function of the substrate tempera-
ture T allowed us to determine the activation energies of
the desorption of the atoms adsorbed during the exposure
phase. In order to identify the bonding states of the
desorbed species, we discuss the correlation of the
desorption results with available informations about the
surface reconstructions involved in the desorption pro-
cess®® and with sublimation rate measurements.2”*1°

II. SAMPLE PREPARATION
AND TECHNICAL ARRANGEMENT

The samples used in this study were prepared in a con-
ventional molecular-beam epitaxy apparatus equipped
with CdTe, Te, and Cd effusion cells. The substrates
were commercial CdZnTe wafers (4% Zn). After a stan-
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dard cleaning procedure, they were chemically etched in
a 0.5% bromine-methanol solution for 2 min. Then, they
were fixed with gallium on a molybdenum sample holder
and etched again for 30 s in a 0.25% bromine-methanol
solution in order to remove the surface oxide. To prevent
further oxidizing, the substrates were transferred into the
introduction chamber under nitrogen atmosphere. In the
growth chamber, the sample temperature was controlled
by a thermocouple in contact with the rear face of the
molybdenum sample holder, with an accuracy estimated
to be £1°C.

Prior to the desorption measurements, a CdTe buffer
layer was grown on the substrate in order to improve the
crystal quality and to obtain a specular spot. Concerning
the (001) and the (111)B surface orientations, growth was
carried out according to the following procedure: (1)
heating at 230°C for 20 min to desorb the amorphous Te
layer deposited during the etching step; (2) growth of a
CdTe buffer at 340°C for 10 min; followed by (3) a
growth stage at 320°C. The best growth conditions were
obtained with an excess Cd or Te flux for the (001) and
(111)B orientations, respectively. For the (110) orienta-
tion, step 2 of the above procedure resulted in a severe
degradation of the crystal. For this orientation, the best
surface smoothing procedure was an annealing at 280°C
under Te flux followed by a growth stage at 220°C for 30
s. This cycle was repeated several times, then a buffer
could be grown at 220°C. The best growth was achieved
with a strong Te excess, about five times the Cd flux.

The energy of the electron beam used for RHEED ex-
periments was 34 keV and the angle corresponds to off-
Bragg conditions. The RHEED pattern was monitored
by a charge coupled device camera. The intensity of the
specular beam or of a reconstruction line was measured
using a photomultiplier coupled via an optical fiber to the
video monitor. The desorption rates of Cd and Te were
obtained by measuring the time taken to reach the stabi-
lized RHEED intensity level, that is the level correspond-
ing to the static surface under vacuum, after an exposure
to Cd or Te fluxes. The pressures of Cd and Te were typ-
ically in the 5X 10~ 7 Torr range.

II1. (001) CdTe

A. Te desorption

When a (001) CdTe surface is exposed to a Te flux, a
(2X 1) surface reconstruction is observed in the whole
temperature range of interest, namely 230—-340°C. When
the Te flux is stopped, several regimes are observed, de-
pending on the substrate temperature. In the 230-285°C
temperature range, no change is seen in the surface
reconstruction, which remains (2 X 1), but an increase in
the specular-beam intensity is measured as shown in Fig.
1(a). This indicates that the final (2 X 1) surface structure
is distinct from the (2 X 1) surface under Te flux, in agree-
ment with x-ray photoelectron spectroscopy (XPS) exper-
iments, which have shown that the stoichiometry of a
(2X1) surface stabilized under Te pressure at 230°C
changes under vacuum above 250°C, due to Te desorp-
tion.” The characteristic time necessary to reach the sta-
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FIG. 1. Change of the RHEED specular-beam intensity as a
function of time for (001) CdTe. (a) After stopping of the Te
flux for T,=255°C. (b) After stopping of the Te flux for
T,=292°C. (c) After stopping of the Te flux for T, =339°C.

bilized surface state is plotted in Fig. 2 as a function of
1/T;, leading to the determination of an activation ener-
gy of 0.96+0.10 eV for this process. This low value indi-
cates that the Te atoms involved in the desorption pro-
cess are weakly bound.

At higher temperature, above 285 °C, a transition from
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FIG. 2. Te desorption time deduced from measurements on
(001) CdTe like those of Fig. 1 as a function of 1/T;, for T, in
the 225-285°C range.
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FIG. 3. Change of the RHEED specular-beam intensity for
(001) CdTe, as a function of time, after shuttering of the Cd flux,
for T, above 300°C. The three stages identified before the onset
of sublimation are marked 1, 2, and 3, the RHEED azimuth be-

ing [110]. Inset: Expansion of the initial stage recorded on
RHEED azimuth [100].

a (2X 1) surface to a mixed ¢(2X2)+(2X1) surface is ob-
served. The evolution of the RHEED specular-beam in-
tensity is shown in Fig. 1(b). From the measurement of
the time necessary to form the c(2X2)+(2X1) recon-
struction as a function of the temperature, an activation
energy of about 0.7 eV was found for this process. How-
ever, the activation energy determination was made
difficult by the narrow temperature range involved. Ac-
tually, as shown in Fig. 1(c), above about 300°C the ini-
tial (2X1) surface evolves only in a first stage to a
¢(2X2)+(2X1) one; this structure is not stable at high
temperature and evolves to a (2X 1) reconstruction and a
plateau is finally observed. (Note that the transformation
from a ¢(2X2) to a (2X1) structure is also observed dur-
ing Cd desorption as will be discussed in the next sec-
tion.) The plateau is followed by RHEED oscillations
(see Fig. 3) indicating the sublimation of the CdTe in a
layer-by-layer mode.

B. Cd desorption

When a (001) CdTe surface is exposed to a Cd flux, a
c(2X2) surface reconstruction with a weak (2X1) contri-
bution is observed in the whole temperature range ex-
plored, in agreement with previously published re-
sults.>!? Up to 300°C no change of either the RHEED
pattern or the RHEED specular-beam intensity is ob-
served when the Cd shutter is closed. Above about
300°C, the surface reconstruction evolves to a (2X 1) one
in the absence of Cd flux. The evolution of the RHEED
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specular-beam intensity at T above 300°C is shown in
Fig. 3 in the [110] azimuth for the main curve and in the
[100] azimuth for the inset. In a first step, a sharp varia-
tion of the intensity is observed. The shoulder (or the in-
crease of the intensity for the inset) at the beginning of
the desorption (step 2 in Fig. 3) corresponds to the com-
plete disappearance of the weak (2X 1) reconstruction ob-
served under Cd flux (step 1 in Fig. 3) and, concomitant-
ly, a reinforcement of the ¢ (2X2) reconstruction. Then,
a decrease associated with the formation of a (2X1)
reconstruction is observed. A plateau (step 3 in Fig. 3)
corresponding to the complete formation of this structure
is brought out as shown in the inset of Fig. 3. Following
the plateau, reverse RHEED oscillations occur (Fig. 3),
which are characteristic of the sublimation of CdTe. It is
worth pointing out that the maximum intensity of the os-
cillations corresponds to the intensity of the (2X1) pla-
teau, which confirms that the sublimation process occurs
in a layer-by-layer mode: a smooth (2X 1) reconstructed
surface being recovered after the sublimation of each
monolayer. The kinetics of the sublimation process are
detailed elsewhere.'®

As concerns the ¢(2X2) to (2X1) transition, the
desorption time necessary to reach the plateau corre-
sponding to the above-mentioned step 3 is plotted in Fig.
4 as a function of 1/T;, leading to an activation energy of
1.9610.05 eV. According to the model proposed for the
¢(2X2) CdTe and ZnSe surfaces,'®!> which assume
cation-terminated surfaces with a coverage of 50%, this
energy should correspond to the desorption of Cd atoms
bonded in two Te atoms. It is noteworthy that this value
of activation energy is very close to the sublimation ac-
tivation energy determined with reverse RHEED oscilla-
tions (1.90 eV).'°

It is interesting to compare the previous results with
recent grazing incidence x-ray diffraction (GIXD) experi-
ments performed on (001) CdTe surfaces at the LURE
synchrotron facility.!! When a pure c¢(2X2) structure,
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FIG. 4. Cd desorption time from (001) CdTe as a function of
1/T;, corresponding to the time for transition from the c(2X2)
to the (2 X 1) surface reconstruction (time to reach step 3 in Fig.
3).
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obtained by exposure of a (001) CdTe surface to a Cd flux
at low temperature (about 200 °C), is heated under vacu-
um, one observes a continuous loss of the intensity of the
peaks associated with the surface reconstruction. How-
ever, the half-width at half maximum of the peaks is con-
stant during the heating process, which means that the
size of the reconstruction domains remains unchanged.
Above 310°C, the c(2X2) surface disappears and a
(2X1) reconstruction is observed. The GIXD experi-
ments confirm the above interpretation of the RHEED
evolution for a surface exposed to a Cd flux: no change
of the surface structure below 300°C and formation of a
(2X1) surface above 300°C.

In the same way, a (2X1) reconstruction associated
with a Te-rich surface, obtained by exposing a CdTe sur-
face to a Te flux at 220°C, disappears above about 250 °C.
A ¢(2X2) reconstruction appears around 290°C before
evolving about 310°C to a (2X1) surface reconstruction,
different from that observed at low temperature. The
latter results are consistent with the RHEED observa-
tions reported above, which have demonstrated the
desorption of Te from the (2X1) Te-rich surface at low
temperature and the appearance of a ¢(2X2) surface at
about 290 °C.

The occurrence of a reversible surface transformation
in the 280-300°C temperature range was also demon-
strated by GIXD experiments.!! As a matter of fact, if
one starts from the (2X 1) surface stabilized under vacu-
um at high temperature (320°C), cooling down below
300°C under vacuum results in the reappearance of the
¢(2X2) reconstruction, while the (2X1) is still present.
Reheating up to 310°C produces a disordering of the
¢(2X?2) domains, while the (2X1) domains remain un-
changed. A new cooling cycle induces the reappearance
of the mixed ¢(2X2)+(2X1) surface. GIXD experi-
ments reveal that this mixed phase is formed by 50% of
(2X1) and 50% of ¢(2X2) domains. This cycle is the ex-
perimental evidence for a reversible transformation under
vacuum.

The above results on the reversible phase transforma-
tion favorably compare with XPS measurements,’ which
have shown that a (001) CdTe surface initially stabilized
with Te [(2X 1) surface] or with Cd [c(2X?2) surface] at
low temperature eventually becomes Cd stabilized at
280°C and that the Cd surface-atom desorption occurs
above 300°C, whereas cooling the sample below 300°C
leads back to a Cd stabilized surface.”'>!* Moreover, it
was demonstrated in the cited XPS study that each cycle
of heating cooling through the reversible surface trans-
formation temperature induces the desorption of half a
monolayer of CdTe. The latter point is probably related
to the existence of two equivalent domains in the mixed
c(2X2)+(2X1) surface.

The above observations concerning a reversible trans-
formation under vacuum at 300°C have been confirmed
and completed in the present study by recording the vari-
ation of the RHEED intensity during the reversible
transformation. The thermal cycle is illustrated in Fig. 5,
which shows the variation of the RHEED specular-beam
intensity, recorded as a function of the substrate tempera-
ture in the 280-305°C temperature range. Initially, a
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FIG. 5. Variation of the RHEED reflectivity intensity as a
function of the substrate temperature for (001) CdTe, showing
the reversible transformation between the ¢(2X2)+(2X1) and
the (2X1) surface reconstruction under vacuum. The tempera-
ture variation rate is 2 °C/min.

(2X1) surface is formed by exposing the CdTe surface to
a Te flux at 310°C. Then the Te flux is shuttered until a
plateau is obtained in the RHEED specular-beam intensi-
ty [see Fig. 1(c)]. The surface reconstruction is still
(2X1). The temperature is then decreased at a rate of
2°C/mn. Between 310 and 293°C a sharper decrease of
the intensity is observed, and simultaneously a half-order
reconstruction appears in the (100) direction, showing
that ¢ (2X?2) domains have formed. The intensity of this
half-order streak increases with time. On reaching
280°C, the sample is reheated with the same rate: no
change is observed in the specular-beam intensity until
293°C (Fig. 5). Above this temperature, the intensity in-
creases and the ¢ (2X2) surface disappears progressively,
leading to the formation of an essentially (2X 1) recon-
structed surface.

The results obtained for the Te and Cd desorptions
could partially explain the reversible transformation de-
scribed above. First, we recall our observation that both
the Cd and the Te desorptions lead to a (2X 1) stabilized
surface above 300 °C while a ¢(2X2)+(2X 1) reconstruc-
tion is present between 285 and 300°C, whatever the
starting surface. Then in the reversible transformation
cycle, a sample heated above 300°C should exhibit a
(2X1) surface while cooling between 290 and 300°C
should lead to the reappearance of ¢ (2 X2) domains.

It is also interesting that temperatures higher than
293°C correspond to the layer-by-layer sublimation re-
gime (see Fig. 3). Consistent with the results on Cd and
Te desorptions, it is therefore expected that the Cd atom
desorption is stopped below this temperature when cool-



ing the sample down, while the Te surface atom desorp-
tion still occurs below 293 °C. Hence, the coexistence of
differently reconstructed domains could be associated
with (2X1) islands “frozen” during cooling while the
remaining surface still evolves to a ¢(2X2) reconstruc-
tion through Te desorption. (In any case, it is not yet
clear why the relative proportions of each domain are
equal.) A complete understanding of the atom mecha-
nisms involved in the reversible transformation would re-
quire a detailed knowledge of the surface reconstructions,
which is not yet available.

To sum up Sec. III, it appears that there is a unique
desorption activation energy of 1.96+0.05 eV for Cd,
whereas a value of 0.9610.10 eV (and also about 0.7 eV
in the 285-300 °C range) was found for Te indicating that
this species is much less strongly bonded to the (001) sur-
face than Cd is. As a consequence, heating a Te-rich sur-
face results in Cd enrichment of the (001) surface up to
293°C, then Cd starts to desorb, causing the materials
sublimation. Further cooling the refreshed surface below
293 °C allows us to restore the Cd-rich phase reversibly,
due to Te desorption.

IV. (111)B CdTe

For the Te-terminated (111)B orientation, Te and Cd,
desorption were studied in the 235-260°C and in the
275-305 °C temperature range, respectively.

A. Te desorption

On exposing the (111)B surface to a Te flux, a (1X1)
surface reconstruction is observed in the 235-260 °C tem-
perature range. After cutting off the Te flux, evolution
towards a (2V'3X2V3)R 30° surface reconstruction is ob-
served. Figure 6(a) shows the variation of the specular-
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FIG. 6. (a) Change of the RHEED specular-beam reflectivity
as a function of time after shuttering of the Te flux for (111)B
CdTe, at Ts=238°C. Four stages are identified, marked 1, 2, 3,
and 4. (b) Change of the half-order reconstruction intensity in
the same conditions as in (a). Note that the stage 3 is not clearly
seen.
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beam intensity. Two intermediate steps are observed be-
fore the stabilization of the final surface. We designate
by 1, 2, 3, and 4 the initial, intermediate, and final steps,
respectively. It was found that all the transitions from
one step to the next are thermally activated. Figure 6(b)
shows the change of the half-order reconstruction intensi-
ty in the [110] azimuth after stopping the Te flux. Con-
sistent with Fig. 6(a) (step 2), we note an increase of the
signal at very short time followed by a slow evolution to-
wards the final step. Step 3 is not observed clearly in Fig.
6(b), indicating a low sensitivity of the intensity of the
half-order streaks to the corresponding phenomena. The
first increase observed just after the interruption of the Te
flux could be tentatively assigned to the appearance of a
transitory second-order reconstruction. The latter point
will be discussed hereafter.

The time for the complete change from step 1 to step 4
is plotted in Fig. 7 as a function of 1/T; as observed via
both the specular-beam intensity and the surface recon-
struction. A unique straight line is obtained, giving an
activation energy of 2.04+0.10 eV.

Furthermore (see Fig. 8), the activation energy corre-
sponding to the change from step 1 to step 2 is found to
be 1.901+0.10 eV. From step 2 to step 3, it is 1.96+0. 10
eV and from step 3 to step 4, 2.10+0.10 eV. These re-
sults indicate that the same process probably governs the
different steps that we tentatively assign to the various
stages of the Te desorption.

The attribution of steps 2 and 3 to ordered surfaces in-
termediate between the (1X 1) and the (2V'3X2V'3)R30°
surfaces is supported by the results of an additional ex-
periment. The change of the specular-beam intensity has
been measured as a function of temperature under expo-
sure of the surface to a moderate Te flux (5X 10~ Torr).
The result shown in Fig. 9 confirms the phase diagram
proposed by Duszak et al.'® ‘The surface reconstruction
evolves from a (1X 1) to a (2V/'3X2V'3)R 30° type between
250 and 320°C with two intermediate steps, namely a

260 °C 250 °C 240 °C
500 1 L L
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O E,= 2.04 eV
100

Desorption time

IOL L L L I 1

1.86 1.88 1.9 1.92 1.94 1.96 1.98
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FIG. 7. Desorption time of Te from (111)B CdTe as a func-
tion of 1/7T; in the 230-260°C temperature range, correspond-
ing to the full evolution from step 1 to step 4 seen in both the
specular-beam intensity and the half-order reconstruction inten-
sity.
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FIG. 8. Desorption time of Te from (111)B CdTe as a func-
tion of 1/T; in the 230-260°C temperature range, correspond-
ing to the evolution from step 1 to step 2, from step 2 to step 3,
and from step 3 to step 4, as defined in Fig. 6(a). The activation
energies are 1.91, 1.96, and 2.16 eV, respectively.

(2X2) and a c(8X4) reconstruction. The change in the
reconstruction type induces a change in the RHEED in-
tensity level. Interestingly, the temperature range of sta-
bility of the (2X2) reconstruction is very narrow, suggest-
ing that this surface is very unstable and could corre-
spond to step 2 of the Te desorption process, which is
also very sharp, as seen in Fig. 6(a). This interpretation is
further reinforced by the observation of an increase of the
half-order reconstruction on a time scale corresponding
to step 2 in Fig. 6(b). Provided the above assumption is
correct, step 3 should, therefore, be attributed to the for-
mation of the c(8X4) surface, which is also transitory
between the (1X 1) and the (2V'3 X2V 3)R 30° reconstruc-
tions. Note that the differences in the relative values of
the specular-beam intensity for the Te desorption experi-
ment and for heating under a Te pressure is due to the
observation along two different azimuths, namely [110]

Reflectivity

1 1 o

240 260 280 300 320
Substrate Temperature (°C)
FIG. 9. Change in the RHEED reflectivity as a function of

temperature for (111)B CdTe, along the [112] azimuth, in pres-
ence of a weak Te flux (P =2X 1077 torr). The temperature was

stabilized for each point.
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and [112], respectively.

We attribute the measured activation energies for each
step of the desorption process to the desorption of Te
atoms bound to three Cd leading to the succession of
different surface reconstructions with different Te cover-
ages in the external layer, as proposed for example by
Duszak et al.'® The percentage of Te atoms desorbed in
the step 1 to step 2 transition can be tentatively deduced
by observing the results obtained by Fashinger, Sitter,
and Juza in atomic layer epitaxy (ALE).!® In their exper-
iments, the surface is successively exposed to a Te and a
Cd flux, with a dead time of 0.2 s between successive ex-
posures. Plotting the epitaxial growth rate of CdTe as a
function of substrate temperature, these authors observe
a plateau corresponding to 1 ML/cycle below 280 °C but
of about 0.8 ML/cycle in the substrate temperature range
280-300°C. In the latter range, extrapolation of the data
reported in Fig. 8 reveals that the time corresponding to
the step 1 to step 2 process is very short (below 0.2 s) and
so the decrease of the growth rate observed in ALE could
result from the desorption of Te atoms during this pro-
cess. Thus, the fractional coverage of Te atoms desorbed
during the step 1 to step 2 transition can be tentatively
estimated as 20%. Nevertheless, models of the surface
structure would be necessary for a complete understand-
ing of the phenomena.

The presence of an unstable state during evolution
from step 1 to step 3 is attributed to the formation of the
transitory (2X2) surface. Hence, assuming that step 3
corresponds to the formation of the c¢ (8 X4) surface, one
would expect to observe a first-order transition with hys-
teresis during evolution from the (1X1) to the c¢(8X4)
surfaces. Such a behavior has been observed in the case
of InAs (001) (Refs. 17 and 18) for the transition from
As-stable (2X4) to In-stable (4X2) reconstruction. The
hysteresis experimentally observed in that study was re-
lated to the existence of a metastable state correlated to
the slowing of As desorption in the neighborhood of the
transition. As a matter of fact, as is shown in Fig. 10,
such an hysteresis is observed in the case of (111)B CdTe
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FIG. 10. Hysteresis observed when cycling the (111)B CdTe
surface between 250 and 290°C in presence of a Te flux corre-

sponding to a pressure of 5X 1077 torr. The rate of temperature
variation is 1°C/min.
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when recording the specular-beam intensity as a function
of increasing and decreasing temperature, in the
250-280°C temperature range and under Te pressure.

The temperature width of the hysteresis cycle is about
10°C and does not depend on the temperature variation
rate. By constrast, the dip associated with the (2X2)
reconstruction was found to depend strongly on the tem-
perature rate as was expected for a reconstructed state,
with a narrow temperature range of stability. The inter-
mediate surface is still visible in Fig. 10 for rate of tem-
perature variation of 1°C/mn, while for a 2 °C/mn rate it
was completely smoothed, which confirms the unstability
of that (2X2) reconstructed surface. The hysteresis
could, therefore, be related to the existence of the meta-
stable (2 X 2) surface, which slows the rate of Te desorp-
tion during the first-order transition.

B. Cd desorption

Cadmium desorption was studied in the 275-305°C
temperature range. In agreement with Wu et al.," no
significative desorption could be detected in times of or-
der several minutes at temperatures below 275°C. Figure
11 shows the variation of the RHEED signal after inter-
rupting the Cd flux. The surface_was initially (1X1)
reconstructed and evolved to a (23 X2V 3)R 30° recon-
struction after stopping the Cd flux. Clearly, two
different behaviors are observed at low and high tempera-
tures. A slow evolution towards equilibrium is observed

Cd shutter closed
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FIG. 11. Change of the RHEED intensity as a function of
time when shuttering the Cd flux for (111)B CdTe. (a)
T,=290°C, (b) T,=293°C.
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FIG. 12. Desorption time of Cd from (111)B CdTe as a func-
tion of 1/T; in the 270-310°C temperature range, showing the
presence of two regimes.

at low temperature. But above 290 °C, the time necessary
for reaching equilibrium is very much shorter, suggesting
a drastic change in the desorption kinetics. This
behavior is unambiguously shown in Fig. 12, where the
desorption time was plotted as a function of 1/T;. Two
activation energies are found: 1.91+0.1 eV above 290°C
and 0.5£0.1 eV below 290°C. The discontinuity in the
data for T in the 290-293 °C temperature range suggests
a dramatic change in the Cd desorption regimes. A de-
tailed analysis of the desorption time was made by plot-
ting, as a function of time, the RHEED reflectivity nor-
malized to its value under Cd saturation. The result,
shown in Fig. 13, demonstrates that two desorption re-
gimes are present below 290 °C, whereas a unique regime
governs the Cd desorption above that temperature.
Moreover, the fast desorption regime appears to be
unique in the whole temperature range, with an activa-

——T=275°C
——T=280°C
—=—T=285°C
——T=290°C
—+—T=295°C
* ——T=300°C

Normalized reflectivity

|
w
|
0.01 - -~ : . f
0

0 20 40 60 80 100
Time (s)

FIG. 13. Change in the RHEED reflectivity of (111)B CdTe
as a function of time, normalized to its value just before Cd
shuttering, for various temperatures. Two regimes are shown
below 295°C. The activation energy of the short-time regime is
19eV.
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tion energy of 1.9 eV.

To summarize Sec. IV, an activation energy of about
2.04 eV is found for Te desorption, with different steps in
the desorption process corresponding to different inter-
mediate surface reconstructions. These surfaces are ten-
tatively identified as the successive surfaces observed
when a sample exposed to a Te flux is progressively heat-
ed, the activation energy of 2.0410.10 eV being attribut-
ed to the desorption energy of triply bound Te atoms.
For Cd, approximately the same activation energy is
found above 290°C (1.910.1 eV), while a smaller energy
(about 0.5 eV) is measured below this temperature. The
comparison between Te and Cd desorption shows, in
agreement with XPS results,'? that Te desorption occurs
at a significantly lower temperature than Cd desorption.
The two processes have about the same activation energy
(2.04 and 1.9 eV) but very different preexponential fac-
tors. It is worth noting that the activation energy calcu-
lated for Cd desorption and Te desorption is about the
same as the activation energy measured for the sublima-
tion of (111)B CdTe, which occurs, as for the (001) orien-
tation, in a layer-by-layer mode.?!!

Recently,' we have proposed that the layer-by-layer
sublimation process of the two CdTe surfaces (001) and
(111)B can be described by a two-step mechanism, name-
ly a fast regime and a slow regime. The fast regime cor-
responds to the rapid desorption of surface atoms not in-
volved in the reconstruction stage observed during the
sublimation process. In the temperature range explored
(300-400°C), the sublimation kinetics are governed for
both surfaces by a common process (the slow regime),
leading to a unique activation energy value of 1.90 eV.
The fact that the behavior observed for Cd desorption
from the (111)B surface above 293°C is very similar to
that observed for Cd desorbing from the (001) CdTe sur-
face, with almost the same desorption activation energy
(1.9 compared to 1.96 eV), could indicate that the sub-
limation process is essentially governed by the desorption
of Cd atoms bound in a similar way on the two surfaces.
Such an interpretation would be in agreement with the
models proposed for (001) and (111)B CdTe surfaces,'""'
which invoke the existence of Cd bound to two Te atoms
in both cases. However, the activation energy measured
for Te on (111)B surfaces (2.04 eV) indicates that the
desorption of triply bound Te atoms could also govern
the sublimation mechanism.

In fact it is difficult to discriminate between these two
possibilities given that the models proposed for the
¢(2X2) Cd stabilized (001) surface and for the (2X2),
c(8X4), and 2V'3X2V3)R30° (111)B surfaces®!!' sug-
gest that the upper layers are constituted of both Cd
atoms bound to two Te and of Te atoms bound to three
Cd. The desorption of a Cd or a Te therefore implies a
decrease in the number of bonds of the Te or Cd atoms
bound to the desorbed atom, which results in their fast
desorption. The latter remark could explain that the
same energies (about 1.9 eV) are found for Cd and Te
desorption from the (111)B surface, for Cd desorption
from (001) surface, and for the sublimation of both (001)
and (111)B surfaces. The lower value found for Te on
(001) surface likely refers to Te atoms bound to only two
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or one Cd. A precise model of the (2X1) Te stabilized
surface would be necessary to elucidate the latter point.

V. (110) CdTe

The experiments on (110) CdTe were performed in the
225-260°C temperature range. As was observed for
(111) 4 CdTe,’ no measurements of Cd desorption could
be done, that is no RHEED intensity change was ob-
served on exposing the surface to a Cd flux. Following
the conclusions of Sec. IV this could be explained by the
high activation energy expected for the desorption of tri-
ply bonded Cd atoms present on these surfaces.

The change in RHEED specular-beam intensity on in-
terruption of a Te flux is shown in Fig. 14. Clearly two
steps are present. The first one (at low temperature), cor-
responds to an increase of the specular-beam intensity.
This step is thermally activated but no precise activation
energy could be measured, due to the very short time
scale of the phenomenon and to the narrow range of ob-
servation temperature. The second step, observed in the
whole temperature range, leads to the final surface. The
decay time corresponding to the final step is plotted in
Fig. 15 as a function of 1/7T,. The activation energy is
1.231+0.10 eV. Note that no measurements could be per-
formed above 260°C, due to the surface degradation,
which ultimately resulted in faceting. It is worth point-
ing out that an energy of 1.4 eV is obtained for Te
desorption from (111) 4 CdTe.’ This value is not far from
the value obtained in the present study for Te desorption
from the (110) surface. Although this could be fortui-

Te shutter closed
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FIG. 14. Change in the RHEED reflectivity as a function of
time after interruption of Te flux for (110) CdTe. (a)
T,=236°C, (b) T, =245°C.
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FIG. 15. Desorption time of Te from (110) CdTe as a func-
tion of 1/7T; in the 225-260° C temperature range.

tous, we think rather that it is related to the crystallo-
graphic structure of the (110) CdTe surface, which can be
viewed as a mixture of (111)B and (111) 4 surfaces.

VI. CONCLUSION

The activation energies for desorption of Cd and Te
have been determined for (001), (111)B, and (110) orient-
ed CdTe surfaces. With the noticeable exception of Cd
desorbed from (111)B below 290°C, which has an activa-
tion energy of 0.5+0.1 eV, approximately the same Cd
desorption activation energy was found for both the (001)
and (111)B CdTe surfaces, namely 1.96+0.10 and
1.9+0.1 eV, respectively, which could be due to
equivalent bonding configurations, that is a Cd bound to
two Te. As concerns Te, the situation is far more com-
plex because desorption activation energies of 0.96, 1.23,
and 2.041+0.10 eV are found for (001), (110), and (111)B
CdTe surfaces, respectively. The activation energy of
2.04 eV found for (111)B CdTe is attributed to the
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desorption of triply bound Te atoms. The fact that the
same activation energy is obtained for Cd desorption
from (001) and (111)B CdTe and for Te desorption from
the (111)B surface can be interpreted as follows. It prob-
ably represents the interdependence of the desorption of
twofold bound Cd atoms and of threefold bound Te
atoms, due to their simultaneous presence in the surface
reconstructions obtained in Cd-rich conditions on (001)
CdTe and in Te-rich conditions on (111)B CdTe. Our
conclusion is, therefore, that the activation energy value
1.9 eV is characteristic of the sublimation regime and of
the interdependent desorption of Cd and Te. This is con-
sistent with the reverse RHEED oscillations experiments
from which a sublimation activation energy of 1.9 eV was
found for both (001) and (111)B CdTe. An additional
conclusion is that sublimation occurs above about 290 °C
for both surfaces, consistent with ALE experiments'® !
demonstrating that a growth rate smaller than 1
ML/cycle is obtained for both (001) and (111)B CdTe
above 290 °C.

We have also shown in the present study that, starting
from (111)B and (110) CdTe surfaces stabilized under Te
pressure, the evolution towards the under vacuum-
stabilized surface occurs through different intermediate
surfaces. In particular, the presence of a transitory sur-
face on (111)B CdTe, which is stable in a very narrow
temperature range, was found to be responsible for the
hysteresis phenomenon seen on the (111)B surface during
temperature cycles under a Te flux.

On (001) CdTe the existence of a reversible transforma-
tion under vacuum has been confirmed and was partially
explained by the existence of different desorption rates
for Cd and Te.

The Cd and Te desorption experiments reported above
provide useful enlightenment on the choice of CdTe
growth conditions in molecular-beam epitaxy. In partic-
ular, the empirical observation that a better smoothing of
the (001) surface is achieved with Te than with Cd is con-
sistent with the activation energy found for Te desorption
from that surface, suggesting that the surface roughening
mainly occurs through Te loss. Similarly, a Te excess is
necessary for the growth of (111)B CdTe in the tempera-
ture range 300-330°C, as well as for (110) CdTe growth
in the whole temperature range.
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