Crack formation in tensile InGaAs /InP layers
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A systematic investigation of crack formation has been performed in tengtBaln,As/InP layers

with indium composition ranging from=0.2 up tox=0.35 and thicknesses ranging from 8 nm to

2 um. It has been found that cracks form after growth and on a characteristic timescale of several
days. The formation of cracks has been found to occur in a well defined thickness interval correlated
to the residual strain during growth. Crack formation is favored alond 6] in-plane direction

in samples with low indium composition. The results can be rationalized within a model which
explicitly takes into account the fact that cracks form after growth. 2@0 American Vacuum
Society [S0734-211X00)04705-3

I. INTRODUCTION tensile InGaAs/InP were observed mainly paralle[1d.0],

. ) i while for the same system Franzagial® reported preferen-
It is now well established that when Ill-V semiconductor

o . . . tial crack formation ann@lTO]. Similarly Olsenet al® ob-
epitaxial layers under low compressive strain exceed a criti- — . .
cal thickness an array of misfit dislocatiofMDs) are served cracks only parallel {d10] in tensile InGaP/GaAs

formed at the epilayer—substrate interface. For layers undé?ylers. der to clarify th " tradictory behavi
tensile strain, it has been recently suggested that, the strai n order to clarify the apparently contradictory behavior

relaxation mechanism might be differéntn addition to or} crack formation and to correlate crack formation with

MDs, cracks may form in tensily strained layers and Crackss.traln relaxation we have performed a systematic investiga-

were indeed found to be responsible for strain relaxation iﬁion of cracks as_well as of strain relaxatio_n in metalorganic
tensile InAISb/InSb layers by Maignet al? For tensile vapor phase epitaxyMOVPE) grown tensile InGaAs/InP

InGaAs/InP layers in addition to cracks MDs, stacking faultslayers' . §0 .
(SP, and twins(TW) have been observed® For this sys- In‘a previous work”we concentrated on the strain relax-
tem, it is presenly unclear which kind of defects are mainlyatlon mechgnlsm. The presen't work is more oriented to the
responsible for strain relaxation. understanding of crack formation.
Concerning the onset of crack formation, a theoretical
critical thickness expression has been compared to experi-
mental data on crack formation in tensile strained InGaAlAs/l. EXPERIMENT
InP and InGaAs/InP layers by Murrast al® A good agree-

ment was found by assuming that the samples had relaxed at;l'hte tsamplt(r-:;s wi\r.etgrovxllﬁxg@(?é)ll) seml—lnsulatlngtInPA”
negligible amount of strain before cracks start to form. How->U0SIrates with an AiXron OW pressure reactor.

ever, to our knowledge, no simultaneous investigation Oﬁagnples(;lver.?hgm\(v/;}l?t 6t'50 (f-:,l\év(l)th; .tOt"’;I ptrﬁ sslurGeacf\ 20
crack formation and strain relaxation has been performed il arthan 52')\8 ath' K Iraploboff | - ~nor Od © ? d T?]

the literature so far. Moreover, in opposition to the results o rowth a nm thick In™ butler layer was deposited. the
Murray et al.® in an earlier study Nagai and Noguéhound samples were grown in four series of nominally constant

that cracks form within a misfit interval in liquid phase epi- indium - composition; respectivelyx=0.20, x=0.25, X
taxy grown tensile INGaAs/InP layers auap P =0.30, andx=0.35. The measurement of the sample com-

An intriguing question relating to crack formation in ten- 305"20(; (S(ZZ 52((3)'04\/)/0/9an0 t;teo Affo!;owmg q vgguﬂe:sc:) 9(%/0'7
sile llI-V layers grown or{001) substrates concerns an often _h. )t(;; ( I' A4)%, (tt.h -4)%, and ( .'t' -9) 21 ¢
encountered preferential formation of cracks along a give|¥" ere the values represent the average composition and stan-

(110 in-plane direction. Indeed, since cracks are observed t ard deviation of each series. The layer thickness ranged

form on vertical(110) planes they are not affected by the roqjha few_ganlor?et_erg utﬁ: tol abourn fo(; Ef[ach_seges '
lack of inversion symmetry of the zinc-blende lattice of € residual strain in the fayers was determined by per-

[lI-V compounds. Moreover, in Refs. 4 and 5, cracks informing high resolution x-ray diffractionfHRXRD) mea-

surements with a Philips MRD diffractometer using ICa

iati i &20) -
dpresent address: 196 Avenue Henri Ravera, 92225 Bagneux Cedeg‘gadlatlon mO.nOChromatlzed by a Bartels( ) monochro
France. mator. Rocking curves were measured of (@@4) and(444)

YElectronic mail: desalvador@padova.infm.it Bragg reflections along the four different directions, parallel
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2.5 lever tips with nominally 10 nm tip radius and nominal as-

] pect ratio 4< 1. In contact-mode operation the tip apex wears
out quite fast: typical values of effective tip radius of “used
tip” are in the range of 30—50 nm. In some cases a large
number of images of an §mXx80um size were recorded
at different positions on the sample surface to determine the
average density of cracks with sufficiently high statistics.

Transmission electron microscofyEM) bright field and
dark field (110 cross section§XTEM) were recorded on
some selected samples with a JEOL 2000 FX microscope
operating at 200 kV on mechanochemically thinned samples
finished by room temperature argon ion milling.

10 100 1000 10000
t [nm]

Fic. 1. Residual parallel strain measured along [th#0] (open symbols

and [1TO] (closed symbols directions is reported for samples with
=0.20(circles andx=0.30(diamonds as a function of the layer thickness Ill. RESULTS

t The results regarding strain relaxation are reported in Ref.

10. Here we recall only the main features of the strain relax-
to the (110 in-plane axes. The444) reflection were re- ation pr'ocess(:i)strgin relaxation occurs at__an epi!ayerthick-
corded with grazing incidence angle in order to increase th@€SS higher than in the compressive cd8¢,strain relax-
surface sensivity. atl_on is highly asym_rpetrlc, the_flrst rela_xatlon direction

Rutherford backscattering measurements were performe?€ing the[110], and (iii) the strain relaxation asymmetry
to determine the layer thicknesses as well as the indium conil¢réases with increasing misfit, i.e., with decreasing In con-
position. Random spectra were recorded with 2 Miie™ centration. As an exa_mple Fig. 1 shows the residual strain
beams delivered by the AN-2000 Van de Graaff acceleratote) in the[110] and[110] in-plane directions for two series
at Laboratori Nazionali di Legnaro. During the measuremen®f samples grown ax=20 and 30 at. %. The asymmetric
the sample is tilted 5° from the axial direction and azymuth-strain relaxation is shown by the different thickness at which
ally rotated around it in order to average channeling effectsstrain starts to relax in thegl10] and[ 110] directions. In the
The spectra where simulated by an in-house developed consase of 20 at. % In composition the critical thicknesses rela-
puter code which properly takes into account the measureive to the two directions differs by nearly one order of mag-
ment geometry and the stopping power functions. Trial connitude. This difference is strongly reduced for the series of
centration profiles are tested until a good agreement with theamples at 30 at. % In composition and nearly vanishes for
experimental spectrum is achieved. the 35 at. % In serieot shown.

Cracks were imaged by scanning force microsc@fyM) Typical SFM surface morphology features are shown in
with a Park CP model operating in contact mode, using ultraFigs. 2a) and Zb) for two samples ak=20 and 35 at.%,

[110] [110]
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Fic. 2. SFM images are shown fda) a sample withx=0.20t=90 nm and(b) a sample withx=0.35 andt=450 nm. White lines are crests and were
identified as cracks, while dark lines correspond to grooves. The white segmébtsanrespond to the line scans reported in Fig. 3. Note the different gray
scale values irta) and (b).
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Fic. 3. Line scans of the typical surface features of Fitp) 2The line scans
of the white and dark features are reportedanand(b), respectively. Ir(c)

the line scan in(b) is redrawn with the same scale in the vertical and
horizontal axes.

2529
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Fic. 4. High resolution SFM image showing two cracks which cut atomic
steps on a sample witk=0.30 andt=120 nm.

that the final part of the crack in the substrate bendd 14}
planes as clearly shown in Fig(i$. In Fig. 6(c) aV groove

is also visible. Its dimension and sidewall angles are on the
order of those determined by SFM as shown in Fi¢r) 3
where the line scan of(B) is plotted with the same scale in
bothx andy axes. As can be seen, the angle of the side walls
is roughly 50°—60°.

100
respectively. In Fig. @) straight black feature@epressions 804 a e .
are aligned along110] while white features(height en- 60+ .
hancementare aligned in the orthogonpl10] direction. At 40 - )
the contrary in Fig. th), relative to a 35% In sample, it is o< 204 L
shown that both feature&ark and whitg¢ occur in both N 5
[110] and[110] directions. 0 -.'
Typical line scans of these two kind of features are re- -20 - N
ported in Figs. 8) and 3b). They are related to Fig.(B) .40 \y
where the line scan intervals are marked by white lines. Fig- :
ure 3a) represents the line scan of the white feature which -60 - ' —— ' '
appears to be a height enhancement of about 10 nm, i.e., 70
about 2% of the layer thickness. On the other hand the dark b F'y
featureqFig. 3(b)] is a groove whose depth is 150 nm, i.e., 80 s
about one third of the layer thickness. 50 s*
A central depression on the white features is always de- — 404 , .
tected if a sufficient lateral resolution is adopted in the scan. = .
A high resolution SFM image of the white features is shown n o 301
in Fig. 4 and suggests the identification of these features as 20
microcracks as shown by the line scan reported in Fig\. 5 104
The slope of the depression is mainly determined by the tip .

aspect ratio. Further confirmation of this fact is given by

T T T T T T
200 400 600 800 10001200

(110 TEM cross-section images like those reported in Figs.

6(a) and Gb): the crack is so narrow that it cannot be fully

X [nm ]

penetrated by the SFM tip. The TEM images show that

cracks havd 110 side walls and that they penetrate not only

Fic. 5. Typical high resolution SFM line scans of microcradle:symmet-
ric and (b) asymmetric shape of a=0.20 andt=90 nm sample. The con-

the whole epilayer but also the substrate to depths on thg,ous line in(a) is an exponential fit to the data. The fit decay length is

order of the epilayer thickness. In most cases it is observe
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gbout 110 nm. Dashed lines join the data points.
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Fic. 6. {110 TEM cross-section images of typical defects for a tensile 0 T T T T T T T
InGaAs sample withx=20 at. % andt=500 nm: (a) a crack crosses an 0 10 20 30 40
extended defectib) a crack penetrates the substrate and bends(id 3§ €107t [A]

plane;(c) V groove.
Fic. 7. Average height enhancement at the crack borders in samples of the
x=0.20 series as a function of the thickness multiplied by the residual strain
We summarize here the evolution of the sample morpholin the orthogonal direction. The error bars are the standard deviations in the

ogy as a function of the epilayer thickness. Independently ofteasured crack population.

the In composition, grooves appear first in fi€10] direc-
tion at a thickness where strain relaxation in the orthogona{1

[110] direction is observed by HRXRD. By incréasing the gqin_thickness product. The data points show a very nice
layer thickness grooves also appear along )] direction  in0ar correlation as expected. However, the slope shown in
again in corr'elatllon with significant strain relaxat|9n in the Fig. 7 is about four times larger than that expected from this
orthogonal direction. The length of the10] grooves is gen-  gjnhje strain relaxation model. This discrepancy could be
erally shorter than that in thigl 10] direction, as shown in  yeduced by nearly a factor of 2 by considering that the crack
the upper left corner of Fig.(B). penetrates the substrate inducing compressive strain in the
In the 20% In composition series microcracks are ob-sypstrate and thus contributing to the height enhancement.
served only in thg110] direction. However, for the other  Eyen though inconclusive, the above reported observa-
composition series cracks are observed in both directiongons are in favor of elastic strain relaxation around the crack.
even though the density of tH&10] oriented cracks is al- Thjs fact raises the question whether the cracks form during
ways higher than thgl110] density. Contrary to the groove (as soon as a critical thickness is reaghadafter growth. In
behavior, cracks are observed in a limited range of the epilthe high resolution SFM images of Fig. 4 it can be observed
ayer thickness, independently of the indium composition. that atomic steps on both sides of the crack are correlated,
Having identified the white features of Fig. 2 as micro- strongly suggesting that cracks form at the end of or after
cracks, we address the question of why cracks are associatgeowth. A further confirmation of this hypothesis comes
to a height enhancement. It could be due either to elastifrom the XTEM micrograph in Fig. @ where the crack is
strain relaxation or to enhanced overgrowth in the strain reshown to cut an extended defgstacking faul} that could
laxed regions around the crack. Thus, we investigated in derot propagate across an existing crack.
tail the height enhancement features. First of all we note that In order to have direct evidence of the time evolution of
the height enhancements shown in Fig. 5 are on the order @fack formation, on one 20% In sample we measured the
several nanometers, i.e., nearly 2 orders of magnituderack density in SFM topographs immediately after growth
smaller than the epilayer thickness. Then we observe thaind at successive different times after growth. The results are
sometimes the height enhancement on the two sides of thshown in Fig. 8. The data points show a significant increase
crack is asymmetri€Fig. 5(b)] and in other cases it is sym- of the crack density with time after growth, and this directly
metric[Fig. 5@)]. Even though it is not possible to directly confirms that cracks form after growth.
correlate SFM topographs to XTEM micrographs, we at- The data points may be fitted by the expression
tribute this different behavior to cracks penetrating the sub- ‘e
strate with and without bending, respectively. In both cases p=p=(1—€7), @
the height enhancement decays exponentially with increasinghere p is the crack densityt is the time elapsed after
distances from the crack with a characteristic length on thgrowth, 7 is the characteristic time scale of the formation
order of the epilayer thickness. This fact is in favor of elasticprocess, ang., is the saturation density. From the data in
strain relaxation. From a rough strain relaxation modelFig. 8 we find a characteristic timescale of about ten days.
where the crack penetrates only the layer thickness and A statistical analysis of the spatial frequency of the mi-
causes uniaxial and total strain relaxation near the walls ofrocracks(white features in SFM picturgshas been per-
the crack, it is expected that the height enhancement is prdermed by means of homemade macrocdderitten for
portional to the strain in the direction perpendicular to thesmx, a public domain image analysis softwafehat detects
crack multiplied by the layer thickness. In Fig. 7 we reportspikes in line scans taken at different points on the samples
the average height enhancement of the cracks measured and that calculates their average density and height.

ifferent samples of the 20 at. % In series as a function of the
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sample with the highest revealed crack density along the
0.4 [120] direction(see Fig. 9. The[110] strain keeps the con-
____________________ Fo— stant value of about 0.9% as expected from the fact that no

0.3 - crack forms along th¢110] direction. On the contrary the

i‘ [110] strain drops from 2.21% to 1.78% during the process.
024 J This means that, even in the case of the highest crack den-
sity, only a small fractiorfabout 20% of the strain is relaxed
; by cracks. It is worth noting that all the other HRXRD mea-
surements in this work were made within two days of sample
é growth and therefore the strain behavior reported in Fig. 1
| | | | | | does not account for relaxation due to crack formation.
0 200 400 600 800 1000 1200 1400 The above reported results can be summarized as follows:
time [hours] (i) strain relaxation is increasingly asymmetric with increas-
, _ _ ing misfit, (i) cracks are formedfter growth, (iii ) the crack
FiG. 8. Cr.ack_densw as_a function of time elapsed after the growth for adensity increases with time after growth and saturates with a
sample withx=0.20 andt=73 nm. . .
timescale on the order of ten days, afind) cracks do not
lead to a complete strain relaxation.

crack density [pmg1 ]
.

0.1

The densities of the[110] oriented microcracks for
samples of the 20 and 30 at. % In composition series aré/. DISCUSSION
shown in Figs. 88 and 9b), respectively. These analyses
where performed several months after growth, so that, on th
basis of the time evolution shown in Fig. 8, the measuretf

densities are representative of the saturation densities. to describe crack formation onset is due to Murml_ﬁ

From Fig. 9 it appears that _the cracl_< density rapidly_in-who proposed an energy balance between the increase of
creases abov_e agiven layer th|ckne_ss, It rea_ches a Maximuiy ¢, e energy due to the crack walls and the elastic energy
and then, by increasing the layer thickness, it decreases unfll o4 in the epilayer around the crack. The final form of
it vanishes. As it is difficult to imagine a filling mechanism their model isf2t=C, wheref is the misfit of the layer and

Iead@ng tq the crack disappeqrance, this behavior is furthe& is a constant which depends on the surface energy and on
confirmation of crack generation after growth. Moreover, 't,the elastic constants. In order to calculate €heonstant the

suggests that their nucleation is related to the residual straifl o cks are assumed to penetrate only the layer and not the

after growth. substrate. Moreover, full strain relaxation is assumed to oc-

Another important point is whether or not the cracks in-¢ . niformely in two areas of heiglitand widtht on both
duce strain relaxation. In order to investigate this PoINt.c;qas of the crack

strain measurements were performed just after growth and Taking into account that cracks form after growth, the

0 L . . ) .
repeated several months later on the 20 at.% In 90 MMhisfit must be substituted by residual strain. Since we have
shown that strain relaxation is strongly asymmetric, one can

One of the most important question to address is the ex-
tence and the functional dependence of a critical thickness
or crack formations. The only model present in the literature

0.6 expect asymmetric crack distributions, as indeed was ob-

a served. The whole phenomenology described in this article

5 enormously complicates a quantitative description. First of

o 04 . all, the strain is no more biaxial and the appropriate expres-
B o) . sion for the energy density should be used. Second, the crack

penetrates the substratgometimes bendingand the strain

and energy modifications induced by its nucleation must in-
0.1 o clude the appropriate portion of the substrate. Finally, our
results in Fig. 5 indicate that the dependence of the strain

p

0.2 |

0. relaxation as a function of the distance from the crack is
0.4 much more complicated than that assumed in Ref. 6.
o b These difficulties could be overcome only by a finite ele-
‘E ment method FEM) calculation. As a matter of fact, for the
g 02 more simple problem of the elastic energy released near the
o1 % free border of an epitaxial layer, Jah al*® have shown that
. _ ¢ this calculation can be performed to a reasonable accuracy
10 - 100 1000 only with FEM.
t [nm] In view of these difficulties we try to experimentally de-

) ) . rive an expression for the critical thickness of crack forma-
Fic. 9. Linear density of cracks parallel f&@10] as a function of the layer . L . .

thickness for(a) x=0.20 and(b) x=0.30. Closed circles refer to SFM tion. We assume tha.t the d“\./mg.force is related to the ?tram
analyses. The open circle {a) corresponds to XTEM analysis. energy. As a crack in the directidri,= 1,0] relaxes strain
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Fic. 10. Squared residual strain alof® [110] and (b) [110] multiplied by the layer thickness as a function of the thickness for the samples of the four
composition series: circleg=0.20; squares¢=0.25; diamondsx=0.30; trianglesx=0.35. Open and closed symbols refer to samples where cracks were
and were not observed, respectively. The horizontal line represents the onset value for crack formatiom:q.0@¥nm. The arrow indicates the decrease
of €%t from the value just after the growtfopen circlg to the value measured after crack saturafiomwssed circlgfor the sample with the highest crack
density.

mainly in the orthogondl1,+ 1,0] direction, we assume that the critical value. However, the results in Fig.(&0clearly
the relevant energy term is proportional 5@,:1,0]t where  show that this does not happen for the sample with the high-
the strainep; -1 o) is that determined just after the growth.  est crack density20 at. % In, 90 nm For this sample:?t is

In Fig. 10@@) we plot E[ZEO]I as a function of the thickness well above the critical value even after crack saturation: the
for all samples. Open symbols indicate the presence ofifow indicates the decrease from the value just after the
cracks in the[110] direction, full symbols indicate that no growth (open circlg to the value measured at crack satura-
cracks are observed in the same direction. In Figbjlthe  tion (crossed circle
same plot is made using the strain;q and considering the ~ Two are the possible explanations of this proble:
crack formation along thg110] direction. As can be seen in Cracks interact in some way which prevents further crack
both plots, the samples with cracks can be well separated Hprmation and(ii) cracks have a high nucleation energy bar-
the samples with no cracks by a line drawn at abettt  fer which can be exceeded only in a finite number of sites,
equal to 0.014 nm. In other words all our results are exd-€., crack formation is an heterogeneous nucleation process.
plained by the fact that cracks form after growth and they ard he first interpretation seems to be quite improbable because

well described by the following empirical equation for crack the minimum crack distance is at least one order of magni-
formation: tude greater than the height decay length that can be used as

) a typical interaction length. According to the second inter-
€’t>(0.0140.009nm, (2) pretation crack formation is kinetically limited and the gen-
wheree is the residual strain in the direction perpendicular toeration rate cannot be accounted for by referring only to the
the cracks formation. average elastic strain energy density in the layer: there must
In fact there are no cracks in tm&ﬂ)] direction for the €Xist a number of local stress concentrators which provide
20 at. % series because the strain relaxation in the perpegufficient energy to overcome the high nucleation barrier.
dicular direction occurs by means of other defects at smallhis point of view allows us to understand the time evolution
values of the thickness so thefy;t never reaches the criti- of the crack density. Equatiofi) can be interpreted by as-
cal value. Furthermore, the existence of a thickness interveguming that cracks develop from a fixed number of sites with
for crack formation, well illustrated by Fig. 9, is explained @ probability per unit time X Once all crack sources are
by the strain relaxation during growth for large layer thick- exhausted the crack density saturates, notwithstanding the
nesses where the residual strain decreases rapidly and tfa&et that the residual strain in the layer is still high enough to
strain energy falls below the critical value. We stress herellow propagation of more cracks.
that knowledge of the residual strain is of fundamental im- An other important question is: why do cracks not form
portance to predict the formation of cracks. Therefore, someluring growth? The answer probably lies in the much longer
of the contradictory results reported in the literature could bdgimescale for crack formation compared to that for genera-
explained by particular features of the strain relaxation protion of misfit dislocations, stacking faults, or twins. This is
cess in those experiments. reasonable since crack formation involves the breaking of
The critical thickness defined by E() could be read as atomic bonds distributed on a surface while MDs and SFs
an equilibrium formula for crack formation. Above the criti- observed in InGaAs/InP involve broken bonds only along the
cal value there is a sufficient amount of free energy in ordetines corresponding to the core of dislocations. Moreover,
to propagatenew cracks relaxing strain unift falls below  while the mobility of MDs decreases drastically as the tem-
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