In situ monitoring during pulsed laser deposition of complex oxides using
reflection high energy electron diffraction under high oxygen pressure
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A suitablein situ monitoring technique for growth of thin films is reflection high energy electron
diffraction (RHEED). Deposition techniques, like pulsed laser depositi@®D) and sputter
deposition, used for fabrication of complex oxide thin films use relatively high oxygen pregspres

to 100 Pa and are, therefore, not compatible with ultrahigh vacuum RHEED equipment. We have
developed a RHEED system which can be used for growth monitoring during the deposition of
complex oxides at standard PLD conditions. We are able to increase the deposition pressure up to
50 Pa using a two-stage differential pumping system. Clear RHEED patterns are observable at these
high pressures. The applicability of this system is demonstrated with the study of homoepitaxial
growth of SrTiQ, as well as the heteroepitaxial growth of Y®aLO,_ s on SrTiG;. Intensity
oscillations of the RHEED reflections, indicating two-dimensional growth, are observed up to
several tens of nanometers film thickness in both cases19@y¥ American Institute of Physics.
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Pulsed laser depositio(PLD) is very suitable for the In this letter we present a RHEED system designed for
deposition of thin films made of complex oxides like high-Tc growth monitoring under high deposition pressungs to 50
superconductors, e.g., RBEBCUu;0;_ 5 and dielectrics, e.g., Pa. The main problem to be solved is the increased scatter-
MgO and SrTiQ. This technique uses mostly a focuseding loss. In order to minimize the losses, the traveling path of
beam of an excimer laser to evaporate material from ahe electrons in the high pressure region has to be kept as
stoichiometric target. Especially in PLD, the deposition presshort as possible. Most of the commercial available electron
sure is an important parameter because it influences the sizeurces use heated tungsten filaments to emit electrons. The
and shape of the plasma and, therefore, the deposition raggessure in the source should be very low5x 104 Pg to
and the homogeneity of the thin film. The deposition of ox-avoid short lifetimes of the filaments. Our system satisfies
ides takes place in a well controlled oxygen atmosphere, akhese requirements, i.e., a low pressure in the electron gun
lowing oxygen incorporation in the as-grown film. The sub-and a high pressure in the deposition chamber.
strate temperature is elevatétypically up to 800 °Q in A schematic view of the deposition chamber, including
order to obtain epitaxial growth. the electron source assembly, is given in Fig. 1. Both heater

Reflection high energy electron diffracti¢dRHEED) is  and multi-target holder are mounted on a computer-
often used for the analysis and monitoring of thin film controlledX Y Z-rotation stage and can be inserted via a load-
growth in ultrahigh vacuuniUHV) deposition systemsBe-  |ock system without breaking the vacuum.
cause the electron beam strikes the surface under a grazing Wwith the electron sourcéEK-2035-R, STAIB Instru-
angle, this technique is very surface sensitive. TWO-ment§ a minimum beam size of 10@m can be obtained
dimensional layer-by-layer growth is indicated by RHEED even at large working distances. A differential pumping unit
as intensity oscillations of the RHEED pattern. In PLD thejs ysed to maintain a vacuum of better thar B0~% Pa in
diagnostics of the growing film surfaces by situ RHEED  the electron source. The source is mounted on a flange con-
are hampered by the relatively high oxygen pressure. Never-
theless, several groups have monitored the growth of com-
plex oxides with RHEED and have shown intensity oscilla-
tions, by depositing under pressures compatible with their
RHEED setup. To incorporate oxygen in the as-grown films,
different alternatives were used, e.g., low pressures {10
—1 Pa of molecular oxyger;* NO,,*® or 03,° and alter-
natively pulsed oxygen sourcés low deposition pressure phosphor 7 )0-3 i
during PLD, however, can lead to stress, usually compres- | screen
sive, in the film® This is caused by the bombardment of the )

target-holder l l
~ <10'Pa  <5x10"Pa

load-
lock Laser-beam
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film during the deposition by high energetic particles, origi-
nating from the plasma. Furthermore, some complex oxides,
like high-Tc superconductors, are not stable in low oxygen
pressure at high temperature and, therefore, must be depos-
ited at high oxygen pressures of up to 30 Pa to avoid decom-

__ ) <50 Pa
position of the film. to main pump

FIG. 1. A schematic view of the deposition chamber, including the electron
3Electronic mail: a.j.h.m.rijnders@tn.utwente.nl source assembly.
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FIG. 2. RHEED patterns of the SrTiGubstrate surface in 15 Pa oxygen
prior to the growth,(a) at room temperature and) at 760 °C and subse-
quently after deposition df) 10 nm of SrTiQ and(d) 6 nm of YBCO, both
after anin situ anneal step at 850 °C.

FIG. 3. Intensity oscillations of a diffraction spot during the growth):
homoepitaxial growth of SrTigQ) (b)—(e) homoepitaxial growth of SrTiQ
after intermediatén situ anneal steps(f) heteroepitaxial growth of YBCO
on SrTiG;; (g)—(i) heteroepitaxial growth of YBCO on SrTiCafter inter-
nected to a stainless steel extension tube with an inner diarﬁgﬁg:}ffgu?tfoe‘tﬂgegs?f gﬂgiows the modulation of the intensity oscil-
eter of 8 mm. An apertur&iameter 250um) separates the
tube from the deposition chamber. The pressure in the tube,
which depends on the pump speed and the size of the aper- ] . i S
ture, is kept below 10' Pa. Using this two-stage pumping pH \_/alue. This _results in a WeII-deflne_d surface which is
system, the pressure in the deposition chamber can be ifgrminated by Ti@ planes without etch pitches. o
creased up to 50 Pa, maintaining the vacuum in the electron The substrates are mounted onto the heater using silver
source. The electron beam, which passes through the apepaint allowing for good thermal contact. The temperature of
tures inside the differential pumping unit and the tube, enteréhe heater during growth, measured by a thermocouple in the
the deposition chamber near the substrate. X¥aleflection ~heater block, is 760 °C. The distance between target and sub-
facility of the electron source is used to direct the electrorstrate is set to 55 mm. The spot size of the KrF laser beam is
beam through the aperture at the end of the tube. 8.6 mnt, with an energy density of 1.2 J/@mThe repetition
Small magnetic fields, like the earth magnetic field, canrate is 1 Hz. Both SrTi@and YBCO films are grown using
influence the electron beam. Therefore, special care has be&#hD from stoichiometric targets at an oxygen pressure of 15
taken to shield the electron beam from magnetic fields. ~ Pa. The angle of incidence of the 35 KeV electron beam is
The fluorescent phosphor screéfiameter 50 mmis  Sset to 1.5°.
mounted on a flange located near the substrate. The distance The RHEED pattern at room temperature prior to the
between the screen and substrate is 50 mm. The screenggowth[see Fig. 2a)] consists of spots on the Oth-order Laue
shielded from the plasma in order to minimize contamina<ircle, corresponding to the intersection of the Ewald sphere
tion. The electron source, including the extension tube, ignd the reciprocal lattice, and indicates a smooth surface.
mounted on arXY Z stage allowing to adjust the distance The reciprocal lattice is represented by narrow rods assuming
between substrate and end of the tube. The heater can Besubstrate with an almost two-dimensional surface. The pat-
rotated in order to adjust the angle of incidence of the electern at the deposition temperature of 760 °C is depicted in
tron beam on the substrate. The azimuthal angle can beig. 2(b). The shape of the spots is blurred into streaks. Dur-
changed by additional rotation of the heater. The diffractioning the growth of SrTiQ the diffracted intensity is moni-
pattern is monitored by a charge coupled de¥{cED) cam-  tored. Clear oscillations, as shown in FigaB are observed,
era. indicating a two-dimensional layer-by-layer growth. The am-
To demonstrate the applicability of this RHEED systemplitude of the oscillations decreases with increased layer
we studied the homoepitaxial growth of SrEiGnd the thickness due to an increasing degree of disorder. Figiaie 2
heteroepitaxial growth of YBZLu;0,_sYBCO) on showsthe RHEED pattern as observed after the deposition of
SrTi0;.The SITiQ (100 substrates were pretreated with a10 nm of SrTiQ followed by anin situ anneal step at
NH,F-HF buffer solutioR which is optimized adjusting the 850 °C. This pattern does not differ from the pattern as ob-
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tained prior to the growth. The diffracted intensity, as mea-by an exponential rise caused by recrystallization of initially
sured duringn situ growth, is regaine@Fig. 3(b)]. Increased  disordered material as reported by Kadtal? and
mobility at the surface during the anneal step is expected tdchutharamaret al°

improve the surface smoothness and therefore an enhanced Although scattering of electrons in high oxygen pressure
two-dimensional layer-by-layer growth is observed. This se-decreases the intensity of the electron beam, we have shown
guence, i.e., 10 nm deposition of SrEi@ollowed by an that growth monitoring of complex oxides at high oxygen
anneal step at 850 °C, can be repeated several {iimestu) pressures is feasible using RHEED. By two-stage pumping
maintaining the oscillations, as can be seen in Figs)-3 and enclosing the electron beam as long as possible in a
3(e). As an example, Fig. (8 shows the intensity oscilla- vacuum tube, intensity losses due to scattering can be mini-
tions corresponding to the growth of the 150th until themized.

165th unit cell of SITIQ. With this system we have monitored the growth of

Atomic force microscopyfAFM) pictures show smooth SrTiO; and YBCO using PLD at 15 Pa of oxygen. In both
surfaces with a step-terrace structure, prior to the growth andases clear oscillations of the diffracted intensity are an evi-
after the deposition of SrTiQ Only step heights of 0.2 and dence for two-dimensional growth, as expected from the
0.4 nm are observed, corresponding to, respectively, half ancrystal structure.
unit cell steps. In a pending paper a detailed study will be In situ anneal steps between deposition steps improve
presented. the smoothness of the surface as indicated by the RHEED

In addition, the heteroepitaxial growth of YBCO on patterns. The layer-by-layer growth is enhanced by the inter-
SrTiO; is monitored using this high pressure RHEED setupmediate anneal steps. These results indicate the possibility of
In this case a 6-nm-thick film of SrTiQs deposited prior to  using the system for control of thin film growth on an atomic
the growth of YBCO. The intensity, measured during thelevel even in quite high background pressures.
growth of YBCO, shows clear oscillations, as can be seen in1I Bozovic and J. N, Eckstein. MRS Bulz0, 32 (1695
Fig. 3(f), indicating a _Iayer-by-layer growth of the fir;t f_ew 2. Karl and B. Stritzker, Phys. Rev. Le89, 2939 (1992.
monolayers. Continuing the growth, no clear oscillations 3. voshimoto, H. Ohkubo, N. Kanda, H. Koinuma, K. Horiguchi, M.
could be observed. However, after emsitu anneal step at  Kumagai, and K. Hirai, Appl. Phys. Let61, 2659(1992.

850 °C, the oscillations are regained. Figur(ag;)33(i) show 4Z. Liu, T. Hanada, R. Sekine, M. Kawai, and H. Koinuma, Appl. Phys.
intensity oscillations if this sequence, i.e., 6 nm deposition ohkf_i?,fé%?ﬁﬁé?'and S. Kawai, Appl. Phys. Lefi8, 771 (1991.
YBCO followed by anin situ anneal step, is repeated. The 5T, Terashima, Y. Bando, K. lijima, K. Yamamoto, K. Hirata, K. Hayashi,
RHEED pattern after deposition of 5 ML followed by &m 7?- &agri]%%i,A ancgith-aTf/lra:;chci,h Zri;]ysls REevB;?:r,‘ 2§8§(lLi?t?dwitz de
situ anneal step at 850 °C is shown in FigdR Tiiis pa'ltte.rn A Seott J.’Méter.pRe’éa,.25.66(199’4).. : e : :
shows streaked spots on the Oth-order Laue circle, indicatinGe_ j Tarsa, £. A. Hachfeld, F. T. Quinlan, J. S. Speck, and M. Eddy, Appl.
a smooth surface. Phys. Lett.68, 490(1996.

Figure 3j) shows the intensity of a diffraction spot at a M. _Kawasaki, K. Takahashi, T. Maeda, R. Tsuchiy_a, M. Shir_iohara, 0.
magnified time scale. As can be seen from this figure, the 'fshé'&rlng‘é 4)T' Yonezawa, M. Yoshimoto, and H. Koinuma, Scie266
oscillations are modulated by the laser pulse. The intensityy, g Achutiiaraman, N. Chandrasekhar, O. T. Valls, and A. M. Goldman,
decreases significantly directly after the laser pulse followed Phys. Rev. B50, 8122(1994.
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