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Elastic and plastic strain relaxation in ultrathin CdS/ZnS quantum-well structures
grown by molecular-beam epitaxy
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We investigate the growth of highly strained ultrathin CdS/ZnS quantum well structures by molecular-beam
epitaxy with an emphasis on structural aspects such as surface morphology of the growing layer and strain
relaxation. As shown by quantitative reflection high-energy electron diffradRMEED) measurements, no
true three-dimensional nucleation of CdS takes place despite the high mismatch relative to the ZnS buffer.
Nevertheless, the CdS surface reveals a high density of very small typically monolayer islands, leading to a
strong elastic relaxation at the surface. A new RHEED technique is applied to distinguish this elastic defor-
mation from plastic relaxation through misfit dislocations. The critical thickness for the onset of the latter is
found to be three monolayers. This result is confirmed by transmission electron microscopy and photolumi-
nescence measurements carried out for further characterization, proving the presented RHEED technique to be
reliable.[S0163-182807)03644-9

[. INTRODUCTION tion of 4:1:1 H,SO,4:H ,0,:H ,O for one minute, rinsed thor-
oughly in deionized water and methanol and finally dried in
Recently, increasing research activity has been devoted ta filtered nitrogen jet before mounting on the substrate
the reduction of dimensionality in semiconductor hetero-holder. After loading and pumping down to the 10mbar
structures from two-dimensiongRD) quantum wells to-  region the substrates are reactively deoxidized by thermal
wards systems showing a quasi-zero-dimensional electronignnealing at 490°C in a flowing hydrogen ambieipt
behavior. The most prominent approach in this field is thec5x 104 mbay before being transferred to the growth
self-organized island formation observed, for example, ichamper. This procedure not only prevents an As depletion

InAs/GaAs strained layer epitaxy. In a different approach, of GaAs due to the low annealing temperature but also mini-

?dvamage is taken from pote'nt|al quctuat.|ons n bulk Materi7es an eventual etching by residual sulfur in the vacuum
rial or quantum wells to achieve three-dimensional carrie

confinement. The latter are either induced bv allo lchamber during the deoxidation process. As source materials
) L i . . oY Yfor epitaxy, polycrystalline CdS and ZnS of 5N5 purity each

disorde?* or by thickness fluctuations in ultrathin or even were evaporated from standard effusion cells equibped with

fractional monolayer quantum wefldn this context we in- hot-lip PBE)N crucibles. The use of compound Sourr)ses is a

vestigate highly strained 7%) ultrathin CdS quantum .
wells embedded in a ZnS matrix grown by molecular-bearsiMmpler and therefore better reproducible approach than the

epitaxy (MBE). Especially, we focus on structural aspects™Oré common application of the elements. It also circum-
such as initial nucleation, surface morphology, and straiY®nts problems due to the very high vapor pressure of el-
relaxation. The last issue is studied in great detail usinggmental sulfur and the necessity to apply a cracker cell, be-
quantitativein situ reflection high-energy electron diffraction cause both materials, CdS and ZnS, are known to sublime
(RHEED) measurements. A technique that allows to distin-Stoichiometrically in such a way that solely, 3nolecules
guish between changes in lattice constant due to elastic arthd metal atoms are found in the gas pHa$he main dis-
plastic strain relaxation is presented. It is applied to the deadvantages of the compound source approach are the usually
termination of the critical thickness for plastic strain relax- lower material purity available and the 11/VI beam flux ratio
ation by misfit dislocations. The obtained results are verifiedeing fixed to the value of one. Despite these facts, a layer
by transmission electron microscofyEM) and photolumi-  quality being able to compete with films grown from the
nescencéPL) measurements. elements can be achieved, as recently demonstrated for ZnS
by our group’ For reasons discussed in more detail below,
all samples were grown at very low substrate temperatures
Il. EXPERIMENTAL DETAILS (typically around 140°@€ An obvious advantage of this
choice is that any thermally induced diffusion in the grown
A. Growth quantum wells can be excluded. Further on, sticking coeffi-
All investigated layers were grown in a home-built MBE cients get close to one. Thus, the influence of possible tem-
system with a base pressure in the upper fanbar region.  perature inhomogeneities over the substrate or slight tem-
As substrates we used Si-doped G4&80) with no nominal  perature variations from sample to sample on the growth rate
miscut. The substrates were degreased and etched in a solre minimized, leading to an improved reproducibility.
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B. Growth rates and determination
of quantum-well thicknesses

To obtain well defined thicknesses in the growth of ultra-
thin quantum-well structures, careful calibration and param-
eter adjustment are essential, especially when—as in the
CdS/znS system—no RHEED intensity oscillations are ob-
served. Substrate and effusion cells were therefore kept at the
desired temperatures for at least one hour to achieve thermal
equilibrium before the actual growth process was started.
The beam equivalent pressures, as measured by a nude ion
gauge at the growth position, were chosen to be<x3.0"’
mbar for CdS and ZnS, respectively, resulting in a growth
rate of 0.3 ML per second for each of the materials. The
beam pressures were checked to be stable within 1% for at
least 10 min in any case. To calibrate the growth rates, some
CdS and ZnS layers of several 100 nm thickness were grown
and their thicknesses measured by the analysis of Fabry-
Perot modes in the reflection spectra. However, for the de-
termination of the CdS quantum-well thicknesses, the value
obtained from the growth time and rate was additionally cor-
rected for the following effects: The effusion rate measured a
short time after the cell shutter is opened generally differs
from the stationary value and also shows a temporal transient
due to the cell being out of equilibrium. This effect was
guantitatively taken into account by numerically integrating
over the time dependent flux profile measured by the beam
flux monitor and assuming the sticking coefficient to be con-
stant. A further correction arises from the large lattice mis-
match of—7% between CdS and ZnS. As long as the critical FIG. 1. RHEED patterns obtained alofi@l1] (a) after deoxi-
thickness is not exceeded, the CdS quantum well is forced t@ation of the GaA$100) substrate(b) after growth of 630 nm ZnS
grow with the smaller lattice constant of the underlying ZnShbuffer, (c) after deposition of a 1.2 ML CdS quantum well.
buffer layer(which can be assumed to be essentially relaxed
to its bulk lattice constant Therefore, an increased number stants to an accuracy of about 0.2%. Streak intensities were
of lattice sites have to be occupied to fill a monolayer inmeasured by integrating above an area around the streak
comparison to the unstrained case. Thus, the growth rate imaximum. The whole image processing system is connected
ML/s has to be corrected by a facte,Ja2,s=0.865, to the PC controlling the shutter operations, which enables
whereaz,s=5.410 A andacy4s=5.818 A are the bulk lattice an exact correlation between growth and RHEED data aqui-
constants of cubic ZnS and CdS, respectively. sition.

To independently check the described calibration proce-
dure, some short-period CdS/ZnS superlattices were grown. IIl. RESULTS AND DISCUSSION
From the analysis of satellite peaks observed in x-ray diffrac-
tion, the superlattice period length could be determined and Before starting the growth process, RHEED was applied
compared to the value calculated from the growth paramto investigate the GaAs substrate surface. The typical result
eters. In all cases excellent agreement was found. First higiebtained for thegf011] azimuth is shown in Fig. (). The
resolution TEM measurements also seem to confirm thesgppearance of a streaky pattern with Kikuchi bands con-
results, although a quantitative analysis for ultrathin quantunfirmed that deoxidation had been successful. Half order
wells is difficult and still under way. streaks due to a (1) reconstructed surface were fre-

quently observed, probably caused by an adsorption of sul-
fur. After initiating ZnS buffer layer growth, RHEED
C. RHEED setup showed an intermediate cubic spot pattern, indicating a

All in situ RHEED measurements described below werehree-dimensional nucleation. However, when growth pro-
carried out using a Staib EK-35 RHEED system operated ateeded, the diffraction spots quickly elongated more and
13 kV. For guantitative analysis, the diffraction pattern wasmore. Finally, a streak pattern with only slight bulklike
recorded from the fluorescence screen by a high sensitivitpnodulation was obtained. Figuréh) shows as an example
CCD camera connected to a personal computec the RHEED pattern after deposition of 630 nm ZnS. The
equipped with a frame grabber card. Streak positions andtrong streaking suggests the surface to be very smooth. On
distances were measur@asually as a function of timeby  the other hand, the bulklike modulation indicates that there is
scanning the intensity profile along a predefined line parallestill some surface roughness enabling more than one mono-
to the shadow edge. To determine the streak positions dayer to contribute to the diffraction signal. In general, no or
exactly as possible, the obtained peaks were fitted numerbnly a weakc(2X 2) reconstruction was observed, suggest-
cally to Gaussians. This enables us to measure lattice coing a stoichiometric or only slightly Zn-rich surface.
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12— ness for CdS/ZnS, as shown below. We attribute it to a
% [ { CdS shutter 1 strong increase in nucleation density in comparison to ZnS,
y= 1.0 opened ] i.e., a high number of very small islands with typically one
X o8l i or two monolayer height was formed. This is a reasonable
% cds  zns assumption, because a high nucleation density is no_t only
& 061 shutter shutter . supported by the low substrate temperature used, which re-
_Cc> 04l closed opened ] du_ces adatom mobility, but especially by the large lattice
e 26 ML mls_match qf— 7% betyveen CdS and ZnS..The latter Ieiads. t.o
g 02l 36 ML} i a high strain energy in t_he Cds weI.I, which can be signifi-
5 8.0 ML~ cantly reduced by elastic deformation when growth takes
20—, 2 place by the formation of many small nuclei. The RHEED
0 10 20 30 40 50 60 70 80 90 100

observations described above can be easily explained in this
picture: When an increased number of very small islands are
FIG. 2. Temporal evolution of the RHEED 00-streak intensity formed on t_he surface, this aqtomatlcally means an increase
([001] azimuth during deposition of CdS wells with different thick- 1" Surface disorder due to the increased step density but even

nesses and subsequent ZnS overgrowth. Intensities are normalizBPre due to the fact that the growing islands can relax their
to the ZnS buffer starting value. The time scale origin was choser$train to a certain extent by elastic deformatisee below,
arbitrarily and has no physical meaning. so that RHEED detects a distribution of lattice parameters on
the surface. Both effects mean disorder that will broaden the
It is worth noting that a substantial increase in substrate tenreflections and decrease their intensity by enhanced diffuse
perature, connected to an even more Zn-rich surface due trattering.
the high volatility of sulfur, led to an increased tendency for Growth of a few monolayers ZnS smooths out the surface
three-dimensional growth and eventually to a faceted suruntil the equilibrium step density for ZnS and a uniform
face. Further details are found in Ref. 7. lattice parameter are reestablished. However, as shown in
After ZnS buffer layer deposition, growth was interrupted Fig. 2, RHEED intensity only recovered quickly to its origi-
for 2 min to possibly smooth the surface, although no signal value with ZnS deposition, when less than three mono-
nificant effect was observed by RHEED. When opening thdayers CdS had been deposited before. Already for 3.6 ML
CdS shutter to start the quantum-well growth, the diffractionCdS, recovery seemed slightly delayed. On first sight, this
pattern changed drastically, as shown in Fi@) Tor depo-  could be simply explained by the fact that smoothing was
sition of 1.2 ML CdS. On one hand, the pattern remaineceasier in the 2.6 ML case, because the step density was
streaky(also for longer deposition timgsindicating thatno ~ smaller than in the 3.6 ML case, because the CdS equilib-
true three-dimensional islands were formed. On the otherium value was not yet fully reachdihtensity still dropped
hand, the reflections broadened and strongly decreased significantly with further CdS depositiopnHowever, this ex-
intensity due to an increased diffuse scatterffidne fact that planation can definitely be excluded for the 8 ML curve in
the streaks may appear even sharper in Fig) & only a  Fig. 2. Although the starting conditions should be very simi-
reproduction artefact caused by the in general higher brightlar to the 3.6 ML caséthe streak intensity was nearly iden-
ness of Fig. (b).] This led to a relatively faint diffraction tical), recovery of the streak intensity was very slow and the
pattern, which, however, recovered quickly to its former ap-initial value was not reached at all, even for longer deposi-
pearance, when the well was capped by only a few monolaytion times. From this observation we can deduce that an ir-
ers of ZnS, provided that not too much CdS had been deposeversible structural change ocurred during deposition of the
ited before. 8 ML CdS well and probably already for the 3.6 ML well. It
Quantitative measurements of the temporal behavior ofs not far-fetched to assign this irreversible changepl&stic
the 00-streak intensity along tti801] azimuth are given in strain relaxation, i.e., the formation of misfit dislocations.
Fig. 2 for different CdS well thicknessg¢2.6 ML, 3.6 ML, To check this assumption and to further verify the nucle-
and 8.0 ML). As can be seen, even for the growth of only 2.6ation model described above, the development of the in-
ML CdS the measured intensity decreased to less than 30%@ane lattice parameter during growth was investigated as a
of its initial value. Although there may be influences due tofunction of time by measuring the integer streak spacing at
material contrast by the altered surface chemistry or stoichithe position of the Cd$111} reflections in the RHEED pat-
ometry, changes in beam refraction due to the different innetern, being proportional to the reciprocal lattice constant per-
potentials of CdS and ZnS or other dynamical effects, thgendicular to the incident electron beam. Care was taken to
observed decrease in intensity is so strong that it hardly caavoid the disturbing influence of Kikuchi lines by taking the
be explained by the mentioned effects alone. This becomd®HEED patterns a few degrees off the actual azimuth. Inter-
especially clear when comparing the streak intensities aftgpreting the measurements, one has to take care about a po-
deposition of only a few(e.g., 8.0 monolayers and after tential influence of refraction effects on the RHEED pattern:
deposition of a thick layer£1 um) CdS, where the latter As already mentioned above, refraction is different in CdS
shows a significantly higher streak intensity. and ZnS which could cause an artificial shift of the RHEED
For the described reasons, we have to attribute at leastraflexes(a shift which is not connected to a change in the
part of the drop in streak intensity to a different origin, lattice parametger However, for a relatively smooth layer,
namely to astructural change in surface morphology. The refraction should essentially shift the reflexes slightly along
latter cannot be associated with the formation of misfit dis-the streak direction, which does actually not influence our
locations, because 2.6 ML are still less than the critical thick-measurements.

Growth Time (s)
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elastic expansion is prevented and they are forced to adopt
the smaller in-plane lattice constant of the underlying ZnS.
004 | i The same repeats with deposition of the next monolayer, so
that an oscillatory behavior is obtained, where one oscillation
period corresponds to the deposition of one monolayer.
However, this simplified model would only be strictly valid
0.02 | . for an ideal layer-by-layer growth mode. In practice, the next
monolayer already starts growing before the previous one is
fully completed. First, this slightly slows down the oscilla-
tions, because part of the beam flux is used to form the new
0.00 }+ T monolayer. Further on, the oscillations will be damped. Es-
. . . 25 pecially, the average measured by RHEED will not return
0 1 2 3 4 to zero when a monolayer is completed, because islands of
Monolayers CdS the next monolayer do already exist and show elastic relax-
ation. When growth proceeds, the increasing average surface
0.05 et roughness will enable elastic relaxation more and more and
I X ] thus the average in-plane lattice parameter will increase like-
0.04 (b) CdS well thickness (ML) . wise. Finally, the step density will approach its equilibrium
~—1.8 3.2 | value for CdS.
0.03 —v—21 ——35 This model explains well the behavior of the in-plane lat-
——25 tice parameter shown in Fig(&, but it was not clarified yet,
1 to what extentplastic relaxation possibly contributes to the
measured changes in lattice constant. We therefore have to
g ask for the critical thickness for the formation of misfit dis-
] locations. As already mentioned, the latter can often be de-
. termined directly by RHEED, monitoring the lattice param-
L eter of the growing layer: Critical thickness is exceeded,
0 1 2 3 4 5 6 7 8 9 10 when the lattice parameter starts to deviate from the initial
Monolayers ZnS value for coherent growth. Obviously, this method fails,
when—as in our case—strong elastic strain relaxation occurs
FIG. 3. Relative change if011] lattice parameter as measured additionally. We therefore applied a special technique that
by RHEED (011] azimuth during deposition ofa) CdS,(b) zns ~ Was to our best knowledge not used before: On a 950 nm
on CdS quantum wells of different thicknesses. ZnS buffer we grew several quantum wells with increasing
thickness, separated by 90 nm ZnS spacers, and measured
Figure 3 shows the obtained results for the relative changghe temporal behavior of the in-plane lattice constant by
&= (Qjayer— azng)/@zns Of the [011] lattice parameter, where RHEED after initiation oZnS spacedeposition]lt is worth
azns anday,e are the lattice parameters before starting CdSemphasizing, that these measurements are not disturbed by
deposition and that of the growing layer, respectively. Whenhe different refraction in CdS and ZnS or other dynamical
CdS growth was initiated on the ZnS buffgfig. 3@)] the  effects, because only RHEED investigations of one material
measured lattice constant quickly increased significantly to¢znS) are involved and the absolute value of the lattice pa-
wards the CdS value, even if only one or two monolayersameter changes will not be essential for the discussion be-
were deposited. This result, which was obtained in all azi{ow.]
muths observed[Q11], [011], [010Q]), deviates from that The results obtained for thi11] lattice parameter are
reported previously for CdS/ZnS using different growth shown in Fig. 8b). ¢ is defined as above. For quantum-well
conditions® Indeed, it is quite unusual, because a constant thicknesses smaller than 3 Mlg dropped to zero very
could be expected for coherent growth, until the criticalquickly with ZnS growth. The ZnS lattice parameter was
thickness for strain relaxation by misfit dislocations isessentially reestablished after deposition of only 2 ML. A
reached. The increase in lattice constant is, however, a diredifferent behavior was observed for quantum wells thicker
confirmation for the model of small nuclei showing the than 3 ML. Althoughe quickly decreased in this case, too,
strong elastic relaxation presented above. Notabl/,not the ZnS bulk lattice constant was not reached. Instead,
simply increased but reproducibly showed a certain oscillaconverged to a finite value, indicating the ZnS spacer to re-
tory behavior with a period slightly higher than one mono-veal aresidual strain the latter being higher for thicker
layer, which was to our knowledge not observed in the CdSfjuantum wells. These results can be understood as follows:
ZnS system before. Simular results were, however, obtaineBor quantum-well thicknesses below 3 ML, growth is coher-
in ZnTe/CdTe strained layer epitaXyThe interpretation of ent. Therefore, any increase in the measured in-plane lattice
our measurements is as follows: When CdS nucleates on thmnstant is solely due to elastic deformation of the CdS nu-
smooth ZnS surface the average lattice constant first inelei formed on the surface. When the well is capped by ZnS,
creases, because more and more of the surface is covered ilmainly the asperities caused by the CdS nuclei are quickly
CdS islands which expand elastically to reduce their straismoothed out. Thus, elastic relaxation is prevented and the
energy. However, when the first monolayer is nearly com-surface adopts the underlying ZnS lattice constant again. For
pleted and the different islands are growing together, theiguantum-well thicknesses above 3 ML, plastic strain relax-
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FIG. 5. Edge photoluminescence of the multiple quantum-well
(MQW) sample in Fig. 4.

guantum-well sample. The individual well thicknesses are
1.3, 2.6, 4.0, and 5.6 ML. In agreement with RHEED results,
no evidence for the formation of true 3D islands was found
(even in high-resolution TEM in spite of the high lattice
mismatch between CdS and ZnS. Stacking faults run through
the whole structure, the origin of which, however, can be
traced back to the ZnS/GaAs interface. Only for quantum-

FIG. 4. Conventional two-beaf@00] dark-field TEM image of well thicknesses above 3 M4 and 5.3 ML additional
a CdS/znS multiple quantum-well sample with different well thick- stacking faults were created by the formation of imperfect
nesses. dislocations in the CdS wel(lt should be noted that due to

a limited reproduction quality two stacking faults could be

ation by the formation of misfit dislocations sets in. Thus, theassumed to start from the 2.6 ML quantum well in the shown
in-plane lattice constant of the CdS well increases irreverspjcture. Indeed this is not the case. The latter only “vanish”
ibly. When ZnS is deposited onto the well and elastic relaxip, the light region directly below the 2.6 ML well and reap-
ation is suppressed, the underlying lattice constant of th@ear near the 1.3 ML well which possibly cannot be seen
quantum well is again adopted by the growing surface, but i,ery well in the reproductiof. This confirms the critical
now deviates from the buffer value, because the quanturthickness determined by RHEED. However, TEM is obvi-
well is no longer coherent to the ZnS buffdthe residual  oysly not very sensitive to the onset of plastic relaxation,
strain of the ZnS overgrowth can therefore be regarded as §ecause only few defects are created when the critical thick-
measure for the degree of plastic relaxation in the quantunhess is only slightly exceeded. Therefore, photoluminescence
well. In a quantitative analysis one should, however, takeneasurements were carried out for a series of single and
into account, that the ZnS cap reveals a finite—albeit commyitiple quantum wells. The obtained spectrum for the TEM
parably small—surface roughness, which enables partiadample already discussed is shown in Fig. 5. It was measured
elastic relaxation of residual strain. Possibly, this fact couldyt g k using the 333.6 nm line of an Arlaser for excitation
also be partly responsible for the fluctuations in lattice conyelow the ZnS barrier band gap energy. PL was detected
stant that appear in the back part of the 3.2 ML and 3.5 MLrom the cleaved edge of the sample to avoid the influence of
curve in Fig. 3b). They could be interpreted as a “statistical Fapry-Perot modes. Two strong luminescence bands were
version” of the lattice constant oscillations discussed aboveghserved that could be assigned to localized excitonic emis-
that occur, when growth is initiated on a more rough surfacesjon from the 1.3 and 2.6 ML well by comparison with single
Further investigations will be necessary to clarify this point.quantum-well spectra. In contrast to that, the luminescence
To determine the critical thickness for the formation of misfit efficiency dropped strongly for the wider quantum we#s0
dislocations one has to take into account that plastic relaxand 5.3 ML due to nonradiative recombination caused by
ation could be anisotropic. For this reason, the describeghisfit dislocations, so that hardly any PL could be detected.
RHEED technique was also applied to investigate the behavyngeed, the inspection of further samples showed that the
ior of the[011] and[010] lattice parameters. However, the thickness limit is very sharp and 2.8 ML was the maximum
obtained results for elastic and plastic relaxation were quitmominal well thickness resulting in a reasonable lumines-
simular. No significant anisotropy occured. The upper limitcence. Thus, the results of the RHEED technique presented
for coherent growth can therefore be concluded to be 3 Mlabove are confirmed impressively.
for the applied growth conditions. Nevertheless one should note some limitations of the de-

A comparison to the literature values of about 4 ML scribed technique: On one hand it isiarsitu method, which
(Refs. 8 and 1Pseems to support this result. Neverthelessshould allow in principle the direct determination of critical
we carried out TEM and photoluminescence investigations tehickness with the growth of only one sample and no further
independently confirm the reliability of the presentedex situ characterization. On the other hand, the detected
RHEED technique. Figure 4 shows a conventional two-beanthanges in the lattice parameter are rather sfpalits of a
(g=[400]) dark-field TEM image of a CdS/ZnS multiple percent and therefore require careful measurement and a
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high quality RHEED equipment. Even then the applicabilityon the smooth ZnS buffer under the influence of strain was
of this technique is restricted to cases of really high latticeshown to take place by the formation of a high density of
mismatch(at least several Y40 yield significant results, be- small islands with 1-2 ML height, leading to the occurence
cause for short times after the onset of plastic relaxation thef strong elastic relaxation at the surface. No true 3D island-
deviation of the lattice parameter from the value for coherening was observed. A RHEED technique was presented that
growth would otherwise be too small to be detected. In anyenabled us to distinguish between elastic and plastic strain
case this relatively involved RHEED technique will only pay relaxation. The latter was applied to determine the critical
out when detailed structural information about surfacethickness for the formation of misfit dislocations in the CdS
roughness, anisotropic strain relaxation, etc. is requiredquantum wells. We obtained a value of 3 ML for the used
Otherwise, PL measurements are a much easier and vegrowth conditions, with no evidence for strong anisotropy of
sensitive approach to detect critical thickness, as also denplastic strain relaxation. The determined critical thickness
onstrated in this paper. could be verified by TEM and PL measurements, thus prov-
ing the reliability of the presented RHEED technique.
IV. CONCLUSIONS
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