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Imposed layer-by-layer growth by pulsed laser interval deposition
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Pulsed laser deposition has become an important technique to fabricate novel materials. Although
there is the general impression that, due to the pulsed deposition, the growth mechanism differs
partially from continuous physical and chemical deposition techniques, it has hardly been used.
Here, we will introduce a growth method, based on a periodic sequence: fast deposition of the
amount of material needed to complete one monolayer followed by an interval in which no
deposition takes place and the film can reorganize. This makes it possible to grow in a layer-by-layer
fashion in a growth regimdtemperature, pressyravhere otherwise island formation would
dominate the growth. €1999 American Institute of Physid$$0003-695(99)02424-9

New developments in thin-film techniques have openedransport of material from an island to a lower-lying level.
the possibility for atomic engineering of oxide materials. InUsually, for epitaxy of complex oxide materials, the regime
order to be able to create a crystal structure by depositingf temperatures and pressures is limited by the stability of
consecutive unit cell layers of different materials, a layer-by-the desired phases, e.g., Yfas0, can only be grown in a
layer growth modgis a prerequisite: nucleation of each next specific temperature and pressure regind¢.low tempera-
layer may only occur after the previous layer is completedtyresa-axis-oriented films are formed whereas at high tem-
Occasionally, the deposition conditions such as the substrajgsratures the material decomposes. Periodic, ion bombard-
temperature and ambient gas pressosygen in the case of ment is very difficult to realize in view of the stoichiometry
oxide materials can be optimized for true two-dimensional of oxide materials. Especially in artificial layered structures
(2D) growth, e.g., homoepitaxy on SrTiQ001. True 2D mixing of succeeding layers is undesirable. Growth rate ma-
reflection high-energy electron diffractiofRHEED) inten- nipulation to impose layer-by-layer growth could be a possi-
sity oscillatiqns are observed depositing SrjMith pulsed bility to overcome this problem. A different approach is the
laser depositior(PLD) at a temperatur_e of 8.50°C and an use of surfactants However, a suitable candidate for com-
oxygen pressure of 0.04 mbafthe relatively high tempera- glex oxides has, to our knowledge, not yet been found.

ture in combination with a low oxygen pressure enhances th . .
- In th f PLD, a typical value for th ition rat
mobility of the adatoms on the surface and, therefore, the €caseo » atypical value for the deposition rate

probability of nucleation on top of a 2D island is minimized. within one pulse is of the order of 1Am/s.” Therefore, a

The as-deposited adatoms can migrate to the step edges h supersaturation is expecte_d when the p'“m_e 's on, and
thus, the number of 2D nuclei can be very high. Subse-

2D islands and nucleation only takes place on fully com- X i
quently, when the plume is off, larger islands are formed

pleted layers. o o ) .
through recrystallization, exhibited by the typical relaxation

In general, during deposition of different kinds of mate- i ; )
rials, i.e., metals, semiconductors, and insulators, by differ®f the RHEED intensity of the specular spot during PLD.

ent deposition techniques, a roughening of the surface is ob2ince small islands promote interlayer mass transport, one
served. Assuming only 2D nucleation, determined by thefan utilize the high supersaturation achieved by PLD by
supersaturatioh Jimited interlayer mass transport results in Mmaintaining it for a longer time interval and suppress subse-
nucleation on top of 2D islands before completion of a unit-quent coarsening.
cell layer. Still, one can speak of a 2D growth mode. How-  Accordingly, to circumvent premature nucleation due to
ever, nucleation and incorporation of adatoms at step edgdBe limited mobility of the adatoms at a given pressure and
is proceeding on an increasing number of unit-cell levelsfemperature, causing a multilevel 2D growth mode, we in-
which is exhibited by damping of the RHEED intensity os- troduce the possibility of interval deposition. Exactly one
cillations. In fact, an exponential decay of the amplitude isunit-cell layer is deposited in a very short-time interval, i.e.,
predicted assuming conventional molecular beam epitaxpf the order of the characteristic relaxation tinjggically,
(MBE) deposition condition8. 0.5 s(Ref. 10], followed by a much longer interval during
Several groups have investigated the possibility of apwhich the deposited material can rearrange. During the short
plying a form of growth manipulation to promote interlayer deposition intervals, only small islands will be formed due to
mass transpoft.They suggest to apply two different tem- the high supersaturation typical for PLD. The probability of
peratures, two different growth rates, or periodic ion bom-nycleation on the islands increases with their average radius
bardment to increase the number of nucleation sites, angng is, therefore, small in the case of fast deposition. The
thus, decrease the average island size. This will enhance thgia] amount of pulses needed to complete one unit-cell layer
has to be as high as possible, to minimize the error intro-
dElectronic mail: h.rogalla@tn.utwente.nl duced by the fact that only an integer number of pulses can
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time (s) FIG. 3. The intensity changes of the specular beam during interval deposi-

) ) . . tion of SrTiQ;; the repetition rate used here is 100 Hz. The number of pulses
FIG. 1. The intensity changes of the specular beam during deposition ofeeded to complete one unit-cell layer is estimated to be 43. Sometimes, the
SITIO; at 800 °C and 0.1 mbar Lusing a repetition rate of 1 Hz. The ymper of pulses was changed by one, as indicated in the graph, to fine tune
number of pulses needed to complete one unit-cell laytr) is estimated  {he amount of deposited material.
to be 31. The inset shows the decay of the maxima, using this mdhod
compared to the maxima using the interval methd
temperature, following our approach. In this case, the num-

ber of pulses needed per unit-cell layer was estimated to be

be given. Both a high deposition rate and sufficiently acClspout 27 pulses. The decay of the intensity after each unit-

rat.e depogltlon of one unit-cell layer can be obtained by F)I‘Dcell layer is significantly lower compared to the situation in
using a high laser pulse frequency.

. i Fig. 1. In the inset of Fig. 1 the intensities at each maximum
To prove this mEthOd of grO\_/vth, we used Sr‘gl@s_a of both methods are compared. The recovery of the intensity
model system. SrTiQwas deposited using a KrF excimer

) . o after each deposition interval will be fast when exactly one
laser(248 nm with a maximum repetition rate of 10 Hz as . . . . ’
. : X unit-cell layer is deposited. Note that, besides nucleation on
well as a XeCl excimer lase(308 nm with a maximum o . .
”» ) . ) the next level, the decrease in intensity also can be ascribed
repetition rate of 100 Hz. A single-crystalline SrEi@arget . .
to the fact that only an integer number of pulses can be given
was used and the energy fluence on the target was 1.5.J/c

During deposition, the growth was menitored using high- o complete a unit-cell layer. A slightly lower or higher cov-

12 L _ erage causes a longer recovery time. This situation will de-
pressure RHEED-**The incident angle of the 20 keV elec teriorate with every subsequent unit-cell layer, as follows

o i e et 51 Trom nreain st tmes
camera. The SITiOsubstrates W%re S zciall repared to The intensity change during deposition of one unit-cell
: 9 P y prep layer at 10 Hz is given in the inset in Fig. 2. The shape of the

obtain a single terminated surface with only unit-cell steps. intensity curve at 10 Hz stronalv resembles the parabola
Wafers with the smallest miscut anglescQ.2°) were se- y gy b

. . when calculating the intensity change of a two-level growth
:s::ted for this study to exclude step-flow-like growth ber]av_front with random distributed island and island sizes in the

Depositing SITIQ at a temperature of 800°C and an kinematical limit.® From the shape of the curve it can be

. . seen that the time needed to deposit one unit-cell layer is still
oxygen pressure of 0.1 mbar, with a continuous pulse fre:

quency of 1 Hz(referred to as standard deposition Condi_too long. This is because the deposition time interval of 2.7 s
tions) the surface is transiting from a single-level system to a
multilevel system, as indicated by the damping of RHEED
intensity oscillations in Fig. 1.

Figure 2 shows the RHEED intensity during ten cycles
of deposition(at 10 H2 and subsequently a period of no
deposition, using the same oxygen pressure and substrate

laser on = |
v v = I -
- L i i 027 pulses
1™ f" 0 time (s) 15
S |
s
0 time (s) 200 FIG. 4. (a) Ex situAFM micrograph after deposition of 90 unit-cell layers of

SrTiO; using standard deposition conditioris) ex situ AFM micrograph
FIG. 2. The intensity changes of the specular beam during interval deposafter interval deposition of 90 unit-cell layers of SrEi@sing a repetition
tion of SrTiOy; the repetition rate of the laser used here is 10 Hz. Therate of 100 Hz; andc) ex situAFM micrograph after interval deposition of
number of pulses needed to complete one unit-cell layer is estimated to bg0 unit cells of the superlattice existing of two unit cells of BaGa@d two

27. The inset gives the intensity change during one deposition interval.  unit cells of SrCu@.
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BCOgc0o difference in growth or reflection properties. Figuréb)s
@ |sc (b) i shows the x-ray diffractiofXRD) intensity profile of the
ﬂw (001) ‘L superlattice, with a-axis length of~1.58 nm. The arrows

5 \L indicate the(00I) reflections originated from the superlattice,
\]/ J, J, \]/ the SITiQ substratg004) and (008 reflections merge with
J, the reflections of the superlattice. In Figchthe correspond-

I(a.u.)
I(a.u.)

ing atomic force microscop€AFM) image is given. As in
the case of homoepitaxial growth of SriiOthe terraces
FIG. 5. (@) Fragment of the RHEED intensity during the growth of the originate from the miscut of the SrTiOsubstrate and are,

superlattice of two unit cells of BaCy@nd two unit cells of SrCu® The even after a deposition of 48 nm, clearly visible. On the
two unit cells of BaCu@ are deposited in one intervdb) XRD profile of ’ )

the superlattice. Arrows indicate tti@01) reflections. The004) and (008 terraces only single unit-cell steps of SrGu€an be seen.

0 time (s) 175 0 sine 0.5

reflections merge with those of the SrEiGubstrate. In conclusion, we have shown that it is possible with
PLD to impose a single-level 2D growth mode or layer-by-
is longer than the characteristic relaxation time(Q.5 3. layer growth mode for SrTiQdespite unfavorable deposi-

However, a significant suppression of the formation of ation conditions with respect to mobility. Depositing every
multilevel system has already been achieved at this point. unit-cell layer at a very high deposition rate followed by a
To avoid the above-mentioned situation, a similar ex-relaxation interval, we extend the typical high supersatura-
periment was performed using the XeCl laser with a pulsgjon for PLD keeping the average island size as small as
frequency of 100 Hz. The number of pulses needed to compggsiple. Therefore, the interlayer mass transport is strongly

P'ete_one ufnit-cell layer Wﬁs _estimated th rt])e(iﬁlé., dep(_)SI- enhanced and the formation of a multilevel growth front does
tion time of 0.43 5 Here, the increase of the RHEED inten- not occur. This technique is unique for PLD, no other tech-

sity occurs after the deposition interval and recovers almosrt]i e has the possibility to combine verv high deposition
to the same level. The fact that the overall RHEED intensity a?es with inter\F/)aIs of n{> deposition in ayfas? eriopdic se-
slightly decreases is an indication that the number of 43 P P

pulses is not exactly correct. Therefore, we periodicallyquence' We demonstrated the value of this method using

changed this number to 42 and observed, after an initial dg?0MOepitaxy of SrTi@ and showed results on the infinite
crease of the interval maxima, that the intensity increasetpyer structure SrCugBaCuG, for which the choice of
again, indicating that the surface becomes smoother. We réémperature and pressure is more critical, proving the impor-
peated this procedure several times, and in Fig. 3 an examptance of this growth method.

of this sequence is given. Only the intensity change during

the final 30 intervals of a total of 90 intervalsach consti-

tuting one unit-cell layeris depicted here. This led us to the

possibility to, partly, correct for the error due to the integer

number of pulses: adjusting the amount of deposited matelA 2D growth mode can either be layer-by-layer growth or step-flow
rial, by changing the number of pulses by one just after a growth. However, i_n the case of step-flow growth, rate control with
decreasg in mgximurp intensity., we can maintgin the level OchF_Q;'._'Efs?elrs, g(.)tLI.JCILSrZISL?an, A. J. H. M. Rijnders, D. H. A. Blank, and H.
RHEED intensity during deposition, suppressing the forma- rogaiia, Appl. Phys. Lett73, 2920(1998.

tion of a multilevel system. In fact, by doing this we proved 3I. v. Markov, Crystal Growth for Beginner§World Scientific, London,
the validity of this approach. In Fig. 4 the difference in sur- 1995, pp. 81-86.

face morphology of a 90 unit-cell-thick sample with continu- ;H-N. Yang, G.-C. Wang, and T-M. Lu, Phys. Rev.58, 17932(1995.
ous[Fig. 4@)] and interval[Fig. 4(b)] deposition is shown. géfof;?f%d’sgs(sg;gty' C. Teichert, B. Poelsema, and G. Comsa, Phys.
In the latter case, the surface consists of terraces of about 20Q; '\ Hammond and R. Bormann, Physical62-164 703 (1989.

nm width, originating from the miscut angle of the SrEiO 73, vrijmoeth, H. A. van der Vegt, J. A. Meyer, E. Viieg, and R. J. Behm,
substrate. On these terraces, with height differences of onlyPhys. Rev. Lett72, 3843(1994.

one unit cell, small islands can be seen with a height corre—se- g-h GEOhAeggn Ei”d A.dAéP\L;\;etjky, Ap%'- g’gy?s’bzg?iggg(lgg& M.
sponding to one unit cel! of SrTiO This isin contrast t.o. the oy Ka?er’nd B. g?r;énr, ngs_'R:vs_sffég, 2539(1992). -

surface properties obtained after continuous deposition, sag; Koster, A. J. H. M. Rijnders, D. H. A. Blank, and H. Rogalla, Mater.
Fig. 4@ where at least four unit-cell levels are visible. Res. Soc. Symp. Pro626, 33 (1998.

The applicability of interval deposition is not restricted *'The deposition rate per pulse was estimated by depositing one-unit cell
to homoepitaxy, but can also be used for the fabrication of, !ayfer at low frequencies followed by annealing at 850 °C to restore the
e.g., superlattices. Here, we show results of a superlattice gf"tia! surface.
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In Fig. %a the RHEED intensity is given during dep-OSition' 14&13eg:;lt31‘;.experiments were limited to a maximum of 10(KiF) because
_The two unltfcell layers of BaCupare deposited in on_e the iOO Hz laser(XeCl) could not deliver the fluence>2.0 J/cnd)
interval. This is because BaCy@as the tendency to growin .4
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