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We report on the initial stages of ZnO Atomic Layer Deposition (ALD) on In0.53Ga0.47As (InGaAs), studied by
monitoring the ZnO film thickness in situ with spectroscopic ellipsometry. Using diethylzinc (DEZn) and water,
at a substrate temperature equal to 120◦C, we found the presence of two different ZnO growth regimes prior to
the steady growth: a slow ZnO nucleation on InGaAs, 0.005 nm.cy−1 (growth delay), then a substrate inhibited
growth of type II. Increasing the DEZn injection time, the growth delay shortened from 30 cycles down to 3
cycles, concomitantly the steady growth rate increased from 0.18 to 0.23 nm.cy−1. The DEZn residence time
and pressure increase during the first ALD cycle, allowing to suppress the growth delay, instead, no change is
observed when performing the same experiment with water. Atomic Force Microscopy (AFM) images showed
that the InGaAs surface roughened after the first cycle with a long DEZn pulse and residence time. The rough
surface is likely at the origin of the growth delay elimination.
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1 Introduction Inx−1GaxAs ternary alloy is a semi-
conductor, with a direct bandgap and high charge carrier
mobility, which is widely used in microelectronics [1].
By varying the In/Ga ratio, the face-centered cubic lat-
tice parameter changes from 0.565nm to 0.606nm and the
bandgap energy from 1.414eV (x=1) to 0.354eV, respec-
tively (x=0) [2–4]. Thus, this material is widely used in
infrared electronics [5]. Thanks to its high carrier mobil-
ity, Inx−1GaxAs can be utilized as a channel material in
Metal Oxide Semiconductor Field Effect Transistor (MOS-
FET) [6,7]. In this case, a possible issue is the metal Fermi
level pinning at the Metal-Inx−1GaxAs interface, leading
to an increase of the Metal-Semiconductor contact resis-
tance [8].

However, insertion of an ultra-thin oxide layer in be-
tween metal and Inx−1GaxAs can suppress the metal
Fermi level pinning [9]. ZnO is one of the candidates
for the ultra-thin oxide layer [10], considering that the
thickness of this layer should be close to 1nm in order to
optimize the tunneling current flow [11].

One method, which allows controlling of thin film
thickness and conformality at the nanometer scale is
Atomic Layer Deposition (ALD) [12–14]. Thermal ALD
is a Chemical Vapor Deposition (CVD) technique, based
on self-limited chemical reactions on the surface heated
up to a constant temperature. ALD process consists of se-
quential cycles. One cycle is a time-sequenced injection
of four gases inside the reactor chamber: a metalorganic
precursor (DEZn), a purge with inert gas (N2), an oxidant
(H2O), and a purge. Most generally, thermal ALD provides
ideal layer by layer growth with a steady growth rate.

By using synchrotron radiation techniques for monitor-
ing of ZnO ALD on In0.53Ga0.47As (hereinafter InGaAs)
[15,16], we put in evidence that the initial ZnO growth on
InGaAs is very different from the ideal layer by layer ZnO
growth on ZnO. We demonstrated the presence of two suc-
cessive growth regimes preceding the steady ZnO ALD.

In the present study, we report on the influence of Zn-
precursor (diethylzinc) and oxidant (water) injection time
or concentration on the ZnO initial growth stages on In-
GaAs. For monitoring in situ the initial stages of growth,
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we have implemented spectroscopic ellipsometry [17] on
our custom-build reactor, which is used also for X-ray stud-
ies [18–20,15]. Provided that the appropriate model for
calculating the thin film optical parameters is known, spec-
troscopic ellipsometry allows to monitor the thickness as a
function of the number of cycles in situ and, most impor-
tantly, to provide insights into the growth process.

2 Experiment We used commercial InP substrates
with 270nm thick InGaAs layer grown by molecular beam
epitaxy (III-V Lab, Paris, France). To remove possible ox-
ides on the InGaAs surface [21], the InGaAs substrates
were etched in 4M HCl solution for 5 min, then substrates
were rinsed in water for 30s, and dried with nitrogen flow.
Then, the substrate was immediately uploaded into the
ALD reactor chamber and annealed at 200◦ C for 30min
(to evaporate atomic As). After this, we performed ZnO
deposition on InGaAs while controlling the thickness by
spectroscopic ellipsometry.

To monitor in situ the thickness of the ZnO thin film,
we used Film Sense FS-1TM Banded Wavelength Ellip-
someter and FS-1 software for thickness calculation [22].
The FS-1TM Ellipsometer records the data across 4 dis-
crete wavelengths in the visible spectrum: 465nm (blue),
525nm (green), 580nm (yellow), and 635nm (red). Post
growth sample surface morphology was studied ex situ by
Atomic Force Microscopy (AFM), using a Dimension Icon
BrukerTM microscope.

3 Results
3.1 In situ thickness monitoring One ZnO ALD

cycle contains four steps of sequential gas injections into
the reactor chamber: injection of a Zn precursor, a purge
of the reactor chamber with inert gas, injection of an
oxidant, and again purge. We used Zn(C2H5)2 (DEZn)
and water as a precursor and oxidant, and nitrogen (N2)
inert gas for purging the reactor. For all samples, the
flows of DEZn, water, and N2 were 5sccm, 2.6sccm,
and 1000sccm, respectively. The N2 purging time after
DEZn or water injection was 45s, instead, DEZn and water
injection times were varied. The substrate temperature dur-
ing growth was 120◦ C for all samples (this temperature
is inside the temperature ALD window for DEZn/water
ZnO ALD [23,24]). The ZnO thickness was monitored in
situ by ellipsometry during the ZnO ALD. To calculate
the ZnO layer thickness, we modeled the sample by the
ZnO(#nm)/InGaAs(270nm)/InP(substrate) stack. Optical
coefficients for ZnO, InGaAs layer, and InP substrate were
fixed. To determine the refractive indexes vs. wavelength
λ of the different materials, we used the Cauchy equation
[25,22]:

n(λ[nm]) = n633nm + nslope((
1000

λ
)2 − (

1000

633
)2), (1)

where n633nm is the refractive index for HeNe laser wave-
length (633nm); nslope is a constant. The n633nm and

nslope values were equal to 3.54 and 0.21 for InP [26],
3.79 and 0.25 for InGaAs [27], and 1.99 and 0.03 for ZnO
[28], respectively. The angle of incidence was fixed and
equal to 35◦ with respect to the sample surface normal.
The Brewster’s angles for InP [26], InGaAs [27], and ZnO
[28] are 74.266◦, 75.370◦, and 63.306◦, respectively. ZnO
thickness measurements (real-time approximation) were
carried out with a 1s integration time. No surface and
interface roughnesses were used.

Figure 1 shows an example of the thickness change
during one ALD cycle with injection times equal to
80s(DEZn)/45s(N2)/40s(H2O)/45s(N2), respectively. An

Figure 1 ZnO thickness determined by ellipsometry model as a
function of the number of cycles, example for one ALD cycle.
One ALD cycle includes DEZn injection (80s, orange region),
water injection (40s, blue region), and N2 purges (45s, green re-
gions). Inset shows raw ellipsometry data of S = sin2Ψsin∆
versus the number of cycles measured for the same sample.

example of raw data S (S = sin2Ψsin∆) vs. number of
cycles for this sample is shown in the inset of Figure 1 (Ψ
and ∆ are the amplitude ratio and phase angle, determined
as Rp/Rs = tanΨei∆, where Rp and Rs are the complex
Fresnel reflection coefficients for p- and s-polarized light
[17]). As Figure 1 shows, the thickness noise amplitude
is about 0.05nm (the noise level decreases, for instance,
by increasing acquisition time). When the DEZn injection
begins, the layer thickness abruptly increases and then
reaches a constant value (orange area in Figure 1). For the
experimental data visualization, the experimental thick-
nesses were fitted by a sigmoidal function in the DEZn in-
jection area (red line). During N2 purging after the DEZn
injection, a slight thickness decrease is observed (green
left area, the red lines correspond to the average thick-
ness). When water is injected, a clear thickness decrease
is observed (blue area). During N2 purge after water injec-
tion, the grown layer thickness slightly decreases (green
area on the right).
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Figure 2(a) shows the measured thickness vs. cycle
number during ZnO ALD for a sample grown with injec-
tion times equal to 5s(DEZn)/45s(N2)/10s(H2O)/45s(N2),
respectively. At the beginning of growth (regime I), a thick-

Figure 2 ZnO Thickness (a) and GPC (b) as a function of the
number of cycles measured for a sample grown with injection
times equal to 5s(DEZn)/45s(N2)/10s(H2O)/45s(N2). Growth in-
cludes different regimes: growth delay (regime I), substrate in-
hibited growth of type II (regime II), and steady growth (regime
III). The red dash line is a parabolic fit. Gray dot line represents
a difference between the thickness after DEZn injection and after
water injection for the chosen cycle as a function of the number
of cycles.

ness jump is observed at the first cycle, then the thickness
almost does not change, the average thickness slowly in-
creases (see zoom inset, blue oval; gray line shows the av-
erage thickness for every cycle). During this growth delay,
the thickness steps are not visible, then the thickness steps
become visible and the step height changes at higher cycle
numbers (regime II, see inset, red oval). The growth rate in
regime II is not constant, a thickness S-shape curve is ob-
served [29]. At last, the thickness increases linearly and the
growth rate becomes constant (regime III, the step height
is constant, green oval on Fig.2(a)).

Figure 2(b) shows the experimental growth per cycle
(GPC) values as function of the number of cycles. We cal-
culated GPC for cycle n as the difference in thickness for
cycle n and thickness for cycle (n− 1). The thickness val-
ues for cycle n and (n − 1) are the average thicknesses
during N2 purge after water injection (see Figure 1).

During regime I, the GPC is constant and almost zero,
except for cycle 1 (GPC is about 0.15nm.cy−1). Then, in
regime II the GPC shows the characteristic substrate in-
hibited growth of type II [29], that is the GPC shows a
parabolic increase, reaches a maximum, and then decreases
to reach a constant value. In regime III (steady growth
state) the GPC is constant.

Assuming that the GPC(n) curve in regime II has a
parabolic increase in the beginning, we fitted the data with
function A(n − ndelay)

2, where ndelay is the number of
ALD cycles at which the parabolic GPC begins [15], andA
is a scale factor. The parabolic GPC fit curve (red dash line)
gives the number ndelay = 22 cycles for the corresponding
sample.

As shown in Figure 1, the layer thickness decreases af-
ter water injection, instead, the thickness obtained after the
DEZn injection is barely affected. Figure 2(b) (gray dot-
ted line) shows the difference between the thickness af-
ter DEZn injection and the thickness after water injection
for each cycle. Experimental layer thickness after DEZn
or water injection was calculated with the values recorded
inside the N2 purge areas (see Fig. 1).

Figure 2(b) shows that this function has a value close
to zero (including the first ALD cycle) in the regime I.
Then in regime II, this function grows proportionally to
the GPC function. In regime III, this function reaches a
constant value (≈0.15nm.cy−1). This means that after the
water pulse the thickness decrease (likely due to C2H5 lig-
and effusion) is constant during the steady growth state.

To study how the DEZn and water concentrations mod-
ify growth, i.e. the growth delay and steady state growth
(GPC), we grew a series of samples by varying the DEZn
injection time.

3.2 DEZn concentration vs. growth delay In a pre-
vious study [15], we demonstrated the effect of water con-
centration (by varying the water flow) on the initial stages
of growth, by monitoring Zn X-ray Fluorescence (XRF)
signal during ZnO growth on InGaAs. We showed the pos-
sibility to decrease the growth delay (number of cycles in
regime I, see Fig. 2), at higher water flow.

Here, we report on the influence of DEZn molecules
concentration on the growth delay. We monitored the
growth by in situ ellipsometry for a series of samples with
different DEZn injection times. The injection times for
this series were equal to #s(DEZn), 45s(N2), 40s(H2O)
and 45s(N2). DEZn injection time # from one sample
to another was 1s, 2s, 5s, 10s, 20s, 40s, and 80s. Other
deposition parameters were fixed as described in Section
3.1.

Figure S1 (see supplementary information) shows the
ZnO thickness (a) and corresponding GPC (b) as a function
of the number of cycles for different DEZn injection times
(different samples).

All recorded GPC curves exhibit the same shape: a
growth delay (regime I), substrate inhibited growth of type
II (regime II), and steady growth (constant GPC, regime
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III). Figure S1 shows that the growth delay (regime I) is
shortened while increasing the DEZn injection time. Figure
3 shows steady growth GPC (a) and ndelay (b) as a func-
tion of DEZn injection time. The steady GPC increases for

Figure 3 Steady growth GPC (a) and growth delay ndelay (b)
as functiuons of DEZn injection time. Other growth parameters
were fixed.

higher DEZn injection times from 0.18nm.cy−1 (for 1s of
DEZn injection) to 0.23nm.cy−1 (for 80s of DEZn injec-
tion). First, there is a significant GPC increase for the range
1s-20s (0.18nm.cy−1-0.22nm.cy−1), and then an asymp-
totic GPC increase for the range 20s-80s (0.22nm.cy−1-
0.23nm.cy−1). The steady GPC reaches a plateau for a
DEZn injection time beyond 20s.

The opposite trend is observed for ndelay(Fig. 3(b)).
ndelay decreases when increasing DEZn injection times
from 30 cycles (1s of DEZn injection) to 3 cycles (80s
of DEZn injection). For 20s-80s DEZn injection times,
when steady GPC is almost constant (0.22nm.cy−1-
0.23nm.cy−1), ndelay decreases from 11 cycles to 3 cy-
cles. It is clear that the increase of DEZn injection time
(increasing the number of DEZn molecules inside the re-
action chamber) leads to the decrease of the growth delay
and to have about the same steady growth rate.

3.3 Long water/DEZn pulse during cycle 1 As
reported in Section 3.2, an increase of water or DEZn
molecules concentration during the precursor pulse, de-
creases ndelay. The change of substrate surface function-
alization after the first cycle can lead to different ZnO
growth behavior. To check that in the case of ZnO ALD
on InGaAs, we monitored thickness in situ while injecting
a long pulse of water or DEZn into the reactor at the first
cycle. The main growth parameters were fixed as described
in Section 1, for cycles 2-50, DEZn (resp. water) injection
time was 5 s (resp. 40 s).

Regarding the long water pulse cycle (inset of Figure
4(a)), as usual, DEZn was first injected into the reactor

for 5s. Then, the reactor was purged with N2 during 45s.

Figure 4 Long water (a) and DEZn (b) injection during the first
cycle: thickness as a function of the number of cycles. Left insets:
description of gas injections during first ALD cycle. Right insets:
GPC as a function of the number of cycles with parabolic fits
(ndelay is 11 cycles (a) or 0 cycles (b) for long water or DEZn
injection during the first ALD cycle).

After the purge, water vapor was injected into the reactor
chamber during 160s (up to 2mbar inside the reactor cham-
ber). Water was kept in the closed reactor chamber for 15
min, then the reactor was purged with N2 for 45s. For cy-
cles 2-50, the injection times for DEZn/N2/H2O/N2 were
5s/45s/40s/45s, respectively.

Figure 4(a) shows the thickness and GPC as functions
of the number of cycles measured for a long first-cycle wa-
ter injection time. Despite this long time for the water to
react, a growth delay is still present, ndelay is about 11 cy-
cles.

A similar experiment was performed with a long
DEZn pulse at the first cycle (see inset of Figure 4(b)).
A 5sccm flow of DEZn was injected inside the closed re-
actor chamber during the 80s (to reach a 2mbar pressure
inside the reactor chamber). Then, DEZn molecules were
kept inside the reactor chamber for 15min to react. Then,
DEZn was purged with nitrogen for 45s, water was in-
jected for 40s, and the reactor was purged again for 45s.
For cycles 2-50, injection times were 5s/45s/40s/45s for
DEZn/N2/H2O/N2, respectively.

Unlike long water pulse, a long DEZn pulse causes the
suppression of the growth delay (see right inset of Fig-
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ure 4(b), ndelay is close to 0 cycles). Even though a less
amount of DEZn (DEZn injection time is 5s) is injected
during cycles 2-50, there is no growth delay, the growth
starts immediately with regime II.

To check a possible change of surface morphology, we
performed AFM of the InGaAs surface after HCl clean-
ing (Figure 5(a)) and 1 ZnO ALD cycle comprising a long
DEZn pulse (Figure 5(b)). The dotted lines on the AFM

Figure 5 Atomic Force Microscopy (AFM) images obtained for
InGaAs surface after HCl treatment (a) and InGaAs surface af-
ter one ALD cycle with a long DEZn injection (b). Yellow dotted
lines on the images shows the positions of the cross lines (corre-
sponding cross lines shown below the AFM images).

images indicate the position of surface cross lines, shown
under the AFM images. InGaAs surface is presented by
atomically flat terraces, the InGaAs roughness (RMS) on
the terraces is about 0.05nm, and the RMS of the terraces
is 0.3nm. The plot above Fig. 5(a) shows the cross line of
the InGaAs terraces after HCl cleaning. After 1 ZnO ALD
cycle, including the long DEZn pulse, surface roughness
(RMS) increases up to 0.09nm (see Fig. 5(b)).

4 Discussion ZnO growth on either InGaAs or ZnO
surface is very different [15,16]. ZnO ALD on ZnO has
been the subject of experimental works [30], and more
recently of DFT and Monte Carlo simulations [31–36].
Besides, ZnO surface reactivity, which depends on the
surface polarity and reconstruction, has been studied [37,
38]. In the present study, we focused on the control of the
growth delay during ZnO ALD on InGaAs, by varying
the injection time of precursors. During the growth de-
lay (regime I, inset of Fig. 2(a)), the GPC is 30-50 times
smaller (about 0.005nm.cy−1) than the steady growth GPC
(0.18-0.23nm.cy−1, at a substrate temperature equal to
120◦ C). However, the slight thickness increase is a clear
indication of the presence of chemical reactions occurring
on the InGaAs surface.

In Figure 2 we observe that the GPC for the first ALD
cycle is higher than for cycles in the range [2-ndelay]. Dur-
ing the first ALD cycles, DEZn reacts with active surface
sites, present on InGaAs surface, and leads to higher GPC

value than those observed in the next cycles. Thus, we hy-
pothesized that a long time left for water or DEZn to react
(or higher concentration of water or DEZn) could increase
the number of active surface sites available for the next cy-
cles, and could shorten the growth delay.

We found that after a long water injection time at the
first cycle (see Section 3.3, Fig. 4(a)), ndelay is still 12 cy-
cles, the same value as observed in the case of usual water
injection time (all other parameters being identical). Ev-
idently, a long interaction with water does not lead to a
significant increase of active surface sites on InGaAs (OH-
groups, water molecules) for a reaction with DEZn.

Regarding the DEZn effect, we observed that by in-
creasing DEZn pulse duration (i.e. the DEZn concentra-
tion inside the closed reactor chamber), the growth delay is
shortened. Besides, by increasing the DEZn injection time
from 20s to 80s, the steady growth GPC values are almost
the same (0.22-0.23nm.cy−1, Fig. 3(a)), whereas the num-
ber of cycles, ndelay, decreases from 11 cycles down to
3 cycles. The same effect was observed for a long DEZn
injection during the first cycle, ndelay became close to 0
cycles (inset of Fig. 4(b)). Both ways for DEZn injection
(80s of DEZn injection every cycle or long DEZn injection
during the first cycle) leads to the disappearance of regime
I. This means that a long interaction of DEZn with InGaAs
surface renders InGaAs surface more reactive.

AFM image (Fig. 5), obtained after one ALD cycle
comprising a long DEZn injection, shows that the morphol-
ogy of InGaAs surface has changed in comparison with
InGaAs cleaned surface. Small nuclei or islands have ap-
peared.

One possible process during the long DEZn injection
can be a reaction between monoethylzinc (MEZn) on the
InGaAs sufrace with DEZn molecule. Weckman et al. [31]
demonstrated that this type of reaction can lead to the for-
mation of additional bare Zn atoms and products of the re-
action (organic molecules). Then, this Zn atom can adsorb
more water molecules, leading to a growth rate increase.

More investigations are needed to determine the chem-
ical reactions at play in between DEZn, water, and InGaAs
surface at the early stage of growth of ZnO by ALD.
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