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ABSTRACT: A novel atomic layer deposition (ALD) process for nickel
oxide (NiO) is developed using a recently reported diazadienyl complex,
Ni(®"?DAD),, and ozone. A window of constant growth per cycle is found
between 185 and 200 °C at 0.12 nm/cycle, among the highest reported for
ALD NiO. For films deposited at 200 °C, grazing-incidence X-ray diffraction
indicates a randomly oriented polycrystalline cubic NiO phase. X-ray
photoelectron spectroscopy shows good agreement with bulk NiO reference
spectra and no detectable impurities. Atomic force microscopy reveals low
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root mean square roughness of 0.6 nm for an 18 nm thick film. The refractive (nm)
index of 2.36 and an electronic bandgap of 3.78 eV, as determined by variable

angle spectroscopic ellipsometry, are close to reported values for bulk and thin film NiO. Finally, fabricated Ag/NiO/n-Si/In
heterojunction diodes show a current—voltage asymmetry of 1.27 X 10* at 2.3 V and an ideality factor of 3.5, confirming the

intrinsic p-type semiconducting behavior of transparent NiO.
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B INTRODUCTION

Transparent wide bandgap n-type semiconducting transition
metal oxides (TMOs), such as ZnO, In,0;, SnO,, Ga,0;,
InGaZnO, ZnSnO, TiO,, etc. are fairly common and have
found widespread use in a variety of applications. On the other
hand, p-type TMOs are highly desired, but relatively less
common and less understood." Among p-type TMOs such as
SnO, NiO, Cu,O, and Co;0,, nickel(Il) oxide (NiO) has
recently garnered attention for potential application in
electrical and optical devices. NiO adopts the rock salt
(cubic) structure and its wide direct bandgap of 3.4—3.8 eV
gives rise to optical transparency. The intrinsic p-type nature of
NiO is attributed to nonideal stoichiometry created by the
presence of a stable Ni*" oxidation state (Ni,O,), giving rise to
naturally occurring Ni vacancies that act as acceptor sites. NiO
has seen recent application in thin-film transparent hetero-
junction pn diodes,””” and its relatively low electron affinity of
1.8 eV also makes it a promising candidate as an electron-
blocking/hole-transporting layer for solar cells.””"" Addition-
ally, metal/insulator/metal tunnel diodes based on NiO have
been investigated for THz frequency mixing/detection and
energy harvesting due to the nonlinear and asymmetric
current—voltage characteristics and ultrafast electron transit
times arising from quantum tunneling through NiO."”~"
Finally, NiO is also reported as having the ability to change
resislgalr})ce states in resistive random-access memory devi-
ces. ”’

Although, thin film NiO has been deposited using a variety
of different techniques, such as spray pyrolysis,””>" chemical
vapor deposition,”” physical vapor deposition,” *** and pulsed
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laser deposition,” """ the material properties of these films

typically suffer due to chemical impurities, structural
nonuniformity, and relatively poor control over film thickness
on the nanometer scale. These undesired properties can
negatively impact optical and electronic properties. Atomic
layer deposition (ALD) is based on sequential, purge-
separated, self-limiting surface reactions of precursors and
coreactants which enables atomically precise layer-by-layer
growth that is, by nature, highly uniform and highly conformal.
ALD is ideally suited for the deposition of high quality,
pinhole-free, conformal films. Robust ALD processes for TCOs
is of increasing interest, particularly for the aforementioned
applications, and a number of ALD processes for NiO have
recently been reported, as shown in Table 2. Many of the
reported ALD NiO processes have not been thoroughly
explored, with reports of temperature windows, precursor
saturation studies, and growth-per-cycle (GPC) measurements
significantly lacking. Reported growth temperatures are in the
range of 100—275 °C, which is relatively low for TMO ALD
processes.24 Despite promising material properties, the NiO
ALD processes in Table 2 typically suffer from low growth
rates, with GPC values typically ranging from 0.01 to 0.08 nm/
cycle. The highest reports are 0.13—0.14 nm/cycle for a
Ni(dmamb), and H,O process™ and, very recentlgf, 0.2 nm/
cycle for a Ni(acac),(TMEDA) and O, process.”® However,
both appear to exhibit fairly slow reaction kinetics.

Received: May 22, 2019
Accepted: July 25, 2019
Published: July 25, 2019

DOI: 10.1021/acsami.9b08926
ACS Appl. Mater. Interfaces 2019, 11, 30437—-30445


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b08926
http://dx.doi.org/10.1021/acsami.9b08926

ACS Applied Materials & Interfaces

Research Article

Very recently, ALD growth of metallic Ni has been
demonstrated using a newly developed diazadienyl precursor
complex, bis(1,4-di-tert-butyl-1,3-diazadienyl)nickel [Ni-
(2DAD),] and tert-butylamine.”” An analogous precursor,
Co(®?DAD),, has been used to achieve ALD of both metallic
cobalt’®*’ using either formic ac1d tert-butylamine, or
diethylamine, and cobalt oxide® using ozone (O;), as
coreactants. In this work, we have taken a similar approach
and developed a novel process for the ALD of NiO utilizing O;
in combination with Ni(®"?DAD),. In this work, we
thoroughly examine the ALD process space, including GPC
versus deposition temperature, precursor and reactant
saturation curves, film uniformity, and precursor temperature
studies. The optical, structural, and elemental properties of as-
deposited ALD NiO films were investigated using variable
angle spectroscopic ellipsometry (VASE), grazing-incidence X-
ray diffraction (GIXRD), atomic force microscopy (AFM), and
X-ray photoelectron spectroscopy (XPS). Additionally, a
heterojunction p-NiO/n-Si diode was fabricated to demon-
strate the semiconducting nature of the ALD NiO thin films in
device applications.

B EXPERIMENTAL SECTION

ALD of NiO was carried out in a Picosun SUNALE R-150B reactor at
~1 Torr using alternating N,-purge-separated pulses of Ni(**?DAD),
and 0;/0,. The temperature of the Ni(®*?DAD), source was set
between 100 and 160 °C and was delivered by a Picosun PicoSolid
Booster source. O; was generated in an IN-USA AC-2025 ozone
generator operated at 50% power, yielding an expected mixture of
10% 0/0,.

The optical, morphological, and growth properties of ALD films
were measured on films deposited on (111) Si substrates with a 1.6
nm native SiO, layer. Growth was also measured on Si substrates with
40 nm sputtered TiN and with 100 nm thermally grown SiO,. Film
thicknesses and refractive indices (including for the native SiO, layer)
were measured using a J.A. Woollam M2000 variable angle
spectroscopic ellipsometer (VASE) in the wavelength range of
300—1000 nm. Film crystal properties were investigated via grazing-
incidence X-ray diffraction (GIXRD) using a Rigaku Ultima IV
diffractometer with Cu Ka radiation (A = 1.5406 A). Surface
roughness was measured using an Asylum AFM system in air with
TaplS0AI-G cantilevers in the AC tapping mode. Elemental analysis
was performed using X-ray photoelectron spectroscopy (XPS) on a
Thermo K-Alpha+ with a 128 channel 180° hemispherical analyzer, a
base pressure of 1 X 107 mbar and a monochromatic Al source with
a spot size of 400 ym and a beam current of 6 mA. Measurements
taken with the electron flood gun and sputtering was performed with
1 keV Ar ions. Data were analyzed using the Thermo Avantage
V5.977 software package. For depth profiles, a “snapshot” mode (uses
bands in the detector) was used with a pass energy of 149.613 eV; S
frames at 1 s per frame. For other spectra, a scanned mode with 10
scans, a pass energy of 50 €V, a step size of 0.1 eV, and a dwell time of
50 ms was used.

Heterojunction pn diodes were fabricated by depositing ~50 nm of
ALD NiO onto n-type (Np, ~ 10" cm™) or p-type (N, ~ 10¥ cm™3)
(111) Si substrates with an ~1.6 nm native SiO, layer. Circular Ag top
electrodes with diameters of ~250 ym were thermally evaporated
through a shadow mask onto the ALD NiO/n-Si substrate. The area
of the top electrodes was measured with an optical microscope and
used for calculating current density. Bottom electrodes were created
by scratching through the ALD NiO layer with a diamond scribe and
soldering indium contacts to the underlying n-Si substrate. Current—
voltage measurements were taken in a dark box using a probe station
and an Agilent BISO0A semiconductor parameter analyzer. A Jandel
RM2 four-point probe was used for measuring the resistivity of NiO
films deposited on an insulating 100 nm thermal SiO,/Si substrate.
Five measurements were taken (center and four corners) on 1”7 X 1”

square samples and thicknesses measured with VASE were used to
calculate resistivity.

B RESULTS

ALD Process Development. Shown in Figure 1 is a plot
of NiO, GPC versus deposition temperature (Ty,) on Si
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Figure 1. GPC versus temperature for alternating cycles of
Ni(®DAD), and O;. Squares indicate the GPC calculated from
the slope of film thicknesses vs cycles. Asterisks indicate GPC values
calculated using only one thickness data point at 150 cycles. The inset
plot shows NiO thickness versus a number of ALD cycles at Ty, =
200 °C; the dashed line represents a linear regression fit.

substrates with an ~1.6 nm layer of native SiO,. ALD was
carried out using a 5/30/4/30 s Ni("DAD),/N,/0,/N,
pulse sequence with the temperature of the Ni(***DAD),
source ampoule (Tyyc.) held at 150 °C. GPC was calculated
using a linear regression fit to film thicknesses resulting from
50, 150, and 300 cycle depositions at each temperature—a
representative plot for a Ty, of 200 °C is included as an inset.
A narrow window of nearly constant GPC vs temperature was
observed between 185 and 200 °C. Inside this temperature
window, the GPC is ~0.12 nm/cycle. As seen in the inset, no
nucleation cycles were required to initiate growth. We also
observed immediate NiO film growth on SiO, and TiN
substrates.

Shown in Figure 2 are saturation plots of GPC versus
reactant pulse time for (a) Ni(*DAD), and (b) O;. GPC
here was determined from either a 100- or 150-cycle
deposition at each pulse time and error bars were calculated
from the standard deviation of 50-point thickness maps taken
across 1”7 X 1” samples. In Figure 2a, Ni("*"?DAD), saturation
was investigated for two Ni("*?DAD), source temperatures
(Tource = 140 or 150 °C) and two deposition temperatures
(T4ep = 190 and 200 °C) with the O; pulse time fixed at 4 5. At
Tgep = 190 °C and Ty = 150 °C (black squares), saturation
was reached after Ni("*?DAD), pulse times of about 2 s. For
Tgep = 200 °C and Tyyce = 140 °C (green triangles) and Ty, =
200 °C and T, = 150 °C (red circles), the Nl(tB“ZDAD)2
saturation appears to be approached more gradually. For all
three cases, the GPC at a Ni("®™™DAD), pulse time of 10 s was
equal within experimental error. Finally, a control run was
conducted in which the O; pulses were omitted from a 150-
cycle deposition carried out at 200 °C with 5 s Ni(**?DAD),
pulses. No film growth occurred, ruling out any potential
contributions from Ni(**?DAD), thermal decomposition.

In Figure 2b, with Ty, = 200 °C, Ty = 140 °C, and
Ni(®*2DAD), pulses fixed at 5 s, growth saturates for 03 gulse
times of around 4 s, typical for our Oy delivery system,’
similar as for the Co(**?DAD), + O; process.”’
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Figure 2. ALD saturation curves showing NiO GPC versus (a) Ni(®**?DAD), and (b) O, pulse times using the indicated process conditions.

Shown in Figure 3 is a plot of GPC and nonuniformity
versus Ni(?DAD), T,y for 150-cycle depositions with Ty,

ource
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Figure 3. NiO GPC (squares) and percent nonuniformity calculated
from either the full 5" Si wafer area (triangles) or the 2.5” diameter
high uniformity region (diamonds, see Figure 4) versus Ty,... Dosing
conditions and ALD temperature are indicated.

fixed at 200 °C. GPC was measured on a 5” wafer at a position
near the Ni(®?DAD), inlet. Nonuniformity was calculated as
the standard deviation/average thickness either (i) across the
entire 5" wafer (orange triangles) or (ii) within a 2.5” diameter
high uniformity zone (green diamonds, see dashed circles in
Figure 4). At Tyyuee = 100 °C, little growth occurred due to the
lack of thermal energy required for volatilization. Growth
increases substantially at 130 °C, reaching saturation at 140—
160 °C, but the nonuniformity was only improved when T .
was increased to 150 °C and above, consistent with the data

presented in Figure 2a. Ty, = 150 °C was thus used in this
work unless otherwise specified.

To look at thickness nonuniformity more closely, thickness
maps for these wafers are shown in Figure 4. For T, = 140
°C, a uniform region is concentrated near the Ni(***DAD),
inlet with a steep drop-off in thickness outside the region, due
to an insufficient Ni("®?DAD), dose. At T, .. = 150 and 160
°C, film growth is spread more uniformly across the entire
wafer, but still with the best uniformity near the Ni(***DAD),
inlet. Although nonuniformity below ~15% across the entire
5" wafer is not obtained, extensive optimization of precursor
delivery conditions in the R-150 deposition chamber (such as
N, carrier gas flow balancing between the various precursor
inlets, in this case too high for the Oj inlet) was not performed.
A systematic engineering optimization of chamber gas flow
conditions would likely result in greatly increased uniformity
over a larger surface area. Indeed, 2.5” diameter circular
regions (see dashed circles with different scale beneath full
wafer) that exclude regions exhibiting the highest nonun-
iformity due to suboptimal conditions, show much improved
uniformity over a fairly large area. The wafers at 150 and 160
°C show nonuniformity within the dashed circles of around
2%, consistent with a well-behaved ALD process. A plot of
percent nonuniformity within the 2.5” diameter high
uniformity zones is shown in Figure 3 (green diamonds).

Additional Growth Studies. Growth of NiO using
Ni("*?DAD), was also attempted using O, and H,O as
alternate oxidizing agents. For 500-cycle depositions with Ty,
= 200 or 220 °C and Ty = 150 °C, no film growth was
observed for 4 and 1 s pulses of O, and H,O, respectively.
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Figure 4. NiO thickness maps for 150-cycle runs at Ty, = 200 °C with different Ty .-
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The position and flow direction of precursor inlets are

indicated. 2.5” regions excluding nonuniform areas are included below the full 5” wafer maps with the corresponding scale bar. Percent
nonuniformities across the full-wafers and within the dashed circles are indicated on the upper-right of the wafers.
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However, when Ty, was increased to 230 °C, a highly
reflective, opaque, and conductive film (~75 pQ cm and ~25
nm thick) was obtained, using either O, or H,O. Removing the
oxidizing agent from the pulse sequence (only Ni(***DAD),
pulses with otherwise the same deposition conditions) resulted
in the same metallic film (~70 u€ cm and ~20 nm thick),
indicating the thermal decomposition of Ni("DAD), into
metallic Ni. The average GPC of the Ni film deposited at 230
°C without any oxidizing agent is approximately 0.4 nm/cycle.
When Oj is included, the GPC of NiO at 230 °C is roughly
double at 1.0 nm/cycle. Knisley et al.*’ found the thermal
decomposition of Ni(**?DAD), to occur at 230 °C in the solid
state and also reported the deposition of metallic Ni at this
temperature.

Elemental Characterization. NiO samples deposited
using 300 ALD cycles at Tg., = 150, 200, and 250 °C were
measured using XPS to determine the elemental concen-
trations below, inside, and above the temperature window,
respectively. A 60 s Ar sputter etch surface cleaning was
performed prior to elemental analysis to remove any
adventitious carbon acquired during shipment to the XPS
facility. Shown in Table 1 are relative elemental concentrations

Table 1. Atomic Concentrations Determined with +0.1%
Accuracy via X-ray Photoelectron Spectroscopy (XPS)
Following a 60 s Ar Sputter Surface Cleaning for Films
Deposited at Various Temperatures

Ty (°C) Ni (%) 0O (%) C (%) N (%)
150 524 46.4 12 0.7
200 3.7 463 <0.1 <0.1
250 539 46.1 <0.1 <0.1

of Ni, O, C, and N. At Ty, = 200 °C, no C or N was detected,
likely due to sufficient thermal energy for O; to oxidize the
organic ligands and thus any detectable trace of residual
carbon. At 150 °C, below the ALD temperature window, only
small amounts of C (1.2%) and N (0.7%) were detected. At
250, 20 °C above the thermal decomposition temperature of
Ni(*?DAD,),*” no C or N was detected. At all deposition
temperatures, a Ni/O ratio in the range of 1.1:1 to 1.2:1 was
observed. The slight O-deficiency can be explained by
preferential sputtering of O during the pre-XPS 60 s Ar
sputter surface cleaning.”* Thus, the as-deposited films are
expected to have Ni/O ratios much closer to unity than
reported in Table 1. Depth profiling (Figure S1) showed
constant composition throughout the film. Elemental XPS
scans of the Ni 2p, O 1s, C 1s, and N 1s peaks for films
deposited at 150, 200, and 250 °C following a 60 s Ar sputter
cleaning are shown in Figure S2. The observed binding energy
proﬁ13e§ are in good agreement with survey spectra for bulk
NiO.™

Morphological Properties. A plot of GIXRD intensity vs
20 is shown in Figure S for an ~18 nm thick ALD NiO sample
deposited at 200 °C. Consistent with XPS, strong diffraction
peaks corresponding to the cubic NiO crystal phase were
detected, with no peaks attributable to the Ni,O; phase. The
relative intensities of the reference peaks for a randomly
oriented cubic NiO powder specimen, indicated as solid
vertical lines, match quite well to the data, indicating that as-
deposited films have randomly oriented grains. Crystallite sizes
of roughly ~8 nm with (111), (220), and (311) orientations
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Figure S. GIXRD spectrum for an ~18 nm thick NiO film deposited
at 200 °C. Vertical lines indicate reference intensities for cubic NiO
powder (PDF card #00-047-1049). Peaks matching a reference scan
of the underlying Si substrate are indicated by asterisks (*).

and ~10 nm with (200) orientation were estimated using the
Scherrer formula.

In Figure 6, an AFM image of the surface of an ~18 nm
thick film deposited at 200 °C shows a root mean square

Figure 6. AFM 1 um X 1 ym micrograph of an ~18 nm thick NiO
film deposited at 200 °C.

(RMS) roughness of 0.6 nm (roughly 3% of the film thickness)
and a maximum peak/valley height of 2.9/—2.2 nm.

Optical Properties. A study of the optical properties of a
32.5 nm thick NiO film grown at T, = 200 °C was conducted
using VASE. Figure 7a shows a plot of the refractive index, RI,
and extinction coeflicient, k, versus incident wavelength, 1. An
RI = 2.36 was obtained at 4 = 632.6 nm. A strong absorption
edge is seen in k versus A for 4 < 350 nm. To further examine
the absorption behavior and provide an estimate for the
bandgap, a Tauc plot was generated using the following
relation’®

(ahy)p & (hIJ - Eopt) (1)

where a is the optical absorption at high frequency (a = 47k/4,
k is taken from Figure 7a), h is the Planck constant, v is the
incident light frequency, and p takes different values depending
on the electronic transition (p = 2 or allowed direct
transitions). In Figure 7b, extrapolation to the x-axis from
the linear region of a Tauc plot of (ahv)® versus incident
photon energy, hv, shows an optical transition, E,,, at
approximately 3.78 eV, which is interpreted as the fundamental
electronic bandgap, E. Inside the ALD window, the bandgap
and RI are roughly constant between 3.7 and 3.8 eV and ~2.4,
respectively (insets of Figure 7).

Electrical Characterization. In an attempt to measure
resistivity, a four-point probe measurement was performed on
a49.7 nm NiO film deposited at 200 °C onto an insulating 100
nm thermally grown SiO,/Si substrate. However, the exact
resistivity of the film could not be determined above 50  cm
as the maximum voltage of the measurement system was
exceeded.

DOI: 10.1021/acsami.9b08926
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Figure 7. (a) Rl and k versus 4 and (b) Tauc plot of (ahv)? vs hv for a 32.5 nm thick NiO film deposited at 200 °C. Estimated E,, is indicated.
The inset figures show (a) RI at 632.8 nm incident wavelength and (b) Egp versus Ty,
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Figure 8. (a) Linear and (b) log-scale J—V sweeps of Ag/NiO/Si/In devices with either n-type (solid black lines) or p-type (dashed red lines) Si.
The inset cross-sectional schematic in (a) depicts the device structure and biasing scheme.

Table 2. Summary of Reported ALD NiO Processes and Material Properties”

precursor reactant T (°C) GPC (nm/cycle) nucleation cycles p (Q cm) RI Eqpte (eV) citation

Ni(*?DAD), 0, 0,%, H,0*  185-200 0.12 0 >50 2.36 3.78 this work
Ni(acac), O, 250 0.06 39
Ni(acac),(TMEDA) O, 200-275° 0.2 o? 26
Ni(amd), H,0 175, 200 0.025—0.045, 0.075 3.55 40, 41
Ni(apo), O, 250 39
Ni(Cp), 0, 150275 ~0.1, 0.063 1007, 257 42-47

0, 260 48

0, plasma 225-275° 0.04-0.044 8 37 49

H,0 165 50

0,/H,0 150 0.03 51
Ni(dmamb), 0, 140—175,°200  0.024, 0.034 o? ~235¢  37-38 52,53

H,O0 130—150° 0.13-0.14 0 107 3.52 25, 37, 38
Ni(dmamp), H,0 100—160° 0.08 o? 54
Ni(dmg), 0; 250 39
Ni(EtCp), 0, 200—-300 0.03, 0.05 0 44, 55
Ni(*2amd), H,0 175 0.04 56

H,0 200 0.039 20-21 356 57
Ni(thd), H,0 230-2607 0.032—0.037 807 58

0, 200 0.02 50 3.35-3.52 59

“Note that reported growth temperatures do not represent an ALD temperature window unless indicated. bFilm growth did not occur using these
reactants. “Indicates ALD temperature window. “Indicates our interpretation of the data.

To further assess electrical properties, heterojunction NiO/
Si devices were fabricated using 52.7 nm ALD NiO films
(deposited at Ty, = 200 °C) and either n-type Si or p-type Si
substrates. Contacts to NiO and Si were made using Ag and In,
respectively. Schematic cross-sections of the Ag/NiO/SiO,
(~1.6 nm)/Si/In devices are seen in the inset in Figure 8a.
Note that due to the distance (>1 cm) between the In and Ag
contacts, the measured high resistivity of NiO (>50 Q cm),
and the 52.7 nm thickness of the NiO, lateral leakage through
the NiO film is not expected to make a significant contribution

30441

to the current density. Linear and log-linear current density (J)
vs voltage V) sweeps show strong asymmetry and nonlinearity
for the n-type Si device, but roughly symmetric operation for
the p-type Si device, indicating the p-type nature of the NiO.
The p-NiO/n-Si heterojunction diodes reach a maximum J,/J_
asymmetry of roughly 1.3 X 10* at 2.3 V.

B DISCUSSION

ALD NiO Process. The approximately 185—200 °C ALD
temperature window identified in this work for NiO deposited

DOI: 10.1021/acsami.9b08926
ACS Appl. Mater. Interfaces 2019, 11, 30437—30445


http://dx.doi.org/10.1021/acsami.9b08926

ACS Applied Materials & Interfaces

Research Article

using Ni(®?DAD), and O, (Figure la) is very close to the
180—19S °C window reported by Kerrigan et al. for an ALD
Ni metal process using Ni(*DAD), with fert-butylamine as a
coreactant.”” The small 5 °C offset between the temperature
windows could be explained by an offset error in the
thermocouple reading of the ALD systems.

ALD processes with the diazadienyl complex Co(®**DAD),,
for metallic Co using either formic acid, tert-butylamine, or
diethylamine, or Co;0, using Os, exhibit similarly narrow
temperature window widths of ~10 °C but at lower
temperatures of 170—180 °C for formic acid, 170-200 °C for
tert-butylamine, and 110—120 °C for O.”**° The similarity is
likely related to the fact that these are analogous chemical
structures, with both being four-coordinate diazadienyl
complexes of metals in their 2+ oxidation states. Of the
reported characteristics of the transition metal diazadienyl
complexes synthesized by Knisley et al, the Ni and Co
complexes are the most similar, with nearly equal thermal
decomposition temperatures (Ni = 230 °C, Co = 235 °C), the
same sublimation temperatures (115 °C at 0.05 Torr), and
similar melting points (Ni ~ 185 °C, Co =~ 175 °C).”

The GPC in this work of 0.12 nm/cycle (Figures 1 and 2)
for NiO is twice the reported value of Kerrigan et al’s 0.06
nm/cycle for metallic Ni.”” The increase in GPC is likely due
to the replacement of the reducing half-cycle (tert-butylamine)
with an oxidizing half-cycle (O5) and the larger lattice constant
of NiO vs Ni. The difference in GPC also appears to be
present in the Co(DAD),-based Co metal (~0. nm/
cycle)”®* and Co;0, (0.11-0.12 nm/cycle)*” ALD processes
using either formic acid or O;, respectively, albeit to a much
smaller extent.

Table 2 contains a summary of previous reports of ALD NiO
process details and associated material properties. Note that in
many of these studies, the ALD process space is not fully
explored (for example, ALD temperature windows, saturation
curves, and plots of thickness versus the number of cycles are
often missing). Generally, NiO ALD processes have suffered
from low GPCs with very few reports of greater than 0.05 nm/
cycle (see Table 2). We find that the GPC in the present work
is among the highest of reported values for NiO, with reports
of 0.13—0.14 nm/cycle for the Ni(dmamb), + H,O
process>>73* and 0.2 nm/cycle for the Ni(acac)2(TMEDA)
+ O, process.”® However, both processes appear to exhibit a
rather slow reaction kinetics with the Ni(dmamb), + H,O
process space requiring long H,0 and Ni(dmamb), pulses of
>10 and >6 s, respectively, and the Ni(acac),(TMEDA) and
O; process requiring a >4 s Ni(acac),(TMEDA) dose to reach
saturating growth conditions.

At deposition temperatures below the NiO ALD window
(<185 °C), GPC increases steeply (Figure 1) and it is likely
that the reduced thermal energy allows physisorption or
condensation of Ni(®*"?DAD), to dominate. Generally,
condensation is accompanied by increased contamination
from the residual elements contained in the precursor ligands
and a deviation from the ideal stoichiometry. VASE shows the
same E, at 150 °C as within the ALD window but a drop in
RI from 2.4 to roughly 2.25. The XPS results for the film
deposited at 150 °C (Table 1) show only slightly increased C
(1.2%) and N (0.7%) contamination with the Ni/O ratio still
quite close to unity. The low amount of impurities and near-
unity Ni/O ratio, and similar optical properties are likely
explained by the strong reactivity of O3, which may be capable
of reacting with most residual C or N impurities on the surface

or subsurface to form volatile by-products and thereby form
nearly stoichiometric NiO even at lower deposition temper-
atures. Note that Kerrigan et al. reported decreasing growth of
metallic Ni with decreasmg temperature using Ni(""?DAD),
and tert-butylamine.”” Although they did not suggest a
mechanism for growth below the ALD window, the decreased
growth they observe might be explained by a lack of available
thermal energy to allow the reaction with tert-butylamine.

At deposition temperatures above the temperature window
(205 °C), the NiO growth decreases sharply, followed by a
continued gradual decrease with increasing temperature
(Figure 1). This behavior is opposite to that reported by
Kerrigan et al. for their tert-butylamine process. They saw
increased growth of metallic Ni at 200 and 220 °C, which they
attributed to the decomposition of Ni(**>DAD),.”” However,
we find no direct evidence of thermal decomposition of
Ni("®?DAD), in our system below 230 °C. Although Knisley
et al. describe the thermal decomposition of Ni(***DAD), to
occur at 230 °C in the solid state, it is possible that the metal
substrates used in the Kerrigan et al’s work may have acted
catalytically to lower the decomposition temperature of
Ni(*™DAD), on the surface. At 230 °C and above, we
observe CVD-like growth of a metallic Ni film when no
oxidizing agent is used. Furthermore, XPS of a film deposited
at 250 °C shows roughly the same 1.1:1 Ni/O stoichiometry
(Table 1) and the RI and bandgap are nearly the same as films
deposited within the ALD window , indicating that when
metallic Ni is deposited via decomposition, it is subsequently
oxidized in the presence of Oj. If thermal decomposition of
Ni("2DAD), is occurring above the ALD window, the
observed reduction in GPC would mean that some of the
decomposition would be occurring upstream of the wafer,
leaving less precursor available for film growth on the wafer. In
addition, XPS results (Table 1) show that film composition is
not adversely affected, indicating that the ligand decomposition
products must be effectively oxidized by O; into volatile by-
products that are swept out of the chamber. Another possible
cause of the decreased growth at temperatures above the ALD
widow could be increasing desorption of Ni(**?DAD),.

NiO Properties. GIXRD (Figure 5) indicates randomly
oriented polycrystalline cubic NiO with an average grain size of
~8 nm for an ~18 nm thick film deposited at 200 °C. XPS
elemental scans (Figure S1) match well with bulk NiO
reference spectra and reveal that as-deposited films show no
detectable impurity concentrations at 200 or 250 °C, both
inside and above the temperature window, respectively (Table
1). Ep and R are also constant at these temperatures (inset of
Figure 8).

AFM (Figure 6) shows an RMS roughness of roughly 0.6
nm for an approximately 18 nm thick film corresponding to a
roughness/thickness ratio of ~3%, slightly lower than the
average of reported values in Table 2 of about ~4.8%.
Compared to ALD processes utilizing the same metalorganic
precursor framework, the NiO roughness/thickness ratlo of 3%
is consistent with that reported for ALD Ni (~3%)>’ us1n%
Ni(®2DAD), and tert-butylamine and ALD Co;0, (~3%)’
using Co(®™DAD), and Os, but slightly higher than that
reported for the ALD Co process using Co(*DAD), and
formic acid (~1%).*®

The 200 °C as-deposited ALD NiO films in this work
exhibit optical properties (RI = 2.36 and E; = 3.78 eV)
consistent with bulk NiO obtained from the flame-fusion
method (RI = ~2.36 to ~2.45)°*%" as well as thin film NiO
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obtained from ALD using Ni(dmamb), + O; (RI = 2.35, Eg =
3.7-3.8 eV)*’ and Ni(dmamb), + H,0 (Eg = 3.52 eV),”
oxidation of Ni metal films at temperatures >400 °C (RI =
2.2-2.5, Eg = 3.35-3.85 ¢V),°” and nebulized spray pyrolysis
(RI = 2.1-2.4, E; = 3.37-3.54).”>*" The oxidized Ni films
showed nearly identical optical properties likely due to the
similar polycrystalline cubic structure with grain sizes of
roughly 5—8 nm. The Ni(dmamb), + O; ALD NiO films were
also randomly oriented polycrystalline cubic with low levels of
impurities determined by time-of-flight secondary ion mass
spectrometry and thus also showed similar optical properties.
Contrarily, the ALD NiO films deposited using Ni(dmamb),
and H,O exhibited a lower bandgap.

p-NiO/n-Si Heterojunction Diode. As-deposited ALD
NiO films are found to exhibit p-type semiconducting
behavior. The J—V response of heterojunction Ag/NiO/n-Si/
In diodes (Figure 8) is highly rectifying, while the Ag/NiO/p-
Si/In diodes are nearly symmetric. The maximum ], /J_
asymmetry of 1.3 X 10* at 2.3 V for the Ag/NiO/n-Si/In
diodes is in the range of maximum asymmetry values of 1.9 X
10* for an RF sputtered p-NiO/n-ZnO diode and ~10* at 2.5
V for a sputtered p-NiO/n-IGZO diode.”* In reverse bias, a
soft saturation of the current is observed, as expected from a
type 1 (straddling) heterojunction. A small amount of
hysteresis is observed (with the increased current on the
return sweep). As NiO is a relatively well-known resistive
switching layer used for resistive random-access memory
devices, the observed hysteresis may be due to a reduction in
resistance caused by the formative stages of conductive
nanofilaments;'®'? however, this possibility was not studied
further. Fitting the Shockley diode equation yields an ideality
factor n = 3.5 which is outside the realm of a well-behaved pn-
junction diode (1 < < 2), but still in the range of reported
values for NiO-based heterojunction diodes. Transparent p-
NiO/n-ZnO and p-NiO/n-Ga,0; diodes have been reported
as having 7 &~ 2—2.2 and low Voy ~ 0.6—1.3 V.>*~7 A p-NiO/
n-IGZO diode was reported as having 7 = 4.3 and Vo = 2.3
V.* A ALD p-NiO/n-TiO, diode deposited using Ni(amd) +
H,O exhibited # ~ 4.1-4.5."° p-NiO/n-Si diodes have been
reported as having 7 & 2.2 and Vi & 2 V for a Pt/sputtered p-
NiO/n-Si/Al diode,23 no clearly defined ideal region with Vg
~ 1V for a Pt/UV-oxidized p-NiO/n-Si/Au diode (Npg =
10" cm™2),%* and 7 = 1.2 with Vg = 0.8 V for a Ag/15 nm
ALD p-NiO/n-Si diode (Npg = 10" cm™), deposited using
Ni(*2amd), + H,0.>° One potential explanation for the
higher value of # in this work is the native SiO,, layer between
the NiO and Si, which likely gives rise to interface states and
increased carrier recombination and generation. The p-NiO/n-
ZnO and p-NiO/n-Ga,0; diodes, which exhibit lower 7, were
both deposited in vacuo™~” and thus likely contain sharper
interfaces with fewer defects.

B SUMMARY AND CONCLUSIONS

We demonstrate a new process for ALD of wide bandgap
transparent p-type semiconducting NiO using Ni(***DAD),
and O;. An ALD window was found between 185 and 200 °C
with an optimal Ni(***?DAD), source temperature at 150 °C
or above. Within the ALD window, a constant GPC of 0.12
nm/cycle was measured, among the highest GPC reported for
NiO. GIXRD of films deposited at 200 °C indicates a
randomly oriented polycrystalline cubic NiO consistent with
XPS elemental analysis showing a Ni/O ratio near-unity, with
<0.1% C or N impurities. VASE measurements indicate that

the refractive index of 2.36 and extracted E of 3.8 eV are close
to bulk values while AFM RMS roughness was 0.6 nm for an
18 nm thick film. Below the ALD window, condensation of
Ni("?DAD), results in uncontrolled growth with 1.2% C and
0.7% N impurities (XPS) at 150 °C. Above the window from
200 to 250 °C, films show low impurities (<0.1% C and N) but
decreased GPC. Finally, fabricated Ag/NiO/n-Si/In hetero-
junction diodes show a current—voltage asymmetry of 1.3 X
10* at 2.3 V and an ideality factor of 3.5, while Ag/NiO/p-Si/
In heterojunctions are found to be roughly symmetric,
confirming the intrinsic p-type semiconducting behavior of
as-deposited NiO.

Overall, the characterization performed in this work
indicates that this new ALD NiO process using Ni(**?DAD),
and O; shows promise for numerous transparent hetero-
junction device applications owing to its large bandgap and as-
deposited p-type behavior. Additionally, the lower temperature
ALD window opens the possibility for integration into the back
end of the line of a CMOS process.
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