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Resistive random-access memories (RRAM) have been extensively studied because of their advantages such as
low operating voltage, high reliability, and simple structure. Among the various types of materials for RRAMs,
such as oxides, nitrides, sulﬁdes, and chalcogenides, AlN shows resistive switching phenomena with low energy
and high speed via the formation of Al-rich conducting channels owing to the generation of nitrogen vacancies.
Moreover, AlN has a large band gap (~ 6.2 eV), high thermal conductivity, and dielectric constant. Therefore,
AlN can ﬁnd application as a gate dielectric material, functional layer, and resistive switching layer for RRAM
applications. In this study, AlN thin ﬁlm is deposited by thermal atomic layer deposition (ALD), which is a selflimiting technique through ligand exchange between the precursor molecules and surface functional groups. We
use trimethylaluminum (TMA) and NH3 as the metal precursor and reaction gas, respectively. We obtain growth
rates of 0.05–0.16 nm/cycle at a wafer temperature of 274–335 °C. Structural and chemical properties of the AlN
ﬁlms grown at various temperatures are investigated by X-ray diﬀraction, Auger electron spectroscopy, and Xray photoelectron spectroscopy. The electrical properties of these AlN ﬁlms are studied by fabricating the devices
having an Al/AlN/Pt stack.

1. Introduction
Recently, resistive random-access memories (RRAM) have been
actively studied due to their advantages such as low operating voltage,
high reliability, and simple structure [1]. Nitride materials, such as AlN,
GaN, and Si3N4, exhibit resistive switching characteristics similar to
oxide materials [1]. In particular, AlN is capable of low-energy and
high-speed operation via the formation of Al-rich conduction channels
[2]. In addition, AlN can be a useful material due to its versatile
properties, for example, wide band gap (~ 6.2 eV), high melting temperature, high thermal conductivity, high dielectric constant, and good
chemical stability [3,4]. By virtue of these properties, AlN has been
used in gate dielectrics, passivation layers for GaN, GaAs, and SiC
semiconductor devices, as well as in RRAMs [3,5–8].
AlN thin ﬁlms can be prepared one of the following methods:
sputtering [9], metal-organic chemical vapor deposition [10,11],
plasma enhanced chemical vapor deposition [12], and molecular beam
epitaxy [13]. These deposition techniques usually demand high process
temperature (400–1200 °C); at high temperatures, it is diﬃcult to
achieve precise thickness control, which is needed for microelectronics
application [3]. Recently, atomic layer deposition (ALD) processes have
also been used for AlN ﬁlm deposition [14–16]. ALD can be performed
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at a relatively low temperature with high uniformity [4]. ALD can also
oﬀer control of thickness down to the monolayer level based on a selflimiting reaction [17]. Further, ALD can achieve high conformality in
high-aspect structures [18].
Both thermal and plasma-enhanced ALD methods have been used to
grow AlN thin ﬁlms [19,20]. The growth of AlN ﬁlms at diﬀerent
growth temperatures has been studied by many research groups based
on the plasma enhanced atomic layer deposition (PEALD) method
[17,21]. In this study, we investigated the eﬀect of growth temperature
in AlN ﬁlms by thermal ALD, and studied the growth kinetics and
structural, chemical, and electrical properties of the ALD thin ﬁlms at
diﬀerent temperatures.
2. Experiment
ALD was performed with a traveling wave-type chamber (CN-1,
Atomic Classic, Korea). TMA (trimethylaluminum) was used as a metal
precursor, NH3 as a reaction gas, and N2 as purge gas. TMA was carried
by vapor-draw, while NH3 and N2 were allowed to ﬂow at the rate of 60
and 200 sccm (standard cubic centimeters per minute), respectively.
The base pressure and process pressure of the chamber were 9.6 and
800 mTorr. A bare Si substrate was used for the growth experiment.
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Fig. 2. Schematics of the device for the electrical measurement.

Fig. 1. Schematics of (a) ALD pulse sequence and (b) possible ligand exchange
reaction of the ALD process.

Fig. 1(a) shows the schematic of the ALD process. The sequence of
the ALD reaction consists of TMA feeding - N2 purge - NH3 feeding - N2
purge. At ﬁrst, TMA was introduced into the reaction chamber, which
could react with the surface functional group (e. g. OH group) on the Si
substrate. After TMA had been anchored to the substrate, the excess
(unreacted) TMA was removed from the chamber by N2 purge gas.
Next, NH3 reaction gas was introduced and reacted with adsorbed TMA
precursor molecules. The by-product and the unreacted NH3 were removed from the chamber by another N2 purge step. ALD process cycle
could be repeated until the target of ﬁlm thickness is achieved. Fig. 1(b)
shows the probable reaction sequence during the ALD cycle described
simply above. To get the pulse time condition, self-limited growth per
cycle (that is, growth rate) was acquired by increasing feeding and
purge time. As a result, the pulse condition for AlN ﬁlm was determined
to be TMA feeding (0.5 s) - N2 purge (5 s) - NH3 feeding (5 s) - N2 purge
(60 s), as shown in Fig. 1(a). The deposition temperature (Tdep) was
varied from 274° to 335°C.
The thickness of the AlN thin ﬁlm was measured by a 4-wavelength
ellipsometer (Film Sense, FS-1, US). X-ray diﬀractometry (XRD) was
used to investigate the crystallinity of the ﬁlm depending on the growth
temperature. JEM-2100F high resolution transmission electron microscopy (TEM) at an operating voltage of 200 kV was used for the crosssectional image of AlN ﬁlm grown on Si (100) substrate. Cross-sectioning of TEM sample was performed by FEI Nova Nanolab 600 focused ion beam (FIB) with Ga+ ion. Auger electron spectroscopy (AES)
was used for the analysis of chemical composition. The chemical
composition and bonding state in AlN ﬁlm were characterized by x-ray
photoelectron spectroscopy (XPS). XPS analysis was performed using a
PHI 5000 Versaprobe (Ulvac-PHI) equipped with a monochrome Al Kα
(1488.6 keV) source. Electrical characteristics of AlN thin ﬁlms were
investigated by semiconductor parameter analyzer (SPA) (HewlettPackard, HP-4155A, US). For the device fabrication, AlN was deposited
on a 400-nm-thick Pt ﬁlm on thermally grown SiO2 on Si at Tdep of
274 °C, 307 °C and 335 °C. As a top electrode, a 70-nm-thick Al ﬁlm was
deposited using an e-beam evaporator with shadow mask. The schematic of the device is shown in Fig. 2. The DC current (I) – voltage (V)
and current density (J) – electric ﬁeld (E) curve of the device were
measured at room temperature.

3. Results and discussion
Fig. 3(a) shows the thickness of AlN thin ﬁlms deposited at 274,
307, and 335 °C as a function of number of ALD cycles. At each deposition temperature, nonlinear growth was observed in the early deposition cycle, but eventually linear growth behavior was obtained.
Nonlinear growth in the early cycle is related to the nucleation behavior

of the ﬁlm, which is sensitive to the density of surface functional group
on the substrate and its reactivity with precursors [22]. Growth rate
could be obtained from the slope of the linear ﬁtting as shown in the
ﬁgure. Fig. 3(b) shows that the growth rate is increased monotonically
with increasing temperature, where the growth rates are 0.02, 0.05,
0.09, 0.13, and 0.16 nm/cycle at 265, 274, 287, 307, and 335 °C, respectively. It was reported that NH3 gas could react with the adsorbed
TMA to form AlN at 245 °C [24]. The inset of Fig. 3(b) shows the Arrhenius plot of the growth rate as a function of 1000/Tdep. From the
slope of the linear ﬁtting, the eﬀective activation energy of AlN reaction
was determined to be 55 KJ/mol (0.57 eV), similar to the reported
value (0.56 eV) [20].
Strong temperature dependency on the growth rate could be explained by the low reactivity of NH3 with TMA in this temperature
range. H. V. Bui et al. recently reported that self-limiting growth of AlN
was conﬁrmed in the temperature range of 330–350 °C in their thermal
ALD process with TMA and NH3, while strong temperature dependency
on the growth rate was also shown in the range of 330–370 °C [4]. Ozgit
et al. [16] reported that the constant growth rate was only achieved
between 100 and 200 °C by their plasma-enhanced ALD process, but not
by thermal ALD with the same precursors. Therefore, the quite narrow
ALD temperature window in thermal ALD process could be explained
by the insuﬃcient NH3 reactivity with TMA precursor.
Dependence of growth temperature on the crystallinity of AlN ﬁlms
was investigated using XRD. XRD patterns of AlN thin ﬁlms deposited at
274, 287, 307 and 335 °C are shown in Fig. 4(a). AlN ﬁlm grown at
274 °C had an almost amorphous structure. Meanwhile, a peak at 2θ
= 33.22° was observed in as-grown AlN ﬁlm at 287 °C, which likely
originated from the wurtzite (100) plane. The intensity of the peak
increases with increasing Tdep, which means that crystallinity increased
as Tdep increased. In addition, peaks from wurtzite (002) and (101)
plane were detected at 2θ = 36.04° and 37.92° in the ﬁlm grown at
335 °C. Similar result was reported in AlN ﬁlm with wurtzite crystallites
grown by plasma enhanced ALD with TMA and N2 + H2 mixed gas at
Tdep = 350 °C [23]. Crystallinity of AlN ﬁlm was further conﬁrmed by
cross-sectional TEM analysis. Fig. 4 (b) shows cross-sectional image of
20-nm-thick AlN ﬁlm on Si substrate deposited at 335 °C. Film appears
to be well-crystallized to columnar structure with average grain size of
~ 3.5 nm in radius. Selected area electron diﬀraction (SAED) pattern is
given in the inset of Fig. 4 (b).
The depth proﬁle of the elements in the AlN ﬁlms deposited at 274,
307, 335 °C was studied by AES as shown in Fig. 5(a)-(c). Uniform Al
and N concentration were observed in depth while slightly N-rich ﬁlm
was grown under NH3 reaction gas condition. High oxygen concentration was observed at the surface at all temperatures meaning that the
surface oxidized when the ﬁlm surface was exposed to air after deposition process. A relatively small quantity of oxygen and carbon existed in AlN ﬁlms inside. Fig. 5(d) shows the average concentration of
each element in the AlN thin ﬁlms at the deposited temperatures.
Oxygen concentration decreased remarkably with increasing Tdep,
Higher deposition temperature causes crystallization of AlN ﬁlm, so
that crystallized ﬁlm could prevent from the permeation of oxygen.
When it comes to defective carbon concentration, it might be increased
due to thermal decomposition of TMA as Tdep was increased [4].
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Fig. 3. (a) Growth per cycles of AlN thin ﬁlms deposited at 274, 307, and 335 °C and (b) growth rate in the temperature range of 265–335 °C. Inset shows Arrhenius
plot of growth rate and linear ﬁtting to obtain the activation energy for the ALD reaction.

Fig. 4. (a) X-ray diﬀraction of AlN thin ﬁlms in θ–2θ mode and (b) cross-sectional TEM image of AlN ﬁlm grown at 335 °C (inset: selected area electron
diﬀraction (SAED) pattern).

However, we obtained AlN ﬁlms with low carbon concentration at all
Tdep. This shows that AlN ﬁlm was deposited not by CVD reaction of
thermal decomposition but by ALD reaction of ligand exchange at all
deposition temperatures in this experiment. Compared to negligible
carbon content in AlN ﬁlm grown by PEALD process [16], carbon was
incorporated by several percent in the ﬁlm by thermal ALD, similar to
the previous report [4].
The chemical bonding state of elements in the AlN ﬁlms were
characterized by XPS. Fig. 6(a), (c), and (e) show the XPS spectra of Al
2p from AlN ﬁlm grown at 274, 307 and 335 °C. The binding energies
(BEs) of Al 2p in Al-N and Al-O are 73.5 ± 0.3 eV and 74.5 ± 0.4
eV, respectively [26]. By deconvolution of the peak, we obtained BE of
Al-N and Al-O were 73.5 and 74.3–74.9 eV at 274, 307, and 335 °C of

Tdep. It should be noted that as the Tdep increases from 274° to 335°C,
the intensity of Al-N bonding state increases while that of Al-O decreases signiﬁcantly.
The XPS spectra of N 1 s from AlN ﬁlm grown at 274, 307 and 335 °C
are shown in Fig. 6(b), (d) and (f). The reported BE of N-Al and N-Al-O
are 396.4 ± 0.3 eV and 398.0 ± 0.3 eV, respectively [25]. We observed the BE of N-Al and N-Al-O are 396.4 eV and 397.0–398.0 eV at
274, 307, and 335 °C of Tdep. As Tdep increases, the intensity of N-Al-O
peak concurrently decreased. Both Al 2p and N 1 s spectra revealed that
the amount of oxygen decreased as Td increased and this is consistent
with the results obtained from AES analysis.
Table 1 shows the atomic concentrations of Al, N and O in the ﬁlm
calculated from the peak area of XPS spectra. The absolute values of
atomic concentrations in AlN ﬁlm obtained from XPS analysis is quite
diﬀerent from AES depth proﬁle because both analysis were not calibrated by standard sample. However, we observed that in both methods
oxygen concentration decreased by similar amount upon increasing
Tdep from 274° to 335°C.
The electrical properties of AlN ﬁlms were studied by fabricating the
devices having Al/AlN/Pt stack and DC I-V measurement as shown in
Fig. 2. The thickness of AlN ﬁlm was 8.9, 16.5, and 14.9 nm grown at
274, 307, and 335 °C, respectively. Due to the diﬀerent ﬁlm thickness,
J-E curves were presented in Fig. 7(a) as log-linear scale. The electrical
properties of the devices showed bias polarity, but it was possible to
identify the diﬀerent behavior between the low and the high ﬁeld regions when positive bias voltage was applied. Their boundary was set to
+ 1.5 MV/cm because the change of current conduction occurred
around this electric ﬁeld.
In the low electric ﬁeld (< 1.5 MV/cm) region, the device with Tdep
= 274 °C showed higher leakage current under positive bias voltage,
while the device with Tdep = 307 and 335 °C exhibited lower current
value under both bias polarities. Such a polarity dependency of the
device with Tdep = 274 °C was attributed to the interface-limited conduction. Generally speaking, current (electron) injection could be limited at the metal/dielectric interface with higher work function of Pt (~
5.6 eV) electrode compared to that of Al (~ 4.2 eV) counter electrode.
However, this was not the case. Fluent current injection was observed
in the device with Tdep = 274 °C in the low ﬁeld region under positive
bias. This could be understood by the barrier inhomogeneity due to the
interfacial defects owing to the low Tdep [25,27]. Meanwhile, the device
with Tdep = 335 °C showed similar current values under positive and
negative bias, which means that bulk-limited conduction becomes
dominant. That is, the leakage current could be limited by the energy
level of trap sites inside the ﬁlm rather than the metal/dielectric
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Fig. 5. AES depth proﬁles of elements in AlN thin ﬁlms grown at (a) 274 °C, (b) 307 °C, and (c) 335 °C; (d) shows the average concentrations of Al, N, O and C as a
function of growth temperature.

interface.
In the high electric ﬁeld (> 1.5 MV/cm) region, inﬂection of the
current level was observed especially under positive bias. Even lower
leakage current was exhibited in the device with Tdep = 274 °C than
that of the device with Tdep = 307 °C. The lowest current level was
maintained in the device with Tdep = 335 °C. To understand the current
conduction in the devices, J-E curves were ﬁtted with the formula of
Poole-Frenkel emission model. Fig. 7(b) shows the result for PooleFrenkel emission, this is the result of applying several carrier transport
models to verify the conduction mechanism.

⎛ −q (ϕT − qE /(πε0 εr ) ) ⎞
J = E exp ⎜
⎟
kB T
⎝
⎠

change of trap site. Two kinds of point defect are energetically favorable in AlN ﬁlm; substitutional oxygen for nitrogen (ON) and aluminum
vacancy (VAl) [31,32]. Their energy levels are ~ 0.8 eV for ON and ~
1 eV for VAl. Consequently, the increase in the trap barrier height can be
understood from the decrease of the amount of ON and the increase of
VAl with increasing Tdep, resulting in the change of the leakage current
for the devices. The increase in the trap barrier height could be understood from the characteristics of O concentration and N-rich ﬁlm as
increasing Tdep.
4. Conclusion

(1)

Where, J is the current density, E is the applied electric ﬁeld, q is the
elementary charge, ϕT is the trap barrier height (in zero applied electric
ﬁeld) that an electron must cross to move from one atom to another in
the site, εr is the dielectric constant, kB is Boltzmann's constant and T is
the temperature.
By ﬁtting with the model, dielectric constant (ε r) and trap barrier
height (ϕ T) in the ﬁlm were obtained from the slopes and y-axis intercept values as noted in Table 2. As the Tdep increases, the dielectric
constant slightly decreases, while the trap barrier height increases. The
decrease in dielectric constant could be understood from the reduction
of oxygen concentration. Dielectric constant of Al2O3 is 7.6, which
value is higher than that of AlN (ε r = 4.48) [28–31]. Crystallization
may also inﬂuence the dielectric constant, where dielectric constant
slightly increases in the device with Tdep = 335 °C compared to Tdep
= 307 °C. It is known that the crystallization of AlN may cause the
increase in the dielectric constant [30].
Next, the increase in trap barrier height could be explained by the

Eﬀect of Temperature on the growth of AlN ﬁlm by thermal ALD
using TMA as a metal precursor and NH3 as a reaction gas was investigated. Structural, chemical and electrical properties of AlN ﬁlm
were studied in the temperature range of 274–335 °C. Film thickness
was successfully controlled by the number of ALD cycles under selflimited growth condition. The growth rate increased from 0.05 to
0.16 nm/cycle upon increasing Tdep from 274° to 335°C. The activation
energy for the reaction of TMA with NH3 was obtained (55 KJ/mol)
from the Arrhenius plot. By increasing the growth temperature, the
crystallinity of AlN thin ﬁlms increased (polycrystalline hexagonal
structure of wurtzite). AES analysis revealed that in AlN ﬁlms the elemental concentration of oxygen was uniformly distributed. The oxygen
concentration in the bulk of AlN thin ﬁlms decreased upon increasing
Tdep. XPS conﬁrmed this - the intensity of the O 1 s peak decreased upon
increasing Tdep. The chemical bonding states for AlN ﬁlm, as determined by XPS, are Al-N and N-Al-O. J-E curve for the devices having
Al/AlN/Pt stack with diﬀerence Tdep were obtained to study the electrical properties of AlN ﬁlms. It was conﬁrmed that the devices were
well ﬁtted with Poole-Frenkel emission model under positive bias
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Fig. 6. XPS spectra of AlN thin ﬁlms grown at (a)(b) 274 °C, (c)(d) 307 °C, (e)(f) 335 °C. (a), (c) and (e) shows Al 2p, and (b), (d) and (f) shows N 1s spectra,
respectively.
Table 1
Average concentration of elements in AlN thin ﬁlms veriﬁed by the Al2s, N1s
and O1s XP spectra at the speciﬁed growth temperatures.
Tdep (°C)

Al (at%)

N (at%)

O (at%)

274
307
335

47
50
48

30
32
36

23
18
16

Table 2
Fitting parameters for Poole-Frenkel emission, where dielectric constant (ε r)
and trap barrier height (ϕ T) were obtained from the slopes and y-axis intercept
values, respectively.
Forward bias
Tdep (°C)

Dielectric constant (ε r)

Trap barrier height (ϕ T) (eV)

274
307
335

5.76
3.18
4.36

0.886
1.048
1.082

Fig. 7. Electrical property of AlN thin ﬁlms deposited at 274 °C, 307 °C and 335 °C. (a) log J-E curves, (b) the ﬁtting result for Poole-Frenkel emission model.
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voltage on top of Al contact. The results have shown that the dielectric
constant of the ﬁlm decreased, while the trap barrier height increased
upon increasing Tdep. ON and VAl were considered as feasible point
defects consistent with the oxygen content and nonstoichiometry of the
ﬁlm.
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