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Abstract

InGaAs is one of the III-V active semiconductors used in modern high-electron-mobility
transistors or high-speed electronics. ZnO is a good candidate material to be inserted as a
tunneling insulator layer at the metal-semiconductor junction. A key consideration in many

modern devices is the atomic structure of the hetero-interface, which often ultimately governs
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the electronic or chemical process of interest. Here, a complementary suite of in situ syn-
chrotron X-ray techniques (fluorescence, reflectivity and absorption) as well as modeling is
used to investigate both structural and chemical evolution during the initial growth of ZnO
by atomic layer deposition (ALD) on Ing 53Gag 47As substrates. Prior to steady-state growth
behavior, we discover a transient regime characterized by two stages. First, substrate-inhibited
ZnO growth takes place on InGaAs terraces. This leads eventually to the formation of a 1-nm-
thick, two-dimensional (2D) amorphous layer. Second, the growth behavior and its modeling
suggest the occurrence of dense island formation, with an aspect ratio and surface roughness
that depends sensitively on the growth condition. Finally, ZnO ALD on Ing s53Gag 47As is char-
acterized by 2D steady-state growth with a linear growth rate of 0.21 nm.cy~!, as expected for

layer-by-layer ZnO ALD.

1 Introduction

The revolution in microelectronics has been accompanied by miniaturization of the silicon field-
effect transistor (FET). While the transistor density and switching speeds have increased exponen-
tially,! continued improvements will require greater cooling due to the larger power density; any
decrease in operating voltage would lead to lower switching speeds.>™ One potential solution is
the insertion of III-V materials into the metal-oxide-semiconductor FET (MOSFET) channel,’ as
they have higher carrier mobilities than silicon. A well-known candidate material is In;_,Ga,As
or InGaAs, which has a carrier mobility value almost ten times higher than Si.® The ternary
InGaAs alloy is a direct band gap semiconductor, and, by varying its composition, the band gap
can be changed 1011 from 0.354 eV (InAs) to 1.424 eV (GaAs). Furthermore, as the InGaAs band
gap energies correspond to wavelengths in the near-infrared (IR) spectrum, this material can be
used to create IR receivers and emitters, !>~'4 high-power diode lasers, !> devices for high-current
electronics, and microwave electronics based on InGaAs/InP heterostructures. 1917 Use of InGaAs
as the channel material, however, will necessitate growth of a suitable oxide that can be employed

as the gate dielectric while minimizing issues due to Fermi level pinning '® such as a large contact



resistance.

Growth by atomic layer deposition (ALD) allows one to carefully control material thickness
and create ultra-thin layers due to a self-limiting chemical reaction.!® Many different gate oxide
layers have already been grown on InGaAs-channel MOSFETs? by ALD: Al,03,%!723 HfO,,2-%’
7r0,,° HfAIO,?? and LaAlO3.%® Atomic layer deposition of Al,O3 even induces self-cleaning and
removal of natural and uncontrolled oxides on the InGaAs surface.?’ While Al,O3 is one of the
best candidates for InGaAs surface passivation, another thin layer between it and InGaAs (i.e., an
interfacial passivation layer or IPL) that can suppress dielectric oxide crystallization and decrease
leakage current and interface state density is highly desirable. Others have found that ALD-grown
IPLs of Gd,03 and Sc,0O3 can result in higher dielectric constants than Al,O3 alone,?? and a
0.4-nm-thick IPL of LayO3 promotes smaller hysteresis and lower gate leakage.?! A thin layer
of Al,O3 was used as an IPL in a HfTiO/Al,03/InGaAs gate stack to reduce the interface state
density and avoid Fermi level pinning at the HfTiO/InGaAs interface.?> Here we investigate the
growth of ZnO IPLs**** by ALD on InGaAs,* which has already been shown to reduce the
formation of both Ga and As oxides and depin the Fermi level in InGaAs-based MOSFETs. 3336
In the study of low resistivity metal-insulator-semiconductors, 8 it has also been demonstrated that
Zn0 can act as a good tunnel barrier on InGaAs. The authors calculated that the minimum specific
contact resistance for the Al/ZnO/InGaAs system requires a ZnO insulator thickness of only 0.6
nm. Atomic layer deposition, a cyclical deposition process based on self-terminating chemical
reactions, is an ideal synthesis technique for the growth of inorganic materials in the nanometer
thickness range. During steady state growth, each reactant species saturates and adsorbs to the
growing surface such that the thickness per cycle is often close to one monolayer. However, there
can be considerable variability in the initial stages, when surface saturation depends on the steric
hindrance of the reactant ligands and the areal density of reactive sites.?’ The existence of fewer
reactive sites on the substrate decreases the amount of deposited material per cycle and leads to
the formation of 3D islands. This substrate-inhibited growth behavior>? is typically observed for
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deposition on highly dissimilar materials, resulting in a transient regime prior to the onset of



steady state growth. Importantly, the material deposited during this stage can strongly impact many
properties of the resulting film, including its morphology, surface roughness, crystal structure,
and conformity with the substrate, as well as determines the lowest achievable thickness for a
continuous film.

For the synthesis of ultra-thin ZnO IPLs or tunnel barriers on InGaAs by ALD, it is therefore
imperative to understand the different processes that take place at the interface during the first few
cycles of deposition. We employ an in situ synchrotron X-ray approach that provides detailed
structural and chemical insight during ALD.*~*7 Here, we report a detailed study on the structural
and chemical evolution of ZnO layers grown by ALD on Ing 53Gag 47As single crystal substrates,
utilizing a custom-built chamber that permits the use of a variety of in sifu synchrotron X-ray
techniques. This allows us to monitor the incipient growth of ZnO ultra-thin films on atomically flat
Ing 53Gag 47As and determine the film structure cycle-by-cycle until steady state growth behavior

is reached.

2 Experimental Section

2.1 Substrate preparation

The Ing 53Gag 47As (001) substrates were provided by G.LE III-V Lab (Palaiseau, France). Molec-
ular beam epitaxy (MBE) was used to grow 270-nm-thick layers of Ing 53Gag47As on (001) InP
substrates, with a 10-nm thick InP buffer layer. An illustration of the sample cross section is shown
in Figure 1. The Ing s53Gag 47As substrates were agitated in 4M HCI solution for 5 min to remove
the native oxide,*® rinsed in deionized water for 30 s, and then dried with argon before immediate
introduction into the ALD reactor. The samples were then annealed at 200°C for 30 min in the

reactor under a constant flow of 100 sccm nitrogen to evaporate As from the surface.
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Figure 1: Schematic of the substrate cross section: ultra-thin ZnO layers are deposited on a 270-
nm-thick Ings53Gag47As film grown by MBE onto a 300-um-thick InP (001) substrate with a
10-nm-thick InP buffer layer.

2.2 ALD reactor and parameters of deposition

Ultra-thin layers of ZnO were grown by ALD in a reactor specially designed for in situ X-ray stud-
ies.* Diethylzinc Zn(C,Hs), or DEZn was used as the Zn precursor (with the liquid maintained
at 40°C) and room temperature H,O employed as the oxidant; Argon and Nitrogen were used to
purge the reactor and gas lines. We investigated three different substrate temperatures: 100°C,
120°C, and 140°C in the ALD window>". Each ALD cycle was comprised of the following steps:
1) DEZn vapor enters the chamber and reacts with the sample surface; 2) the chamber is purged
with Ny, removing any residual precursor and reaction products; 3) H,O vapor is introduced into
the chamber, reacting with the surface; 4) the chamber is again purged with N, to remove any
residual oxidant and reaction products. Prior to every introduction of precursor or oxidant, the
pressure of the chamber was reduced, and the valve separating the chamber from the pump was
closed. The flow of pure DEZn was 5 sccm for 5 s. The oxidant was either moist air or deionized
water. The flow of moist air (resp. water) was 100 sccm for 10 s (3 sccm for 40 s). For the purging

step, we maintained a N, flow of 1000 sccm for 45 s while the chamber was continually pumped.



2.3 In situ synchrotron X-ray measurements

The custom-built ALD reactor*® is equipped with a polyether ether ketone (PEEK) window for in
situ synchrotron X-ray measurements and counter-rotating flange to allow rotation of the sample
but not the reactor body. The reactor was mounted onto a six-axis tower of a heavy-duty diffrac-
tometer (Newport) installed at the SIRIUS beamline of the SOLEIL synchrotron.”! The beamline
features a HU36 apple 2 undulator source, a Si(111) monochromator, and Pt-coated mirrors for
harmonic rejection, providing a photon flux on the sample of ~ 3 x 10! ph/s at 10 keV. X-ray
reflectivity (XRR) and X-ray fluorescence (XRF) data were recorded at 10 keV (above the Zn K-
edge at 9.659 keV) either during each ALD cycle or after the completion of several ALD cycles
(without X-rays) while purging the reactor with a nitrogen flow of 100 sccm. The X-ray absorption
spectroscopy measurements were performed across the Zn K-edge in fluorescence mode, using a
four-element silicon drift detector (SDD) mounted 30° above the surface plane. The incidence
angle was set to 1.7°, well above the critical angle for Ing 53Gag 47As at 10 keV (0.25°). As the
sample surface was nearly horizontal and the X-ray polarization was linear and horizontal, the
electric field was in the plane of the sample. Hence, the X-ray absorption near-edge structure
spectroscopy (XANES) results are sensitive to the orbitals oriented parallel to the surface plane.>>
While self-absorption corrections are negligible due to the very low film thickness, all XRF and

XANES data have been corrected for instrumental nonlinearities.>>

2.4 Ex situ measurements

To study the growth mechanism of ZnO on the Ings53Gag 47As surface, we performed Atomic
Force Microscopy (AFM) on a series of ZnO/Ing 53Gag 47As samples grown at 7 = 120°C, using
a Bruker Dimension Icon Atomic Force Microscope’™. All ALD parameters were the same as
those given above in section 2.2, except the total number of ALD cycles which varied from 5 to 50.
Transmission electron microscopy (TEM) observations were carried out at 200 kV with a JEOL
2010 microscope (with a resolution of ~ 0.19 nm). Cross-sectioned samples were prepared by

both manual and automated polishing, the latter using the MultiPrep’ system (Allied High Tech
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Products, Inc.). The final polishing was performed using a felt-covered disc impregnated with a
silica solution until the appearance of the first extinction fringe among those of equal thickness.

Ar-ion milling was then used to minimize the total thickness.

3 Results

3.1 XREF during growth

Figure 2(a) shows the evolution of Zn K fluorescence intensity as a function of the number of
ALD cycles for Ty,psrare = 120°C. The overall XRF curve is not linear but exhibits an S-shape
(sigmoidal) transition between two linear regions. The regions correspond to a low growth rate
(cycles 1-25) and the steady, layer-by-layer growth above cycle ~ 55. A close-up of the region
between cycles 0 and 10 is shown in an inset by the green curve. As each ALD cycle begins with
a DEZn pulse lasting 5 s, there is a jump in Zn fluorescence intensity at the start of each cycle.
For cycles 1 to 27, the jump is followed by a decay that stems from the desorption of Zn (Zn
atoms, Zn-containing molecules, DEZn molecules, and other products of the reaction) from the
Ing 53Gag 47As surface. The decay is absent at a higher number of cycles, and flat fluorescence
intensity is observed after the DEZn injection (orange curve in Fig. 2 (a)).

To investigate the Zn desorption behavior, we fit the time dependence of the X-ray fluorescence
using a linear combination of an exponential decay and a line. The results are shown in Fig. 2(b),
where the dark blue fit curve is plotted on top of the light blue experimental curve. The difference
between the Zn fluorescence intensity at the end of the DEZn pulse for each cycle n (black closed
circles in Fig. 2(b)) and at the end of each full ALD cycle (red closed triangles) is displayed in
the upper panel of Fig. 3 as a function of number of cycles. Note that the noise observed on the
experimental curve is likely not only from the number of counts but also from the reproducibility
of each ALD cycle. This involves the chemical reactions that take place on the surface, the flow
of nitrogen between ALD pulses, and the pressure change inside the reactor chamber during the

four different ALD steps. All of these factors impact the presence of DEZn molecules or Zn atoms



on the sample surface. Taking into account these possible variations, we find that Zn desorption
no longer takes place or is minimized after ~ 28 ALD cycles. A cross-sectional TEM image of
the sample after 25 cycles is shown in Fig. 4, it reveals the presence of a uniform, 1.3-nm-thick
amorphous ZnO layer. This suggests that the end of Zn desorption is associated with complete
coating of the Ing 53Gag 47As surface. The transition between regions I and II of Fig. 3 marks a
phenomenological change due to the fact that ZnO starts to grow on ZnO rather than on InGaAs,
which leads to a change from 2D to 3D growth behavior.

As already noted, the evolution of Zn K, fluorescence intensity in Fig. 2(a) is not a simple
function of cycle number. We plot in the lower panel of Fig. 3 (filled triangles), the amount of
growth per cycle, as measured by XRF (GPC(XRF)). These values correspond to the differences
between the fit values, shown in Fig. 2, taken at the end of cycle n and (n — 1) and are plotted
vs cycle n. For comparaison, we also plot the fluorescence growth per cycle obtained from the
difference between the fit values, shown in Fig. 2, taken at the end of the DEZn pulse at cycle
n and at the end of cycle (n — 1) (open circles). The curve represents the GPC as it would have
been without the Zinc desorption. Beyond the region where desorption is detected (in region I), the
experimental GPC(XRF) increases and reaches a maximum at cycle 38 before decreasing. This
growth behavior is known as type II substrate-inhibited growth, which includes island growth,

coalescence, and steady state growth54, and is discussed further in sections 3.2 and 4.

3.2 Atomic force microscopy

We show in Fig. 5 2D AFM images of ZnO thin films grown on Ing53Gag47As substrate for
different number of cycles. 3D images are shown in Fig. S1 (Supplemental Information). The
terrace height variation is shown by a change of color shade from darker (the minimum value is
0 nm - black) to lighter (the maximum value is 7 nm - white), with all images plotted according
to the same height scale. A typical AFM image of the substrate surface after the 4M HCI etch
step is shown in Fig. 5(a). The presence of steps and terraces on the surface of the Ing 53Gag 47As

substrate are clearly visible. The height of each step was systematically measured along a series



of parallel line-scans across the AFM images. A typical statistical distribution of step heights is
shown in Fig. S2. As the In;_,Ga,As lattice parameter a can be determined by the Vegard’s law,
it depends on the ratio between the amounts of In and Ga atoms. In the case of Ing 53Gag 47As,
the calculated lattice parameter (@) at room temperature is 0.586nm, which is the same as that of
InP. According to the experimental distribution of step heights in Fig. S2, the most likely value
corresponds to a step height of one unit cell, a. The other three possible values are 0.5a, 1.5a and
2a. The root mean squared (RMS) surface roughness was determined for each individual terrace
and averaged out of a series of RMS(AFM) measurements on several terraces. The RMS(AFM)
values are shown in Fig. 6. Evidently, after 5 ALD cycles (Fig. 5 (b)), a faint, discontinuous
deposit appears on the Ing 53Gag 47As terraces, leading to a slight increase in RMS(AFM) surface
roughness, as can be seen in Fig. 6. As more material is deposited, the terrace roughness continues
to grow, and the presence of isolated platelets becomes more evident (Fig. 5 (c)). A percolated
ultra-thin film forms after 15 cycles, as shown in Fig. 5(d). Holes are clearly visible at this stage
(darker spots on the terraces). Eventually, the holes fill with more deposited material, and both the
hole diameter (Fig. 5(e)) and terrace roughness (Fig. 6) decrease. A more uniform terraced surface
can be seen in Fig. 5(e) at cycle 25.

After 25 cycles, 3D island growth begins: bright spots on a dark background are visible in
Fig. 5(f) and (g). According to the XANES spectra (section 3.4), these bright spots may correspond
to ZnO islands with a short-range order structure similar to that of wurtzite. Figure 5 (g) shows
that for cycle 30, the average island size has increased, although there is still some variation in
island shape and diameter. At cycle 50 (Fig. 5(i)), the surface is grainy with well-defined bright
spots, indicating the formation of nanoparticles. The RMS(AFM) roughness appears to level off by
cycle 50, as seen in Fig. 6. As has been pointed out in section 3.1, ZnO growth on Ing 53Gag 47As
can be divided into two stages: the first is characterized by a low and nearly constant growth rate
concomitant with the detection of Zn desorption, and the second is characterized by island growth
without any detectable Zn desorption. A smooth transition occurs between the two stages, as the

first one is not finished before the second one starts. In the same way, the AFM images show that a



2D layer initially forms on the atomically flat Ing 53Gag 47As terraces. Then, 3D ZnO island growth
begins before total coalescence of the initial layer. The surface roughness increases as a function

of ALD cycle number, with the gradual formation of ZnO nanoparticles.

3.3 Film mean thickness and growth rate

The thickness of the ZnO layers as a function of the number of cycles was investigated for three
different substrate temperatures in the ALD window, Ty,psrare=100°C, 120°C, and 140°C. Every
5 ALD cycles up to cycle 50, a series of X-ray measurements (fluorescence and reflectivity) were
conducted in 100 sccm of flowing Nj. The X-ray reflectivity curves are shown in the inset of
Fig. 7. The data correspond to a substrate temperature of 120°C. The thickness fringes result from
the different layer densities in the direction perpendicular to the sample surface, which include the
growing ZnO layer, the 270-nm-thick Ing 53Gag 47As, and 10-nm-thick InP buffer layer on the InP
crystal.

Fits to the XRR curves (inset of Fig. 7) allow determination of the ZnO mean thickness. How-
ever, as the ZnO layer is not continuous in the early stages of growth (section 3.2) or its thickness
is so small (below 1-2 nm) that XRR oscillations are barely detected, the thickness could not de-
termined below 30 cycles with such data. The dependence of the ZnO layer mean thickness ¢ on
cycle number for different substrate temperatures is shown in Fig. 7. The trend of the Zn K, fluo-
rescence as a function of the number of cycles is similar to that of y as the fluorescence intensity
and the mean thickness are both proportional to the number of atoms per unit volume. Here, the
experimental thickness value of the ZnO layer at cycle 50 (using both XRR and the TEM measure-
ment) was used to calibrate the fluorescence intensity curves. The result, which now includes data
for cycles 1-25, is shown in Fig. 8(a). With this information, the growth per cycle (GPC) can be
found in a straightforward way by differentiating the thickness curve as a function of cycle number.
Figure 8(b) shows the values of the derivative of the calibrated fluorescence curves.

The height and width of the GPC(XRF) peak vary for the different substrate temperatures

Tsubstrare- The highest and the widest GPC(XRF) peak is observed for 120°C substrate temperature
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curve. In addition, the experimental GPC(XRF) curve starts to rise earlier for Ty, pg e = 120°C
(around 20 cycles) compared to the other substrate temperatures. Despite the differences between

the GPC(XRF) curves, all three reach roughly the same value at cycle 50.

3.4 Fluorescence X-ray absorption near edge structure

Figure 9 shows the XANES spectra for different cycle numbers. They appear very similar in region
I, regardless of the particular layer thickness. This suggests that the Zn chemical state and local
environment do not change significantly up to cycle number 20. From the analysis presented in
previous work,> we find that the XANES spectra reveal a disordered material with embryonic
short-range order: the O nearest neighbors of Zn reside at the expected distances and angles for the
wurtzite structure, at least within the sample plane. No out-of-plane short-range order is developed
beyond the first shell in region I. During the transition to region II, new features appear on the
XANES spectra (A, B, C, D, and E in Fig. 9), indicating that the Zn local environment begins to
strongly resemble that of the wurtzite structure. According to the AFM images and GPC curves,
these cycle numbers also correspond to the onset of 3D island growth, as described in section 3.3.
However, TEM images and diffraction scans obtained at the end of region I, like the one shown
in Fig. 4, show no evidence for long-range, crystalline order. This was observed also at the early

stages of ZnO ALD on amorphous-SiO» at growth temperatures similar to those here.*’

4 Island growth modeling

Non-linear ALD growth behavior has previously been analyzed using different phenomenological
models.>® Simulations of island growth by Monte Carlo techniques have also been demonstrated
for amorphous®>’ and polycrystalline films.>®° We have developed a quantitative, phenomenolog-
ical model to describe the growth behavior observed in region 1I (Fig. 3), starting in the transition
region when the coverage of the Ing 53Gag 47As substrate with a 2D ZnO layer is about to be com-

plete. It is based on an analytical model used to describe island growth by geometrical principles.>*
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We show that the different GPC curves obtained at the growth temperatures can be reproduced by
slightly different pre-coalescence roughness values. In our model, we construct a square grid, each
square with a side length of 5. We then place hemispheroid nuclei at the centers of all the squares.
According to this grid, the nearest distance between two nuclei centers is b. This implies that when
the diameter of each hemispheroid island has increased to b, the islands start to coalesce. A cross
section of an island is shown in Fig. 10.

We define rg and hy as the base radius and height of the island, respectively. If the ratio &/ris 1,
the hemispheroid is a hemisphere. We assume that the radius r and height /4 increase by the values
Ar and Ah, respectively, at each ALD cycle. Therefore r = ro + nAr and h = hg + nAh, where n is
the number of the ALD cycle.

We distinguish three growth phases depending on the ratio between the radius of the hemi-
spheroidal base, r, and the distance between the islands, b, as shown in Fig. 11. Phase I cor-
responds to the growth of isolated islands (r < b/2) where the islands are well separated and not
touching each other. As the radius r increases and reaches the value r = b /2, each island touches its
four nearest neighbor islands. Phase II corresponds to island coalescence, when the radius r varies
in the range b/2 < r < b/+/2. During Phase I, the islands continue to coalesce until they com-
pletely cover the surface. This corresponds to the beginning of Phase III, where r > b/ V2. The
mean thickness u (or equivalent layer thickness) of islands having the functional shape zqnq(x,y)

and localized within a region D is defined as>*

/ Zisland (x7 y)dXdy

p="
/dxdy
D

oY)

where x and y are in-plane coordinates. For the case of an isolated island with a volume V (n),

located in a square of area b x b, the mean thickness at cycle n is

(n) = 2
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Using the model of hemipheroidal islands and knowing the functional shape of a surface cov-

ered with islands, z(x,y), the RMS can be calculated at any cycle as follows:

) 1/2
[ (etey) = sy
RMS = |2 . (3)
/dxdy
D

We therefore distinguish four parameters affecting the growth of islands: ro[nm|, ho[nm] — the
hemispheroid initial radius and height, Ar[nm| and Ah[nm| — the incremental increase in radius
and height per growth cycle, and b[nm| — the average distance between the centers of the nearest
neighbor islands.

Here we describe briefly the qualitative effects of these parameters. In Fig. 8(b), the GPC(XRF)
curve exhibits a characteristic maximum. It corresponds to the cycle number for which the surface
area of the film is at a maximum before the beginning of the next cycle. Generally, the cycle
number of the peak maximum depends on the average distance between the centers of the nearest
neighbor islands, b, on the initial size of the nuclei (rg, hg), and incremental values (Ar,Ah). In the
simple case of hemispherical islands and ro = hy = Ar = Ah, it can be shown that during Phase |

(Fig. 11(a)) the GPC is given by

2
GPC(”)Phasel = EAr( L ) ) 4)

ne

where n. is the cycle number at which the islands starts to coalesce (Fig. 11(b)) and the GPC is
close to a maximum. It can be directly determined/estimated from the experimental GPC curve.
Knowing n. and Ar, the nearest neighbor island distance is b = 2n.Ar. We define nj,. as the
cycle number immediately prior to the start of 3D island growth, i.e., at the onset of the change
of slope of the experimental GPC curve concomitant with the onset of the Zn desorption decrease.
During Phase II1, as the radius of the islands continue to increase (Fig. 11(d)), the surface no longer
roughens on average. When the total surface area becomes constant, the GPC vs. cycle function

arrives at a plateau after the peak maximum. In this region, the GPC tends toward the value of Ah.
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The experimental GPC(XRF) curves were fit in region II (Fig. 3), according to the growth model
described above. In that region, we assume that Ar and Ah are constant and equal (i.e., that the
growth is isotropic and the GPC= Ar = Ah). We define (h/r)¢ o5 as the initial island aspect ratio
at the onset of island growth that corresponds to a GPC close to 0.05 nm.cy~!. Only Ar = Ah and
(h/r)o.0s were allowed to vary. Region I, excep in the transition region, was excluded from our
model since the incremental increase, Ar = Ah, is lower in region I due to Zn desorption, resulting
in different growth behavior.

Determining the value of Ar = Ah should be straightforward, as the experimental GPC(XRF)
curve in Fig. 8 approaches it for a large number of cycles. However, our dataset is limited and does
not arrive at a constant value after 50 cycles. But it was possible to obtain the experimental value
of Ar = Ah by fitting the GPC(XRF) curve at the left side of the GPC(XRF) maximum (Phase I)
with equation 4, where n. is a known experimental value. Then, the Ar and n. values were used to

simulate the entire GPC curve with the hemispherical island model, as described above.

Table 1: Best fit values of GPC(= Ar = Ah) and (h/r)( o5 obtained for the modeling of the experi-
mental GPC(XRF) curves shown in Fig. 12. T(°C) is the substrate temperature, GPC is the growth
per cycle, (h/r)g o5 is the islands initial aspect ratio for GPC=0.05 nm.cy_l. RMS o5 and RMS, ..«
are the calculated root mean squared roughness values at GPC=0.05 nm.cy ! and at the maximum
of the GPC curve, respectively, o = 1/b? is the islands density.

T(°C) | GPC, nm.cy~! | (h/r)g05 || RMSg 05 (nm) | RMS,,.ex (nm) | & (1072 nm=2)
120 0.21 1.32 0.32 1.43 1.87
140 0.21 0.81 0.26 1.16 1.87
100 0.21 0.47 0.18 0.92 1.87

Figure 12 shows the experimental GPC(XRF) data at different substrate temperatures, Tyypsirate =
100, 120, 140°C (see Fig. 8), and the modeled GPC curves for region II. The inset of Fig. 12 shows
the experimental GPC(XRF) data at Typgiraee = 120°C, which corresponds to the GPC curve in
Fig. 3 before calibration, and the modeled GPC curves. The results of modeling indicate that
different slopes and peak heights of the GPC curve during Phase 1, i.e., before coalescence, can
be obtained with deviations in the Ar = Ah values and/or pre-coalescence roughness (with larger

roughness implying more surface available for growth). Different pre-coalescence roughnesses can
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be achieved by varying the initial island aspect ratio (/r) at the onset of island growth in Phase I

(with the experimental GPC value being close to 0.05 nm.cy !

in the present study). For instance,
the inset of Fig. 12 shows the experimental GPC curve at Ty pgrate = 120°C (open circle) and cal-
culated curves obtained with different initial island aspect ratios: (h/r)g 05 equal to one (blue solid
line), greater than one (violet dotted-dashed line), and less than one (brown dashed line). Here,
the GPC value was set to 0.19 nm.cy~!. The effect of (h/r)y o5 on peak height is clearly visible.
The best fit values of the GPC and initial island aspect ratios for the three GPC curves shown in
Fig. 12, as well as the calculated root mean squared roughnesses and island densities, are given in

1

Table 1. The GPC values are the same for the three temperature and equal to 0.21 nm.cy™ ", a value

that compares well to the highest values found in the literature®” and is close to that expected for

ZnO wurtzite. Ideally, atomic layer deposition would give a GPC of 0.26 nm.cy !

; experimentally,
however, it is unlikely to reach such a value®’. The different peak heights of the GPC curves is
quite well reproduced with different initial island aspect ratios that are less than 1, less than but
close to 1, and greater than one for Tyypsrae = 100, 140, 120°C, respectively. These simulations
suggest that different pre-coalescence roughnesses during Phase I, stemming from the slightly dif-
ferent growth conditions, could result in variations of the GPC peak height, but the steady-state
GPC value (at cycles > 55) remains the same.

The inset of Fig. 12 shows a representation of the GPC curve in region I by a sum of two func-
tions: a slightly increasing straight line (until about cycle 20) and a sigmoidal function that goes to
0 above cycle 30 (black dotted-dashed line). The latter is very similar to the one shown in Fig. 3
(upper panel), i.e., it has the same width and is centered on the same cycle value. Interestingly, one
can see that the modeled GPC curve (red dotted line) that is the sum of the GPC curves in region I
(black dotted-dashed line) and II (blue solid line) perfectly fit the GPC experimental values in the
transition region. Keeping in mind that the sigmoidal curve in Fig. 3 represents Zn desorption, this
result further indicates that the transition region from the region I to region II is correlated with

decreasing Zn desorption.
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5 Discussion

We have demonstrated above that ZnO ALD on Ing 53Gag 47As is characterized by an initial tran-
sient regime comprised of 2D growth and 3D islanding, followed by a steady-state growth regime
with a growth rate of 0.21 nm.cy~!.

In the case of oxide ALD with hydrogen transfer reactions and water used as an oxidant, one

ALD cycle combines two self-terminating half reactions. %> The first half reaction is the reaction

of a metal precursor, ML,, with an OH-terminated surface:

M—OH*+ML, — M —0—ML' | +HL (5)

where M is the metal and L is the ligand. During the second half reaction, water replaces the

adsorbed ligand with an OH-group:

ML*+H,O — M —OH*+HL. 6)

The probability of precursor adsorption and its chemical reaction directly affect the initial growth
behavior.

It is known that there are several possible initial growth behaviors:3® steady linear growth,
substrate-enhanced growth, and substrate-inhibited growth. If the number of reactive sites on
the bare substrate is higher or lower than on the ALD-grown material, either substrate-enhanced
growth or substrate-inhibited growth, respectively, can occur. If the substrate surface is not highly
reactive, growth occurs mainly on the more reactive areas. This leads to surface inhomogeneity
and is the origin of substrate-inhibited growth behavior.?® As the island size increases and growth
enters the coalescence stage, a 2D layer is formed. If the ALD-grown material surface is fully
covered by chemically reactive sites, steady linear growth behavior can begin.

A transient growth regime has already been reported for various materials grown by ALD.

Elam ef al.*" used Auger electron spectroscopy to examine the initial stages of tungsten growth

16



on a SiO; substrate. They observed linear 2D growth for first few ALD cycles, but the growth
rate was lower than for steady-state growth. The authors admit an equal probability of 2D and 3D
growth behavior during the initial stage. Kim et al.*' also showed that for Ru film deposition on
TiN and SiO,, the transient region was present. Growth was inhibited for first several ALD cycles
due to the weak interaction between the Ru precursor and the covalent bonds in TiN and SiO;.
Furthermore, for the same material deposited on different substrates, the incubation time can vary

or be absent entirely. Lim et al.*?

showed, using a simple analytical kinetic model, that at the
beginning of growth a transient regime exists until the deposited material fully covers the substrate
surface; only then can steady linear growth take place. Thus, the incubation time could correspond
to the time necessary to cover the total substrate surface. Satta e al.** investigated TiO, surface
coverage on SiO; substrates as a function of the number of deposition cycles. They demonstrated
a slow, linear increase of surface coverage in the first stage of growth due to a non-reactive surface.
Then, since the probability of adsorption varies on a mixed surface, this led to 3D island growth.

1.%* observed similar

Deposition eventually entered a steady linear growth regime. Green et a
growth behavior for HfO, on Si substrates. The Si substrate surface was oxidized by different
ways, and the authors showed that a thin oxide layer (less than 1 nm) changes the properties of the
sample surface, impacting the initial growth stage. They also found that the probability of starting
a chemical reaction is higher when the SiO, surface is terminated with OH-groups.

In the present study, we have evidenced a transient regime that we divide into two steps (regions
Iand II, as indicated in Fig. 3). Region I corresponds to a regime in which Zn-containing molecules
desorb from the surface, as detected by XRF. Here, the growth rate is very low (< 0.05 nm/cycle)
and nearly constant, as long as the Zn desorption magnitude is about the same. A transition stage
then takes place, and the GPC starts to increase as the amount desorbed decreases (Fig. 3). Re-
gion II is characterized by the absence of precursor desorption and a rapid change in growth rate,
as described in sections 3.2 and 4. Note that only chemically adsorbed DEZn precursor or Zn-

containing molecules are detected in our experiments, since physically adsorbed molecules can be

easily removed during the N, purging step.37-%3 As was shown in Fig. 3, there is no evidence of Zn
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desorption after 28 ALD cycles.
In the region I, the low and nearly constant growth rate (GPC) is associated with the inertness
of the substrate surface and a nearly constant sticking coefficient. This is likely to be associated

with a low density of active sites (e.g., OH groups)++6+63

which hampers precursor (DEZn) and
reactant (H,O) chemisorption. During the oxidant pulse, water reacts with the sample surface and
leaves active sites for reaction with DEZn; these chemical reactions are given by equations 5 and
6. Indeed, we show in Fig. S3 (Supplemental Information) that increasing the water flow shortens
the delay in ZnO nucleation, most likely due to increased active site density on the Ing 53Gag 47As
surface. Interestingly, as observed in Fig. 12, the amount of Zn deposited after the first cycle is
about three times higher than the following few cycles, and there is almost no desorption. This
indicates that surface functionalization changes after the first cycle whereas it does not for the
subsequent cycles (until ZnO no longer desorbs). A close inspection of the AFM images strongly
suggests that the fading of the desorption stage is correlated with the closure of a 2D layer, which
is concomitant with the onset of 3D ZnO islands (corresponding to the transition stage in Fig. 3).
Figure 3 shows that in region I, the Zn desorption amount stays constant for each cycle despite the
fact that the Ing 53Gag 47As and ZnO surface fractions vary during growth. This suggests that the
Zn and oxygen atoms incorporate preferentially at the edge of the platelets.

All of these XRF and AFM observations indicate that growth in region I consists of a period
of incubation with low growth rate, during which the substrate surface transforms its functional
groups and results in the fabrication of a 2D layer.** A 2D-like mechanism of growth distinguishes
this phase.

Region II is characterized by an absence of precursor desorption and ZnO island growth. As
shown in Fig. 3, beyond cycle 25, the ZnO islands start to grow on the surface of the 2D ZnO
layer. The AFM images (Fig. 5 (f-1)) provide evidence for a high density of islands with a rather
large size distribution, such that it is difficult to distinguish well-separated islands. However, it is
clear that the average island diameter increases as a function of ALD cycle number. Furthermore,

island growth is accompanied by a change in the surface roughness (Fig. 6). Accordingly, the mean
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thickness curves (Fig. 8(a)) show the typical S-shape in region II associated with 3D island growth
and coalescence. >0

The formation of a 2D ZnO layer on the Ing 53Gag 47As surface followed by 3D ZnO island
growth is sketched in Fig. 13. First, the Ing 53Gag.47As surface (Fig. 13(a)) starts to be covered
with platelets (Fig. 13(b, ¢)), and the sample surface roughness increases. Right before completion
of the 2D ZnO layer, holes are visible at the surface (Fig. 13(d)), which then shrink (Fig. 13(e)).
The TEM image reveals that the 2D layer is amorphous (Fig. 4). The XANES spectra (Fig. 9)
confirm that the atomic structure of the 2D Zn-oxide layer is disordered but has an embryonic
wurtzite structure. ZnO island growth starts on top of the 2D ZnO layer (Fig. 13(f)), and the growth
rate (GPC) reaches a constant value after the transient regime, as seen during substrate-inhibited
growth.

The simple growth model proposed in section 4 allows us to analyze the GPC curves. The
simulations suggest that different pre-coalescence roughnesses during Phase I could result in vari-
ations of the GPC peak height, while the steady-state GPC value (at cycles > 55) remains the same,
as is the case for the three GPC(XRF) curves reported in Fig. 8 (b). The lowest roughness in the
transient regime, notably at the maximum of GPC curves, is achieved for the lowest temperature.
The GPC values are about the same and equal to 0.21 nm.cy ! for the three substrate temperatures
(100°C, 120°C and 140°C). This is in agreement with the fact that these three temperature values

are all within the ALD temperature window.

6 Conclusion

We have performed the first detailed study on the evolution of the growth process during the initial
stages of ZnO growth on Ing 53Gag 47As by ALD. It was demonstrated that growth passes through
a transient stage before the onset of steady-state growth. The transient stage is comprised of two
regimes separated by a transition stage. Using in situ synchrotron X-ray fluorescence, reflectivity,

and absorption spectroscopy, we have demonstrated that the first regime of growth (up to 28 cycles,
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region 1) is far from ideal ALD growth. During this regime, we find that the substrate-inhibited
ZnO growth mode takes place on InGaAs terraces. It results in a slow growth rate (; 0.05 nm.cy ™)
with the desorption of molecules containing Zn. This leads eventually to the formation of a ~1-
nm-thick 2D amorphous ZnO layer (at about cycle 25). By the end of the first regime (region I),
a transition occurs in which the GPC starts to increase when the amount of desorption decreases,
and growth enters into a second regime (region II). The phenomenological model we developed
to describe the change of GPC behavior suggests 3D island formation in region II, with an island
aspect ratio, i.e. initial surface roughness, that depends on the growth condition. The transient
regime (regions I and II) ends with island coalescence. The growth is finally characterized by a

steady growth rate of 0.21 nm.cy !

, as expected for layer-by-layer ZnO ALD. This shows that ideal
ALD behavior is not always achievable, especially at the initial stages of heterogeneous growth.
Our work demonstrates the unique power of in situ synchrotron methods for elucidating the
atomistic processes taking place during the initial stages of ALD. We find that the complementary
suite of tools used here is key to optimizing the growth process and material quality. Further-

more, the successful growth of a 1-nm-thick 2D ZnO layer is highly encouraging for the future

development of ZnO IPLs and III-V surface passivation.
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Figure 2: (a) Zn K X-ray fluorescence intensity (7,psrare = 120°C) vs. cycle number. The insets
show the Zn fluorescence intensity (green curve) at the early stages, as compared with intensity at
the later stages (orange curve). (b) The experimental Zn fluorescence intensity (light blue curve)
and fit (dark blue curve) for cycles 15-30. The inset shows the fluorescence intensity and fit curve
for cycle 24. Black closed circles indicate the Zn fluorescence intensity at the end of the DEZn
pulse, and red closed triangles indicate the Zn fluorescence intensity at the end of each ALD cycle.
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Figure 3: Upper panel. Difference between the Zn fluorescence intensity fit values, shown in Fig. 2,
taken at the end of the Zn pulse and at the end of each cycle, as a function of number of cycles
(Tsupstrare = 120°C). The fit curve is a sigmoidal function. Lower panel. Triangles: Fluorescence
growth per cycle (GPC) obtained from the difference between the fit values, shown in Fig. 2, taken
at the end of cycles n and (n— 1) vs cycle n, values (Typgrare = 120°C). Open circles: fluorescence
growth per cycle obtained from the difference between the fit values, shown in Fig. 2, taken at
the end of the DEZn pulse at cycle n and at the end of cycle (n — 1). Region I corresponds to
the detection by XRF of desorbed molecules containing Zn. A transition region is observed when
going from region I to region II.
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i

Figure 4: TEM cross-sectional image of a ZnO layer on Ing 53Gag 47As obtained after 25 ALD
cycles (Tsupstrate = 120°C).
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Figure 5: Post growth AFM images of ZnO films grown on Ing 53Gag 47As for different number of
cycles: 0 (a), 5 (b), 10 (c), 15 (d), 20 (e), 25 (f), 30 (g), 40 (h) and 50 (i). A 3D rendering of the
same images is shown in Fig. S1.
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Figure 6: RMS(AFM) roughness of the Ing 53Gag 47As terraces as a function of ALD cycle num-
ber. The AFM-determined values were calculated by averaging different RMS(AFM) roughnesses
obtained on several terraces. Note that the RMS represents surface height variations with a lateral
scale of the order of 20-50 nm.
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Figure 7: ZnO layer thickness as a function of the ALD cycle number for a substrate tempera-
ture equal to 100°C, 120°C and 140°C, extracted from X-ray reflectivity curves measured during
growth every 5 cycles in N, flow. Inset: XRR experimental (blue lines) and fit (black lines) curves
as a function of ALD cycle number for a substrate temperature, Ty,psrare = 120°C.

34



GPC(XRF) (nm.cy™)

Figure 8: (a) ZnO layer (film) mean thickness as a function of cycle number for three differ-
ent Ing53Gag47As substrate temperatures; Zn K fluorescence intensities were calibrated with
XRR measurements. (b) Experimental ZnO film mean growth GPC(XRF). The X-ray fluores-
cence (XRF) data were recorded after the completion of ALD cycles (which took place without

X-rays).
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Figure 9: Experimental Zn K-edge XANES spectra for cycles 1 — 35 of the ALD growth of ZnO
on a Ings53Gag 47As substrate. All spectra have been normalized to the same jump value at the
edge and shifted along the y-axis for clarity. The spectra corresponding to cycle 1 and 2 are nearly
identical and were averaged to improve the signal-to-noise ratio. The cycle number is indicated to

the right of each spectrum. Embryonic Wurtzite structure (green solid lines), rising of the Wurtzite
structure (orange solid lines).
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Figure 10: Geometrical parameters of the spheroidal nucleus used in our island growth model: ry
and & define the size of the nuclei, b is the distance in between 2 nuclei, and Ar and Ah are the
incremental increases in the directions parallel and perpendicular to the substrate, respectively, for
each ALD cycle (i.e., the GPC).
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Figure 11: Island growth phases: (a) isolated island growth, (b) and (c) island coalescence, and (d)
continuous islands.

38



_0.3_1zooc# > 1.5 120°C
035 — (h/r)o.osnmcy‘: .
[ 0.2
< 0.30 |-
>
0 o1t & =
e 025
c I s f o EegionJI
50_20 909020 36" 40 50 60
oY
X 015}
O
o
O 010 |
A
0.05|® . ® A B experiment
i A simulation
0.00..".":‘. A T

0 10 20 30 40 50
Number of cycles

Figure 12: Experimental measurements of growth per cycle (GPCs(XRF)) (filled symbols), and
the simulation curves from island growth model (solid lines), as a function of cycle number and
for different substrate temperatures (100, 120 and 140°C). The measurements were performed
in between growth cycles. The simulation parameters are given in the text. The inset displays the
experimental measurement of the GPC performed during growth at Tyypsrae = 120°C (open circle).
The experimental GPC was shown in Fig. 3 before calibration. Shown are simulated GPC curves
for different island aspect ratios, (h/r)g o5, at the onset of island growth that corresponds to a GPC
close to 0.05 nm.cyfl; (h/r)g 95=1 (blue solid line), 1.5 (violet dotted-dashed line) and 0.5 (brown
dashed line). The dotted red line is the sum of the blue solid line and the black dotted-dashed line
which represents the GPC curve in region 1. The GPC simulation curves have been shifted along
the horizontal axis to region II by the cycle number of incubation njj,,.
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Figure 13: Depiction of the different growth stages: (a) bare Ing 53Gag 47As surface, (b) initial ZnO
island nucleation, (c) island density increase, (d) “hole” formation, (d) 2D ZnO layer formation
(wurtzite structure), and (f)the island growth phase.



Supplemental Information

The Initial Stages of ZnO Atomic Layer Deposition on Atomically Flat
In, 5364 .4,AS Substrates

By E.V. Skopin et al.
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Figure S1. 3D rendering of the same AFM images shown in Fig. 5 of the article, i.e.
post-growth AFM images of Zn0 films grown on IngssGae 4As for different number of
cycles: 0 (a), 5 (b), 10 (c), 15 (d), 20 (e), 25 (f), 30 (g), 40 (h) and 50 (1i).



2510 [ ]experiment
© | — it
c
S 20t
o
c L
=)
> 15}
‘»
c - _
5 i -
2 107 | :
= | I
3 05} i
o | | |"|
£ | A i,
\
o A e n

0.0a 0.5a 1.0a 1.5a 2.0a
In, .,Ga, ,,As lattice parameter

Figure S2. Statistical distribution of the terrace heights present on the
Ine.ssGae.47AS substrate surface after the 4M HCl etch step. The height value is in a
units, where a is the bulk Ings;Gae.4,As lattice parameter. A series of parallel
lines were chosen with a constant distance between the lines for the analysis.

The peaks of the statistical distribution have been approximated by a Gaussian
function.
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Figure S3: Zn Ko X-ray fluorescence intensity (T substrate = 120°C) vs. cycle

number for three different water flow (deionized water). The increasing of water
flow is obtained by opening the injector aperture (2, 6, 9 are the numbers of turns
of the manual needle valve). Clearly, increasing the water flow shortens the delay
in Zn0 nucleation.
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