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Chemical reactivity between sol—gel deposited PblJZr,Ti)O; layers
and their GaAs substrates

B. Meunier,” L. Largeau,” P. Regreny,” J. Penuelas,” R. Bachelet,” B. Vilquin,* B. Wague® and G. Saint-Girons®

We show how chemical interactions between the growing material and the substrate affect the crystalliza-tion of PblJZr,Ti)O3
(PZT) thin films on SrTiO3-templated GaAs substrates. A liquid PZT precursor (sol) is spin-coated on STO/GaAs pseudo-

substrates grown by molecular beam epitaxy and crystallized by annealing under air. Complete crystallization of the PZT

layers cannot be achieved due to significant oxida-tion of the GaAs substrate which enhances As diffusion through the

structure and further formation of par-asitic compounds containing Pb, Sr and As due to the strong chemical affinity between

As anions and Pb and Sr cations. These mechanisms are extensively studied based on X-ray diffraction measurements carried

out in situ during annealing and on transmission electron microscopy experiments including energy-dispersive X-ray analyses.

Introduction

In the past few decades, microelectronic processes have
mostly been powered by constant miniaturization of Si/SiO,
based devices. This purely Si-based strategy has for several
years been identified as a dead-end, due to intrinsic limita-
tions of the Si/SiO, system. Diversification and integration of
materials and concepts used in microelectronic processes (s0-
called “More than Moore strategy”) is now unanimously con-
sidered as a key issue for the development of micro-optoelec-
tronics." Future chips will combine more and more functions
for RF connectivity, built-in sensors, data storage, photonic
circuits, etc. In this context, the combination on the same wa-
fer of materials having different physical properties is a key
challenge. Amongst the materials of interest, III-V semicon-
ductors, which can be combined by epitaxy, are the object of
specific attention because their optoelectronic and transport
properties are superior to those of silicon. Similarly, so-called
functional oxides, especially those having a perovskite struc-
ture, have unique physical properties (ferroelectricity, ferro-
magnetism, piezoelectricity, etc.) that make them very attrac-
tive for various applications in microelectronics, spintronics,
biophysics, MEMS, energy harvesting, etc.> One of the main
advantages of these oxides is that most of them can be also
combined with each other by epitaxy to form multifunctional
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heterostructures. Beyond the integration strategy of functional
oxides into microelectronic platforms, the combination of
functional oxides and semiconductor properties by epitaxy
would lead to a new class of integrated optoelectronic devices.
The pioneering studies of McKee et al. have opened a path to-
ward the realization of functional heterostructures combining
oxides and semiconductors by showing that SrTiO; (STO) can
be directly grown on silicon by molecular beam epitaxy (MBE)
to fabricate STO/Si pseudo-substrates.** Using such pseudo-
substrates, various functional oxides have been integrated
into Si wafers, such as Sr,Ba; ,TiO;,> BaTiO; (BTO)*® and
PMN-PT." Following the same strategy, MBE growth of STO
on GaAs has been demonstrated'* as well as integration of
ferroelectric BTO into such templates.’>"* Amongst the oxides
that can be integrated into STO templates, Pb(Zr,Ti)O; (PZT)
is of particular interest because of its high remanent polariza-
tion (P,), its low coercive field (E.) and its outstanding piezo-
electric properties.™* Single-crystal ferroelectric PZT thin films
were first integrated into STO/GaAs templates in 2013 using
pulsed laser deposition (PLD),"® and into STO/Si templates by
sol-gel deposition,'®™° as the sol-gel process offers a cheaper
and simpler alternative to other oxide deposition techniques
such as PLD or sputtering. More recently, integration of ferro-
electric PZT on GaAs using the sol-gel process has been de-
scribed, reporting a degradation of the sample surface attrib-
uted to the presumed interdiffusion mechanism between PZT
and GaAs.”

Here, we report a detailed study of the chemical interac-
tions between PZT and STO-templated GaAs during the sol-
gel growth of the piezoelectric oxide. This study is based on
in situ X-ray diffraction experiments carried out during
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sample annealing, and structural and chemical studies
performed using scanning transmission electron microscopy
(STEM) combined with energy dispersive X-ray spectroscopy
(EDX).

Experimental

The samples considered in the following discussion were
grown on (001)-oriented GaAs substrates. A 500 nm GaAs
buffer was first grown using a III-V dedicated MBE reactor,
followed by room-temperature deposition of an As capping
layer aimed at protecting the sample surface during its tra-
nsfer under air to the oxide dedicated reactor. After sample
introduction in the oxide-MBE chamber, this protective As
capping layer was desorbed by heating the sample under
ultra-high vacuum (UHV) up to 500 °C, leading to the forma-
tion of a (2 x 4) reconstructed As-terminated surface. The pro-
cedure extensively described in ref. 15, 21 and 22 was then
used to grow 10 nm thick single-crystal STO layers. Previous
studies have shown that at this step, the STO/GaAs interface
is abrupt and in particular that oxygen has not diffused to-
ward the GaAs substrate.’® Spin-coating was then employed
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to spread a PZT 52/48 precursor solution from Mitsubishi Ma-
terials Corp. on the STO/GaAs templates. The samples were
then calcined at 350 °C under air for 5 minutes to dry the sol
film, leading to a smooth surface without hillocks. After these
operations, a 33 nm-thick amorphous PZT was obtained. The
process was then repeated in order to reach a PZT thickness
of ~100 nm. Samples A, B and C were then annealed under
air at 405, 420 and 510 °C, respectively, for 2 min to crystal-
lize the PZT layer. A fourth sample was introduced into a
Rigaku Smartlab diffractometer equipped with a rotating an-
ode and a heating stage to monitor PZT crystallization by
X-ray diffraction (XRD) during annealing under air. The tem-
perature was gradually increased (ramp: 10 °C min™") from
room temperature up to 520 °C. Every 10 °C, the sample was
realigned and radial scans around the GaAs (004), STO (002)
and PZT (002) reflections were recorded. Samples A, B and C
were also characterized by XRD, STEM and EDX. A broad
range XRD diffractogram recorded on sample B (annealed at
420 °C) is displayed in Fig. 1(a).

Whilst dominated by (00/) PZT reflections, this
diffractogram also presents clear signatures arising from
other PZT orientations, showing that at least part of the PZT
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Fig. 1 a) Wide range XRD radial scan recorded on sample B (partially crystallized, annealed at 420 °C). g is the magnitude of the out-of-plane dif-
fraction vector (q = 1/d where d is the interatomic distance). b) XRD radial scans of the STO (002) and PZT (002) reflections recorded in situ during
annealing and examples of resolution of a scan line. c) Evolution of the diffraction intensity, as recorded during in situ annealing (Arrhenius plot

representation: t is the temperature and k the Boltzmann constant).
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film is polycrystalline. The diffractograms shown in Fig. 1(b)
were recorded during in situ annealing. They show the evolu-
tion of the STO (002) and PZT (002) reflections with
annealing temperature. The intensity of the corresponding
peaks is plotted as a function of the temperature in Fig. 1(c).
Three regimes can be defined for the PZT (002) reflection: be-
low 415 °C (region 1), the intensity of the STO (002) peak re-
mains constant whilst that of the PZT (002) peak increases,
indicating progressive PZT crystallization. Between 415 and
485 °C (region 2), the intensity of the PZT reflection con-
tinues to increase with a lower slope, while that of the STO
reflection decreases due to degradation of the STO template.
Further increase of the annealing temperature above 485 °C
(regime 3) leads to rapid degradation of the PZT layer, as in-
dicated by the decrease of the PZT reflection intensity.
Activation energies for the different processes can be
extracted from Fig. 1(c): 280 k] mol™ for PZT crystallization
in regime 1, 210 kJ] mol™ and 370 kJ mol™ for STO and
PZT degradation in regimes 2 and 3, respectively. The acti-
vation energy recorded in regime 1 is of the same order of
magnitude as those reported for crystallization of sol-gel
PZT layers deposited on various substrates,”>** confirming
that the observed evolution corresponds to PZT crystalliza-
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tion. The other values will be discussed in the following
section.

TEM and EDX characterization

In order to analyze the internal structure of the sample, we
have used a 200 keV FEI Titan Themis TEM-STEM equipped
with a probe aberration corrector and a super X Bruker sili-
con drift detector with an effective large angle of detection
(0.98 steradian).

High angle annular dark field (HAADF)-STEM cross-
sectional views of samples A, B and C are displayed in Fig. 2.
The STO/GaAs and PZT/STO interfaces appear clearly in the
image of sample A, attesting to the overall epitaxial quality of
the heterostructure, with a cube-on-cube epitaxial relation-
ship between the two perovskites and a 45° rotation between
STO and GaAs. However, a darker region is clearly detected
beneath the STO/GaAs interface, extending in the GaAs sub-
strate to about 20 nm. This region corresponds to oxidized
GaAs, as confirmed in the following discussion. As such sub-
strate oxidation is not observed after STO growth by MBE,*
it is caused by PZT deposition due to oxygen diffusion
through the oxide stack towards the GaAs substrate. The
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Fig. 2 HAADF-STEM cross-sectional views of samples A, B and C. Red dashed lines are those along which the EDX profiles displayed in Fig. 4 have

been recorded.
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zoomed view provided in Fig. 2(a) shows that the PZT layer is
actually composed of a 10 nm thick single-crystal region near
the PZT/STO interface (organized spots on the FFT), topped
by a region composed of a mixture of amorphous PZT and
small, randomly oriented PZT grains (rings on the FFT)
where PZT crystallization is uncompleted. This observation is
in good agreement with the XRD pattern displayed in
Fig. 1(a). Interestingly, this single-crystal to amorphous/poly-
crystal transition is correlated to a change of the HAADF con-
trast, suggesting that the PZT composition is not the same in
the single-crystal region as that in the disordered region. Ana-
lyzing this effect is beyond the scope of the present work,
and will be the object of another report. The microstructure
of sample B (annealed at 420 °C, which corresponds to region
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2 in Fig. 1(c)) is comparable to that of sample A, except that
the oxidation front extents to approximately 40 nm in the
GaAs substrate, and that the thickness of single-crystal PZT
has doubled to 20 nm as compared to sample A. Most of the
PZT is disordered in this sample, suggesting that complete
PZT crystal ordering cannot by achieved by annealing under
air. The reasons for this are elucidated in the following
discussion.

The HAADF-STEM view of sample C (Fig. 2(c)) shows that
annealing at 510 °C (region 3 in Fig. 1(c)) causes a significant
deterioration of the heterostructure. The oxidation front ex-
tents to more than 400 nm in the GaAs substrate, and holes
are detected in the oxidized regions of the substrate,
suggesting significant porosification of the semiconductor.

Fig. 3 EDX mappings of samples A, B and C, annealed at 405 °C, 420 °C and 510 °C, respectively. sc-(pc-)PZT stands for single-crystal (polycrys-

talline) PZT.
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The interfaces between the different layers making up the
heterostructure can only barely be distinguished, indicating
strong intermixing across the entire structure. In the end,
large islands are detected at the sample surface, caused by
important segregation effects. EDX mappings of samples A, B
and C presented in Fig. 3 provide further insights into the
process leading to sample degradation during annealing.

The EDX mappings of sample A confirm the analysis of
the HAADF-STEM image presented above: the interfaces be-
tween the different layers of the structure are rather abrupt,
and oxygen significantly diffuses into the substrate. Interest-
ingly, a significant amount of Pb is detected in the GaAs sub-
strate underneath the oxide/GaAs interface, suggesting that
Pb also diffuses from the PZT layer towards the substrate
though the STO template. The vertical defect pointed out in
the TEM image of sample A acts as a diffusion channel for
Pb, as shown by the Pb mapping (detection of Pb in the STO
layer, in the defect region). A similar phenomenon of cation
diffusion enhancement in defective STO regions has already
been reported, for instance in ref. 25.

Signatures for O and Pb diffusion towards the substrate
are clearly detected in the EDX mappings of sample B. At this
temperature, Sr also starts to diffuse towards both the GaAs
substrate and the PZT film. This Sr out-diffusion is the cause
of the degradation of STO crystallinity and related decrease
of the diffraction intensity detected in this temperature range
(region 2 in the Arrhenius plot of Fig. 1(c)).

EDX mappings recorded on sample C, annealed at 510 °C,
confirm the deteriorated condition of this sample. The GaAs
substrate is massively oxidized, and the oxidized region is
also strongly depleted in As, suggesting that As oxides have
evaporated from the substrate. Hence, As oxides are known
as unstable and highly volatile.”® The STO and PZT films are
completely intermixed and form a single layer (the PZT/STO
interface can no longer be distinguished) mainly composed
of Zr and Ti. Pb Sr as well as As and O are not only homoge-

GaAs STO PZT
1

60

neously spread into the former STO and PZT layers but also
into the oxidized GaAs region. In the end, the large islands at
the sample surface are mostly composed of Pb, Sr, As and O.
The PZT layer, rather undamaged in sample B, is strongly de-
teriorated in sample C due to intermixing effects which is
consistent with the decrease of the PZT (002) reflection inten-
sity in region 3 (Fig. 1(c)).

A more quantitative and accurate assessment of the inter-
mixing phenomena described above is provided by the analy-
sis of the quantitative EDX line scans displayed in Fig. 4.

Oxidation of the GaAs substrate appears clearly from these
profiles. The oxidized GaAs regions in samples A and B are
mostly composed of a mixture of Ga,0; and As,0; (60% O,
20% As and 20% Ga). A significant fraction of As oxide has
evaporated from the substrate in sample C, where the former
GaAs region mostly contains Ga and O in GaO, proportions.
A closer look at the STO/GaAs interface in samples A and B
allows for confirming that Sr diffuses out of the STO layer to-
wards GaAs, and that GaAs also contains a significant
amount of Pb. In sample B, As also diffuses out of the sub-
strate towards the STO layer. In the end, As is present in a
significant concentration across the entire stack of sample C,
showing that As oxide evaporation from the substrate is “cap-
tured” by oxide layers.

The analysis presented here clarifies the mechanisms of
structural and chemical degradation occurring during crystal-
lization of sol-gel PZT deposited on STO templated GaAs sub-
strates. First, the chemical affinity between As and Sr as well
as between As and Pb promotes diffusion and intermixing
phenomena: Pb is detected in GaAs even in a moderate tem-
perature range (region 1), and Sr/As intermixing is also
detected in this region. These effects do not significantly af-
fect PZT crystallization in region 1, but lead to progressive
degradation of the STO template and associated slowdown of
PZT crystallization in region 2. In parallel, significant oxida-
tion of the GaAs substrate is observed, since annealing is
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Fig. 4 Quantitative EDX profiles recorded on samples A, B, and C across the red dashed lines of Fig. 2.
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carried out under air. This oxidation destabilizes As since As
oxides are volatile, and the GaAs region is strongly depleted in
As in the high temperature range (region 3). As destabilization
promotes Sr/As intermixing and Pb diffusion towards the sub-
strate. More critically, As oxides diffusing out of the substrate
react with Pb and Sr across the entire structure (as indicated
by the strong correlation between detection of As and detec-
tion of Pb and Sr in the EDX line scans), causing the major
degradation of the stack in regime 3. In particular, Pb and Sr
are spread over the entire structure and are present wherever
oxidized As is detected, and desorbing As oxides bring Pb and
Sr atoms up to the sample surface to form large islands com-
posed of Sr, Pb, As and O. Of course, these chemical reactions
affect the PZT crystallization process: degradation of the STO
template in regime 2 hinders PZT crystallization, and the
chemical integrity of the PZT layer is lost in regime 3.

Conclusion

As a conclusion, we have shown that the standard sol-gel
process cannot be used to fabricate single-crystal PZT layers
on STO templated GaAs substrates due to severe substrate ox-
idation, volatility of As oxides and strong chemical affinity
between As anions and Sr and Pb cations. This illustrates
that the chemical reactivity between the growing layer and
the substrate may represent severe limitation for the integra-
tion of functional oxides on the GaAs platform, in particular
if the sol-gel process requiring annealing in air environment
for oxide crystallization has to be used. Nevertheless, solu-
tions can be developed to circumvent this difficulty. First, a
trade-off can be found regarding annealing: reduction of the
annealing temperature and increase of the annealing dura-
tion, and/or reduction of the oxygen partial pressure may
help in preserving the semiconductor integrity. Another solu-
tion consists of inserting a buffer layer of AlAs between the
quantum well and the GaAs surface. The strong affinity be-
tween Al and oxygen should prevent the oxygen from diffus-
ing to the inner III-V heterostructure. Preliminary tests of
this solution have led to encouraging results that will be the
object of another report.
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