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We investigated the interface between a three-dimensional substrate, Si, and a layered compound, GaSe, in
the very first steps of the growth. Atomic models, related to deposits of 1.5 and 2.5 sheets, respectively, were
derived from grazing incidence x-ray diffraction. They are based on the bulk phases, that is,®® Ga
iono-covalent sheets, stacked with van der Waals bonding. Two orientations at 180° from each other are found
in nearly equal proportion. In addition, two different types of domains occur: one is strained on the substrate,
the other one is strain relieved. The two types of domains are distinguished by a different treatment of their
contributions to the diffracted intensity. The growth proceeds by complete sheets, preferably on the in-plane
relaxed domains. As a consequence, for each sample, the final GaSe surface is expected to present steps, at
least of one sheet heigfit.95 A). [S0163-182697)07939-3

I. INTRODUCTION
Most epitaxial growth studies deal with covalent or me- Ai[:m mIB
tallic compounds. Recently, the epitaxy of layered structures 3 Y
was demonstrated, thus opening a way to achieve a different | I | |
kind of heterostructur&-* Gallium selenide is such a two- . l
. . . . A cV=
dimensional2D) compound, characterized by iono-covalent | I[m m IB »a LG A
sheets with stoichiometry GaSe, bound to each other by van i |
der Waals—type interactions. All the bulk phases may be ! ' ' —
described by use of hexagonal lattices, with a common pa- CYI A B T |
rametera, equal to 3.74 R~' The value of thec parameter |
depends on the stacking sequence of the sheets. An indi- 7'95'A1
i

i

| |
vidual sheet consists of fou0001) atomic planes, whose ! 4.
sequence is Se-Ga-Ga-Se. TheSa sheets are 4.8 A thick l AI IB L
while the intersheet spacing is 3.2 A. The main three phases ~—

B, &, v, involve, respectively, 2, 2, and 3 sheets in the unit

cell. One can expect the epitaxial growth of any of them :se
on Si111), since the misfit is—2.6%, along the azimuth . g?

[100]®29/[101]%". According to the threefold symmetry of
GaSe, two orientations are expected, mutually rotated by
180°, as shown in Fig. 1 in the case of thephase.

Apart from the optical nonlinear properties of G&Sdhe
interband transitions in the UV regidfiand potential appli-
cations in multiple quantum well structures, the growth of
GaSe on silicon may provide a way to achieve heteroepitaxy
with materials that are hardly compatible with Si. The van
der Waals bonding between the sheets should enable the re- i 1. projection alon§110]® of the epitaxialy (000D GaSe
lief of the strain produced by the lattice misfit, or the thermalon Sj111). Four complete sheets are depicted on top of the half-
expansion coefficients. Indeed, the use of GaSe as a templajgeet interface. The two orientations, at 180° each, are shown, la-
for GaAs growth on S111)-As has been reported as beled “A,” * B,” in the case of a full sheet, andd’” *“ b,” in the
promising*! This use of layered compounds as bufferscase of a half sheet.
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should open new perspectives in the integration of optoelet¢he synchrotron wiggler beam line DW12 at LURBrsay,
tronic functions in devices. This however requires us to gefFranceé.!’'® Samples were transported from the MBE cham-
surfaces as smooth as possible, while minimizing the layerber of the LPS laboratory to the diffractometer, in a primary
thickness. Thus, it is worthwhile to investigate the growthyacuum environment. Previous experiments proved that the
process of 2D compounds on 3D materials, with respect t@gsaSe surfaces are strongly passivated, ensuring a negligible
the widely studied 3D-3D case. What effect has the van degjr contamination. The incidence angle was always main-
Waals bonding on the interface stress confinement, whagined to the critical value for total reflection. The diffracted
kind of growth is promoted, and what is the final surfacejyensity was collected by an energy dispersive detector. The
state? wavelength was chosen at 0.8856 A, in order to prevent pos-
Il STRUCTURAL CHARACTERISTICS _sible G_a or S_e quorgscence signals in the data. The r(_)ds, that
OF THE EPITAXIAL LAYERS is, the intensity profiles along the surface normal at d_|fferent
in-plane positions, were registered with the same active area
The LPS laborator? (University Paris 6, Frangehas in the two samples, enabling direct comparison. Each value
achieved, by molecular-beam epitaiyBE), the growth of  along the rod results from the integration of the profile ob-
GaSe on several Qil]) surfaces. A transmission electron tained by @ scan, that is, a step-by-step in-plane rotation of
microscopy(TEM) study has been carried out on epilayersthe sample, across the Bragg position. We used the following
starting from different surface stattsThe H-terminated reciprocal-spacgRS) lattice, with respect to the conven-
1x1 surface was found to give the best interface quality andiona| fcc Si lattice:b,=2 [112], b,=2 [121], and bs=1
to promote they-type structure. We performed an x-ray [111]. A RS position will be denotedh(k,l), according to
analysis of such a sample with ten nominal shébhe  ihe exchanged momentugr= 24 (hb; + kb, + I bs). For sili-
reflectivity profile confirmed that only-type stacking oc-  ¢on, rods atl,k) = (1,0) and(1,0) are not equivalent; for the
curred. Eachy bulk reflection was retrieved after a 180° grientation of Fig. 1, the bulk allowed reflections are ex-
rotation of the sample around its normal, assessing that thacted, respectively, at=3p+1 andl=3p+2 (p intege.
twinned orientations occurred in equal proportion. First,ntensity was collected along both rods, as well as along the
questions arose on the interface itself, that is, how the firsfoq (2,1),_for which Si bulk reflections arise dt=3p+3.
GaSe sheet is fixed on Si. Does the epitaxy involve the stickThe rod(1,0) will be presented together with rod.,0), by
ing of Ga atoms on top of the outer Si ones, leading to a halfising negativd values, and the two rods will be shortly
Ga-Se sheet strained on Si, or, does the epilayer start Withyferred to as rod1,0).
complete sheets bound to Si via Si-Se interactions. The half the experimental rodgL,0), in the two samples, are pre-

sheet arrangement was supposed in Fig. 1, taking into aGented after proper corrections in Figa® First, the positive
count the two possible orientations. Referring to the two half, 4 negativel parts are almost symmetric, assessing the
sheets by using the labelsa" and “Db,” Wh"f‘ th”e related  presence of two GaSe orientations, at 180° to each other, in
complete sheets will be denoted bA™ and “B,” we de-  neqrly equal proportion. Second, the peaks along the rod
picted the stacking 4AAA” and “bBBB,” expected from  appear at the same positions, in the two samples. They lie on
the y phase. _ . the same background level, while rising in intensity from
An x-ray standing wave analysis has been performed ogample | to II. We expected 0.5 sheet for sample 1, but the
samples, with a 0.5 sheet nominal deposit. The half Iayegesence of peaks along the rod imply that at least one epi-
interface model was proposed, with the Ga atoms at 2.37 fgyer atomic plane is reproduced along the surface normal.
on top of the outer Si ones, and the Se atoms rather of typghe analysis will lead effectively to coverages of 1.5 and 2.5
“a.” ™ This technique was well suited to determine the Gagheets in samples | and Il, respectively. The small peak at
and Se atomic positions in the half foil. However, investiga-| +3 2 i sample Il appears as a faint shoulder in sample I.
tion of the further growth stages would be complicated, pargesides, it was clearly identified on the profiles issued from
ticularly in the case of in-plane relaxation, or various regis-| scans, which consist in measuring the intensity while keep-

tries of the successive sheets. We present here Xx-rgyq fixed the f,k) value. The structure in sample Il appears
diffraction results on samples involving 1.5 and 2.5 nominaly it with units of sample 1, except in the region néarO0.
sheets. Our models preserve the half foil arrangement, but

reveal several types of domains. The growth does not consist

_ Silicon samples were cleaned using high pH HF solutions,  gampje | was first considered, and different models based
in order to get the flat Si-H surface. Two GaSe deposits werg, ihe Si-Ga-Sé¢half sheet or the Si bulk-terminated inter-

performed. The respective samples will be referred to in thg, a5 were tested. It came out that the tacd) was more
folloyving as | and Il. The growth conditions are descril_aed iNgansitive to the structure at the interface than the(ma,
detail in Ref. 3; the sample was held at 450 °C while the;ng the discussion will be focused on it. In order to simulate
beam pressures of the sources gave a Se/Ga flux ratio arouf, peaks along the rod, we need to consider a complete
8. Evaporation time was chosen in order to produce 0.5 an aSe sheet, at least, and, to account for the experimental
1.5 equivalent sheets; however, our x-ray results SuggeSteﬂ/mmetry, we must think about the twoandB orientations
coverages of 1.5 and 2.5 sheets. (see Fig. 1L The occurrence of the two types of domains is
related to the Ga$%@001) and S{111) 3m symmetries. If we
compare with 3D heteroepitaxy on($11), we could expect
X-ray diffraction was performed using a grazing inci- a single orientatiod®?°From thicker films, we know that the
dence geometrf with the six-circle diffractometer, set on y phase is favored; then, does tAeand B differentiation

Ill. X-RAY DATA COLLECTION
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rod (1, 0) nates of the Ga and Se atoms expected from an elastic ac-
————— commodation, using the interatomic distances in thieulk
« sample | phase. The structure was supposed to be unchanged in the
o © sample Il © relaxed sheet case. We present the characteristics of the
. 3 X + structure, in comparison with th@ ande phases. In they
LS 0 o ¢ o ] one, all the sheets are oriented the same and bound together
& 5 . o e ] according to the fact that the Ga atoms of each sheet are
. 1 located at the same in-plane position than the topmost Se
o "@&O M Vv atoms of the sheet underneath. This is retained irBtBguc-
N o o M ture, except that sheets are oriented alternatively at 180°
o o8 o o from each other. In the phase, the sheets are oriented the
*e R o | same, but one out of two presents an in-plane displacement
[a] ¢ 4 with respect to they situation.

-
(=]
(N

Intensity (arb. units)

V. DISCUSSION OF MODELS (SAMPLE 1)

. coherent full sheet
100 T incoherent full sheet

While preserving the structural features of th@hase for
the two successive unitthalf and full sheet a coherent
interface gives curves with minima too pronounced and
supplementary maxima. When a unique orientation for the
half sheet is assumed, the rod is clearly asymmetric. How-
ever, when considering two domaiasA andb-B in equal
proportion, we produce on an average the magnitude of the
peaks al ==*+1.8 and*+4.2, as shown in Fig. (®). These
peaks emerge from the atomic structure in a single sheet. On
the other hand, the extra maximalat =2.8 are related to
the “double” sheet structure. To suppress them, one must
-6 -4 -2 0 2 4 6 consider the complete sheet scattering incoherently with re-
L spect to the half sheet. Actually, this hypothesis revealed
itself suitable [see Fig. #b)]. Discrepancies remain: the
FIG. 2. (a) Experimental rods ath(k) =(1,0) for samples I and peaks are slightly displaced with respect to the experimental
Il (1.5 and 2.5 GaSe sheets, respectively) Comparison between gneg the shoulders bt + 3.2 do not emerge, the curve near

measuredsample ) and calculated intensities, according to two =0 is badly reproduced, and the width of the peaks at
intermediate models based on the half sheet arrangement at the , , is too large. This Iat'ter feature as well as the first one

interface, with a Comp.lete sheet above. In one mOde.l’ t.he full Sheezire related together and clearly demonstrate that the interface
scatters coherently with the layers underneath, while in the other:]as not a totally “incoherent” character. We thus modified
one, it scatters independently. . . ) .
the model, while keeping the same amount of GaSe, that is,

appear after, or as soon as, the half-layer is formed? In thé.5 sheets, so as to preserve the magnitude of the oscilla-
early growth stages, are other phases stabilized? Using th#®ns. The refinement was guided by the reliability factor
appropriate labels 4” and * b” for the half sheet, and A”  R=X [|F(calc) — F(obs)|*3F(obsf. One can also con-
and “B” for the following complete sheet, we have to test sider theR’ factor, given by the same formula, with the
various models, a—A+B, b—A+B, a—-A+b-B, summation based on the absolute values instead of the
a—-B+b—A, a—A+a—-B+b—A+b—B, .... Moreover, squares. The reasons for choosing Bhéactors rather than
we must examine different registries of the complete sheet ithe residualy? are given in Ref. 21. For the latter, the sys-
each model, that is, the in-plane displacement of the comtematic errors orf-(obs) are taken into account, and esti-
plete sheet with respect to the half sheet. Another difficultymated by the reproducibility of symmetry equivalent reflec-
emerges when considering that, if the half sheet is expectedPns (about 10%.
to be strained, the strain effect on the following foil may be  To start the fitting procedure, we considered half of the
relieved. We need thus to consider an in-plane accommgsurface being covered by “incoherentf)(domains, the half
dated, as well as a totally relaxed, complete sheet. The scatmaining consisting in “coherent”’d) domains. The two
tering contribution of the latter is then either coherent ororientations at 180°A andB) were preserved for each part
incoherent with that of silicon. Of course, an intermediateof the surface. This model will be referred to as model 1. It
situation may occur. We retained these two extreme casedready gives an overaR factor of 3% R'=12%, and
only, in order to produce significant effects in the intensity. x°=1.2). Any modification of this base model did not sig-
This reverts to estimating the integrated intensity by addingnificantly improve the overalR or x? factors. The differ-
either theF’s or the|F|?s of the two entities: the half sheet ences mainly affected the—3.5—2.5] | region (and the
bonded to bulk Si and the next complete sheet. In the case sfymmetricl-positive region of rod (1,0), while thel=—1
a single domainF is the structure factor associated to thepart of the rod was always unsatisfactory. The refinement
unit column from the ultimate surface layers to the deepesshows that some structural features can be associated to
bulk ones?t?? some characteristics of the rod,0. The experimental

In the strain sheet hypothesis, we calculated the coordishoulders at= +3.2 (that will change into sharp peaks in

[b]
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FIG. 4. Rocking curves obtained ath,k,1)=(1,0,4) for
samples I(full circles) and Il (open circles The figure allows to
compare the respective FWHM'’s, and shows the two Lorentzians
#Jsed for the fit in sample II.

FIG. 3. Measured and calculated intensities of (bd), accord-
ing to the final models retained for samples | and Il. The rod of
sample Il has been shifted at higher intensity values for sake o
clarity.

is relieved in the first full sheet. Our model suggests that this

is mainly realized after a second full sheet forms. The ques-
sample 1), can be associated toaxis grown part, with  tions that arise are as follows: how this second sheet will be
more than 1.5 sheetghat isAA or BB). The difference in  completed over the surface, will the step formed act as a
depth between minima &t —1 and—2.5 is reproduced, if nucleation site, and what can be expected from the coherent
a second registry in the coherent part is considétieel one  domains in the further growth stages? Answers are provided
which is found in thee phase. Finally, we retained the by the analysis of sample II.
model that follows, limiting the presentation to a single ori-
entation. In the coherent part, we have two equal contribu-
tions “aA” and “a,” while in the incoherent part we have
“aA” and “aAA” The rod is slightly improved if the half-
sheet uncovered part consists entirely of ty@e'™The final The @-scans at the differedtvalues showed an increase
fit of rod (1,0 is presented in Fig. 3. in the correlation length compared to sample I. They could

The presence of th&A (and BB) arrangement is also be fitted correctly only by use of two Lorentzian functions.

revealed by the evolution of the angular widths of theFigure 4 shows the scans bt —4 for samples | and II.
®-scan profiles. The correlation length acts as the inverse dReferring to a single Lorentzian fit, the FWHM changes
the full width at half maximum{(FWHM). A maximum of the  from 1.48° to 1.2°, which leads to coherent domain sizes of
FWHM was observed in the= = 3.5 region; this is associ- 130 and 160 A, respectively. Actually, a good fit in sample II
ated to the growth of thé A (or BB) structure. Another requires two Lorentzians, each with an average FWHM of
model was as satisfactory as the model retained. It does n6t88°. This gives a correlation length of 220 A. The two
affect the fact that the second complete sheet is found, on togenter positions are shifted by 0.5°, and the lower-angle
of a relaxed one. This model consists in one third of thevalue corresponds to a lattice parameter close toythelk
surface coherent of typedA,” the remaining part being one. Indeed, according to the diffractometer geometry, if one
incoherent, with 45% of type &A” and 25% of type considers the bulk lattice values gfGaSe and Si, the re-
“aAA” We cannot exclude the presence afA (or bB) lated ® angles should increase with but intermingle at
regions, with the in-plane shift of A” with respect to “a,” I=2.9. The® values extracted from the fits behave as Si in
the same as in the phase. It must be underlined that infor- sample I, while they are closer to GaSe in sample I, if one
mation on the registry of the full sheets is lost, when consid-considers single curve fits. If one retains Bevalues of the
ering the incoherent portion. The registry effects imply, thustwo Lorentzians in the fits of sample I, one observes that
less than one half of the surface. Adding parameters in theach acts as expected from the Si or the GaSe lattice param-
calculation does not make sense, according to the experimerter. The domain width in sample 1l was found between 200
tal error bars. Besides, an intermediate situation betweeand 300 A. Thus, we confirm with sample I, that domains
strain relieved and totally accommodated sheets probably ostill coexist with different lateral strain states. However, the
curs. As a matter of fact, we cannot extract the two contri-average trend is that more GaSe layers have recovered their
butions from the experimentél-rocking curves, which were bulk in-plane parameter, as well as the domain width has
fitted using single Lorentzian functions. The competition be-improved.
tween the two strain states of the domains is however sug- From the structural investigation, we started from model 1
gested by the weak values of the correlation length: from 12@f sample I. The model consisted of a half sheet strained
to 230 A. These values can be compared with those obtainewlith Si, covered as a whole by one full sheet. The full sheet
in 3D-Si heteroepitaxy® We could expect from the van der part was divided in two: one was coherent with the half
Waals bonding that, after the half-sheet is formed, the straitayer, one was treated incoherently. Adding a secongb&a

VI. THE NEXT STEPS OF THE GROWTH (SAMPLE 1)
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sheet to the incoherent portion led readily tdRaactor of  reflections. If one superposes a (G@01) plane on top of
2.5%. The basic feature of sample Il is, one half of the surSi(111), two regions appear, with the two types of atoms
face consisting in one sheeA @ndB) strained with Si-Ga- either in or out-of-phase. The substrate-overlayer interactions
Se, the remaining half consisting in two shegig\(andBB) in the coincidence regions, by modifying the epilayer bulk
completely relaxed on top of Si-Ga-Se. Finally, the best fitpositions, can produce totally accommodated portions. This
(R=1.5%) was obtained with half of the coherent part ofwill produce overlayer parts diffracting coherently with Si,
type aA (bB), the other half bein@B (bA), and with2 of  the remaining parts being incoherent. The two types of do-
the incoherent part of typaAA (bBB), the last; portion  mains can thus coexist. With further growth, the progressive
beingaAAA (bBBB). The rod(1,0) is shown in Fig. 3. In  relief of the strain should favor the lateral extension of the
this model, the total coverage is 2.25 sheets, but the peaks tlaxed domains. The 2D character of the bonding is a rel-
| =+1.8 are underrated. We think that the coverage must bgvant criteria for such an extension. Indeed, a distorted re-
closer to 2.5, but did not find out how to place the extragion can be hidden by the sheet which will grow next, thanks
portion so as to improve the fit. The occurrence of #@  to the adjacent sheet. For the same reasons, the layers may
(bA) stacking did not appear in refinement for sample I. Thisr€join between two terrace levels. As a matter of fact, TEM
is the configuration found in thg phase. It is the only one images gave evidence of bend€DO0]) planes inside the
which produces the continuous rise in intensity when apthick films2® Actually, the latter films revealed continuous
proachingl =0 for rod (1,0). The presence of & portion in ~ With high crystalline quality® These assertions are sup-
sample I1(as well as the presence of anone in sample)l  ported by the x-ray analysis of a 10 5@ deposit.* It
can easily be explained in this stage of growth. Indeed, théevealed that a portion strained with Si still existed, while
growth is stopped before completion of the third sheet. #he most of the film was relaxed, with higher crystallinity. The
and 8 phases imply only two sheets in the unit cell, insteadr€mnant deformation was of0.9% in the plane of the sur-
of three in they phase. In the low coverage regime, they canface, and—0.2% out of plane.
be thermodynamically stabilized with respect to thene.
As in sample_l, one could a_lso retain a simpler model, how- VIl. CONCLUSION
ever less satisfying: one third of the surface would be cov-
ered by coheremh (andB) sheets, the two last thirds would ~ We manage to describe the GaS&l$i) interfaces in-
consist for 45% inAA (and BB) domains, and for 25% in Vvolving 1.5 and 2.5 G#5e, sheets, respectively. The models
AAA (and BBB) domains. Imaging experiments were per-are based on the bulk GaSe phases, the transition with Si
formed on similar layer compound®-?° Terraces were re- being insured by a half Si-Ga-Se layer. We can clearly argue
vealed, with steps one sheet in height, attesting that ththat, first, two orientations rotated at 180° from each other
growth proceeds before completion of the layers. In an elastake place with the same probability, and second, that a large
tic accommodation scheme, the stress is relieved by atomimount of the Gg5e, sheets tend to relax laterally in the first
relaxation along the axis. However, the in-plane distortions stages of growth. The predominant structure is thene.
from the bulk positions are a severe limit to the lateral ex-The surface is found covered with domains, on an average,
tension of the domains. In 3D-3D heteroepitaxy, with in-half being strained with Si, half being relaxed. Apart from
creasing film thickness, the epilayer undergoes a transitiothe half sheet, the strained portion implies only one full
towards plastic accommodation. If in-plane relaxation occursheet, in the two deposits, while the strain-relieved portion
in the very first steps of the growth, 3D nuclei can beconcerns one, two, or three sheétsth structurey). Thus,
formed, with eventual holes in the final film. What can bethe growth proceeds more easily on top of the relaxed do-
expected from the 2D-3D epitaxy presently described? mains, implying that 7.95 A height steps are created. Last,
For foliated compounds, since the atoms at the surface afoncerning the uncovered full shestrained pait the pres-
the sheets are in a stable configuration, flat surfaces are egnce of the8 ande arrangements is suggested.
pected for the eventual nuclei. Besides, the number of dan- One could expect from the van der Waals bonding, that
gling bonds on lateral sides must be minimized. This is reafter the half sheet interface is formed, growth proceeds by a
lated to the surface free energy. The mode of growth is als@D sheet by sheet growth, with total relaxation of the sheets.
a function of the adhesion energies. In the beginning ofvidence of differently strained domains, with the thicker
growth, we must consider, on one hand, interface energies @fnes being relaxed, as well as the presence of other phases
the substrate and the crystallite with vacuum, and, on th¢han they one, show that the growth process is less ideal.
other hand, bonding interactions between atoms of the adso®ne question remains: how the strained domains will de-
bate, as well as bonding between substrate and adsorbate.\ielop in the further stages of the growth. Concerning the
our system, the weak bonding between the sheets compar&winned orientations, we cannot speculate on the kind of
to the intralayer one promotes lateral extension, but the sizjpinction that will be formed. They can limit the quality of the
of the domains is limited by the substrate-crystallite interac-GaSe epilayers. In this sense, the use of 1ll-V compounds as
tions. The presence of the differently strained domains coultemplates could be interesting, for instance G4A$), for
be a way to relieve the interface stress. One can imagine \&hich the 3n symmetry could promote a single orientation.
smooth transition between alternate strained-relaxed do- Our analysis shows that the surface diffraction technique
mains. The misfit is 2.6%. The two lattices are then almosis powerful, not only for determination of surface atomic
commensurate with each measuring 142 A. This is on amonfiguration, but also for investigation of a complex inter-
average as the correlation length is deduced from the x-raface, up to 10 atomic planes in the overlayer.
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