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The electrical characteristics of hafnium oxide (HjGilms, grown by standard thermal evaporation of hafnium while adding
oxygen at constant partial pressure during evaporation, were investigated for the first time. The dielectric constant as measured by
the capacitance-voltage technique is estimated to be in the range of 18-25. Metal oxide semicdMiD8locapacitors using

HfO, as dielectric and annealed at 450°C show a hysteresis below 30 mV. A low leakage current deagidy oA/cm? at 1 V

and reduced bulk oxide charges 1.8110'Ycn? were also observed. The interface state density and low-temperature charge
trapping behavior of these films were also investigated. Observed characteristics indicate théinkf@eposited by standard

thermal evaporation are suitable for MOS device applications.
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Hafnium oxide (HfQ) has been under intense investigation re- pressure in the chamber increased to“Torr. Tungsten boats were
cently for replacing conventional Sj@or SiQ,N,) as a high dielec-  used in evaporating the hafnium. The films were deposited at room
tric constant(highk) gate dielectric in complementary metal oxide temperature. However, the measured substrate temperature was
semiconductofCMOS) devices to reduce tunneling current and bo- around 30-35°C because of source-induced substrate heating. No
ron penetratior. Even though many higk-materials are currently  residual gas analysis was performed during evaporation. Immedi-
being studied, poor short channel effects due to the fringing fieldately before the deposition of the films, the wafers were cleaned by
induced barrier lowering effettand thermal instability due to the the standard RCA cleafRCA-1 and RCA-2 followed by a 50:1 HF
formation of silicides or interfacial layers impede the effectivenessdip for 15 min. After the deposition of the HfGilm, a layer of 400
of these materials when directly in contact with silicbAn HfO, nm aluminum was deposited on top of the oxide film. Capacitors of
film has a high dielectric constarit-25), high heat of formation various sizes were patterned by photolithography. Samples were
(271 kcal/mo), and a large bandgaf5.68 ey,*° and is thermally ~ subjected to post metal deposition anneali®MA) at 350 and
stable when in contact with silicon. In addition, Hf@& compatible ~ 450°C for 20 min in forming gas anneétGA: N,/H, 5%). HfO,
with n* polysilicon without any barrier layér.Various methods, film thicknesses of 50 and 60 nm were measured by ellipsometer
such as atomic layer depositibnevaporation with ion-assisted after the deposition. Using the known physical thickness of the
depositiorf sputtering® in situ rapid thermal chemical vapor HfO, film, the dielectric constant was measured using accumulation
depositiont® and reactive electron beam evaporatiohave been  capacitance. High-frequency capacitance-volt&GeV) measure-
explored to deposit reliable and high-quality Hf@hin films. The ments and current-voltage measurements were performed using a
properties of the grown film and interface show a pronounced de-Boonton 7200 capacitance meter and an HP4156B semiconductor
pendence upon the deposition process and the precise depositigfarameter analyzer, respectively. The interface state density was es-
parameters chosen. Each technique has its own set of advantagéfated using the Terman methoda CTI Cryogenics M22 closed-
and disadvantages. However, most of these techniques show sonfeop helium cooled refrigeration system and a Palm Beach Cryo-
kind of interface damage. Sputtering and E-beam assisted deposphysics model 4075 temperature controller were used for the low-
tions create radiation induced surface damage during film growthlemperature measurements.

Therefore, all these techniques require high-temperature annealing,
which results in further deterioration of device performance and
reliability. Because the Hf@Si interface is critical for excellent The dielectric constant, estimated from electrical measurements,
device characteristics, it is important to investigate other reliableis in the range of 18-25. Tablé't**'®shows the dielectric constant
deposition techniques for a high-quality interface. obtained by thermal evaporation compared with the dielectric con-

In this work, HfQ, thin films were deposited, for the first time, stants obtained for Hffilms by other techniques. It seems that the
by a standard thermal evaporation technique while adding oxygen adlielectric constant for thermally evaporated films is the highest. The
constant partial pressure during evaporation. Thermal evaporatiotower values of effective dielectric constants for the Higate stack
doesn’t produce much damage to the interface, and it doesn't requiréormed by other techniques are attributed to the interfacial layer
high-temperature processing in comparison to the other techniquethickness between the silicon substrate and Hifer post deposi-
mentioned previously. Electrical characteristics of Hfms have  tion annealt™’ If there is a growth of thin Si@layer at the HfQ
been studied using MOS capacitors. To investigate the charge trapand silicon interface, then a noticeable reduction in depletion capaci-
ping characteristics of HfQfilms, a low-temperature characteriza- tance is observed. This occurs because the effective oxide thickness
tion was done. is estimated from the two capacitand@gerfacial layer and high-
layen in series. The high dielectric constant of our thermally evapo-
rated HfQ films could be attributed to a lack of interfacial layer, as
our samples were not subjected to a high-temperature anneal. A

HfO, films of two different thicknesses were deposited on n-type partial condensation of the HfCfilm may be possible, because an
(resistivity of 10-20Q-cm) (100 Si wafers by standard thermal increased accumulation capacitance was observed after ann¥aling.
evaporation. Oxygen was added at constant partial pressure during addition, there may be possible tungsten contamination from the
evaporation. The base pressure was maintained & T@r before  tungsten boats used in evaporating hafnium, which is currently be-
oxygen was added. As oxygen was added during evaporation, thing investigated further.

Figure 1 shows the normalized C-V characteristics of the 50 nm

HfO, film at various annealing temperatures. An ideal C-V curve,

* Electrochemical Society Active Member. determined by calculating the differential capacitance across the
2 E-mail: dmisra@njit.edu MOS gate stack between the experimentally measured accumulation
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Table I. Dielectric constant comparison with other current tech- 1 kXX %
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Film deposition techniques constant constant Y, g
Thermal evaporation 18 25 v x{ T
Electron beam evaporatitn 18 22 o / /
Sputtering® 18 21 @) X %
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Remote plasma oxidatidh 19 19 @) ] X S
Plasma enhanced CVb 14 16 4 / g
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capacitance and the silicon depletion capacitance as a function of £ 0
8 . . Valtage (V)
gate voltageé?® was also plotted in Fig. 1. For these measurements,

Al gate MOS capacitors with an area of 1.26103 cn? were 0 ! !

used. Measurements were taken before annealing as well as after 0 3
350 and 450°C FGA annealing. The C-V curves show a reduction in

hysteresis up to 30 mV after 350°C anneal in comparison to the Voltage (V)

as-deposited film. No significant improvement was seen in hyster-

esis characteristics after 450°C anneal, though the curve was shiftegigure 2. Normalized C-V curves of MOS capacitors with 60 nm Hfidm.
toward the left, indicating a negative shift in flatband voltage. The Hysteresis of 175 mV can still be seen after 450°C annealing. When com-
reduction in hysteresis indicates the reduced charge trapping underared to ideal C-V curve, bulk oxide charges were increased to 1.15
negative gate bias. Partial passivation of interface states was possi 10*%cn?, and interface state density was increased to &470'%cn?

bly achieved as a result of FGA. As no reduction in oxide capaci-€V after a 450°C anneal. The inset shows the absolute capacitance behavior
tance was observed after 450°C annealing, it is believed that afPr 60 nm devices.

Al,O5-like layer or SiQ layer could have formed at the aluminum-
HfO, interface and silicon-Hf® interface, respectively, during
PMA. Partial condensation of HfQOs also possible because of an-
nealing. The observed combined effect shows an increase in n
capacitancdinset Fig. 1 suggesting minimum impact of the inter-
facial layer. Comparison of experimental C-V curves with the ideal
C-V curve(no oxide chargeshows that the experimental C-V curve
has moved closer to the ideal curve, indicating a reduction in bulk
oxide charge from 6.9% 10'Ycn? before annealing to 1.61

X 10"Ycn? after 450°C annealing. The high value of oxide charge
(~10"%cn?) indicates a significant contribution from the interface-

trapped charge. The observed C-V stretch-out near inversion capaci-
Shnce after 450°C annealing supports the presence of a high density
of interface states.

The C-V characteristics for the 60 nm HfGilm are shown in
Fig. 2. After 350°C anneal, hysteresis was reduced compared to the
as-deposited films, but the stretch-out near inversion capacitance
(Cmin) indicates that significant charge trapping remains at the inter-
facial region near the Si substrate. After 450°C annealing, the C-V
curves are more symmetric for the voltage sweep, indicating a par-
tial passivation of interface states. The inset in Fig. 2 suggests that
some condensation of HfChas also occurred for the 60 nm films.
Hysteresis was reduced to less than 175 mV, but is still much higher

—{1—350C Annea.%
——450C Anneg
—0—Ideal Cutxe

/
o G l l
3

Voltage (V)

Figure 1. Normalized C-V curves of MOS capacitors with 50 nm Hftdm.

Hysteresis was reduced to 30 mV after 450°C annealing. When compared t

the ideal C-V curve, bulk oxide charges were reduced to X610'Ycn?,

and interface state density was 1.X510'%cn? eV after samples were an-

than that for the 50 nm HfQfilm (Fig. 1). In addition, when the
experimental C-V curves were compared with the ideal C-V curves,
an increase in bulk oxide charges from 8:1210Ycn? before an-
nealing to 1.15x 10'%cn? after 450°C annealing is noticed. This
increase in oxide charge in 60 nm Hf@ould be due to stoichio-
metric defects or extensive interface defects, as the C-V curves in
Fig. 2 have moved farther away from the ideal curve after 450°C
annealing. Therefore, the characteristics show that 50 nm, HfO
films are electrically better than 60 nm thermally evaporated,HfO
films.

To further investigate the oxide charge, the flatband voltage shift
(AVgg) was plotted as a function of annealing, as shown in Fig. 3.
For the 50 nm HfQ film, AV gz decreased from 1.1 V before an-
nealing to 0.01 V after 450°C annealing, while for 60 nm thick
hafnium oxide AVgg increased from 0.04 V before annealing to 0.8
V after 450°C annealing. One of the possible reasons for this behav-
ior in 60 nm HfO, films could be due to higher built-in stress during
the deposition of HfQ films, in comparison to the 50 nm film.
Built-in stress generates bulk oxide defects as well as interface de-
fects after the annealing of the films. The effect of annealing on the
interface state density of these MOS capacitors is shown in Fig. 4.
dhe Terman method was employed to estimate the interface trap
density. Even though the Terman method has limited accuracy, it
provides a quick estimate of interface trap density. The increase in

nealed at 450°C. The inset shows the absolute capacitance behavior for 5@terface state density was observed in both cases as a result of

nm devices.
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Figure 3. Effect of annealing on flatband voltage shift. In 50 nm Kfms, Figure 5. Leakage current density in 50 and 60 nm Hfitm MOS capaci-
AV has reduced from 1.1 to 0.01 V; in 60 nm Hf@ims, it has increased  tors after 350°C and 450°C annealing.
from 0.04 to 0.8 V.

but it was lower in the 50 nm films in comparison to the 60 nm ones.
eV before annealing to 1.78 10%cnPeV after 450°C annealing, The observed improvement in leakage current in the 50 nm film is
whereas for the 60 nm HiQ it increased from 2. 10*¥cn? eV possibly due to the partial passivation of dangling bonds at the

before annealing to 6.4% 10%/cn? eV after 450°C annealing. The Si-HfO, interface, as noticed from the C-V characteristics. How-

increase in interface trap density can attributed to formation of a€Ver, in the 60 nm films, the leakage current becomes rESiSti‘o’e
poor-quality interfacial layer. The significant degradation of inter- @round 1V, indicating a large increase of interface states after 450°C

face quality in 60 nm HfQ films could be due to the relaxation of annealing. To further understand the mechanism of leakage current
the stress after annealing. through the dielectric, we have pIottedJa,Q/ng) VS. 1_/on in Fig._

The effect of annealing on the leakage current density of 50 and®- The current due to Fowler-NordheifN) tunneling at suffi-
60 nm HfO, films is shown in Fig. 5. The leakage current density ciently high electric fieldE, follows the relationship given beloW
was decreased by more than two orders of magnitude after 450°C
annealing in com)[/)arison to 350°C annealing ingboth of the HfO ln(‘]FN/ng) = In(A) = B/Eo [1]
films. The leakage current density of the 50 nm Hffdims was . .
reduced to<10 7 Alcm? at 1 V after 450°C annealing. The leakage whereJgy is the density of the FN current, ardland B are con-

current density of 60 nm HfPowas reduced after 450°C annealing, stants,for 2 particular insulating film. . .
From Fig. 5,E,, was calculated using the following equattdn

—_ Eox = Vox/toxs  Vox = Vg — Vg — s (2]

=8

¥ whered is the surface potential at different positive bias voltages.
E ——T=50nm The surface potential was estimated by comparing ideal and experi-

- ——T= 60mm mental C-V curves of the above mentioned MOS deviéesonsid-

-6 ering the effective mass of the electron at the Hffdm to be

g 0.1m,%° we find that fort,, = 60 nm, @z = 0.3 eV and fort,,

= 50 nm, &g = 0.43 eV when ¥, > 9 X 107 (cm/V) and

&g = 0.28 eV when E,, < 9 X 1077 (cm/V). Heredy is calcu-
lated from slopeB of the FN plots, which is equal to 6.88 10
((Mge/ M) 3)Y2 (Vicm). The difference in effective barrier height is
due to repairing of defects discrepancies. A straight line in Fig. 6b
for the 60 nm film as predicted by Eq. 1 infers that at a high oxide
electric field FN tunneling is the dominant leakage mechanism.

However, the 50 nm film{Fig. 68 shows the same FN tunneling
characteristics at high fields, but at low fields some improvement in
trap assisted tunneling is evident.

Because the 50 nm Hf(films have shown better device perfor-

Y
=
L

InterfaceNState Densit
]

0 mance in comparison to the 60 nm Hfims, we have investigated
Before After 350°C After 450°C the charge trapping characteristics of 50 nm films at various tem-
Annealing Annealing Annealing peratures. MOS capacitors with 50 nm Hf@lims of area 1.96

x 1072 cm? were studied. The temperature was gradually de-
Figure 4. Effect of annealing on interface state density. In 50 nm fHfo creased from 290 to 130 K and high-frequency C-V measurements
films, it increased from 0.70& 10'%c? eV before annealing to 1.75 Were taken once the sample attained a stable temperature. C-V
X 10'%cn? eV after 450°C annealing, whereas in 60 nm Kffims, it curves at different temperaturésee Fig. 7 demonstrated both par-
increased from 2.X 10'%cn? eV before annealing to 6.4% 10'%cn? eV allel shift and stretch-out along the bias axis as the temperature was
after 450°C annealing. decreased. This verifies the presence of a higher number of both
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Figure 6. In(Jey/E2) vs. 1/E, plot for A/HfO, /n-Si MOS capacitors witlia) 50 nm of HfQ, and (b) 60 nm of HfG; .

shallow bulk oxide and interface trapped charges at low temperacharge is the only variable observed when the temperature was re-
tures. Electron trapping seems to be dominant because the higheluced. Considering the one-dimensional distribution of trapped
barrier for holes in HfQ (3.4 eV) compared to electrond.5 eW)?! charges along the oxide thickness, the oxide charge centroid can be
enhances the electron trapping probabflitithe electron traps, es- defined a&

pecially shallow bulk oxide ones with energy levels close to the

conduction band, became more active as the temperature went k
down, and this contributed to the shift of the C-V curves at low a
temperature’ Moreover, we can observe hysteresis above the mid-
gap voltage in the C-V curves at low temperature.

The flatband voltage shift\Vgg) was calculated for the devices Wherep(x) is the trapped charge distribution functior, is the
under test at different temperatures. Figure 8 showsAtieg for oxide thickness, andN; ¢quy is the equivalent trapped charge per
some samples at temperatures ranging from 290 to 130 K. A turnunit area having a centroid a. Here, trapped charges consist of
around effect was observed k\Vgg, as it increased initially when  both interface and oxide trapped charges, & 0 at the gate and
the temperature was decreased to 210 K and then it started to deg = t,, at the substrate.
crease when the temperature was decreased further to 130 K. It is obvious from Eq. 1 that the density, location, and polarity

To explain this turnaround effect iAVgg, the concept of a  (positively charged/negatively chargeaf individual traps affect the
trapped charge centroid model was uékth these devices, oxide location of the centroid. Considering only the contribution of

trapped charges inVgg, %3 we get

Xp(x)dx = thfequiv © Xy (3]
0

30
== At 290K 3
—X— At 250K |
251 AL 180K § 25 ool
== At 130K E 2 T —0— Sample 3
20 - % 1.5 A
o F 19
N 15 4 = 0.5
8 > -
S =
£ 101 £ -0.5
= = i
5 g
O S G = -1.5 T T T
100 150 200 250 300
0 T
2.8 0 2.5 Temperature (K)
Voltage(V) Figure 8. Flatband voltage shift as a function of temperature for 50 nm
HfO, MOS capacitor. The inset shows the energy diagram for AIHGSI,
Figure 7. Low-temperature C-V curves for 50 nm Hf®IOS capacitor. indicating a shift of the centroid toward the gate electrode.
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2.51E+13 gate in the 210-130 K range, which subsequently shifted the trapped
charge centroid toward the substrate and gate, respectively, may be

the principal cause behind the turnaround effecA Mgz .

—o—Smpl 1
——Smpl 2
—%— Smpl 3

1)

2.01E+13 -

ev'

Conclusions
* L51E+13

-2

Electrical characteristics of MOS capacitors with thermally
evaporated HfQ films have been reported. Characteristics such as
hysteresis, leakage current density, and flatband voltage shift signifi-
cantly reduced after 450°C FGA anneal in 50 nm Kftims. Bulk
oxide charges decreased after annealing in 50 nm,Hfilins,
whereas they increased for 60 nm films. The interface state density
is toward the higher side and moderately increased with annealing.
Furthermore, shifts in C-V curves and the turnaround effect in flat-
band voltage shifts were observed in the 290-130 K temperature
range, giving the charge trapping characteristics of Hifins. Even
though the films studied in this work are thicker than the thickness
required for nanoscale device applications, the electrical properties
investigated here suggest that thermally evaporated, Hif@s can
be suitable for MOS device applications with enhanced process op-

LO1E+13

Dit (cm
5
=
+
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LOOE+11
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Figure 9. Interface statesD;, as a function of temperature for various
Al/HfO, /n-Si MOS samples measured by conductance method.

timization.

A Nt—equiv {
Cox

Xt

AVeg = —( (4]

tox

Here,C,, is the oxide capacitancg,is the charge of an electron,
and AN;_.qy is the change in equivalent trapped charge. If nega-
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tively charged bulk oxide traps dominate, and electron trappingtion costs of this article.

mostly occurs near the substrate, the location of the centroid shifts
toward the substrate, and a positive shift in flatband voltage takes

place. However, if electron trapping near the gate dominates, the1.

centroid moves toward the gate, as shown in the inset in Fig. 8, and
this results in a less positive shift in flatband voltage compared to
the former case.

Clearly, from Fig. 8 and Eq. 4, the charge centroid due to elec- 3

asAVeg steadlly increased, but was located near the gatk\4s

decreased in the 210-130 K range. As stated earlier, both interface
traps and bulk oxide traps contribute to the location of the charge
centroid. To investigate interface trap characteristics in detail, we

measured using 20 Hz to 1 MHz test signals for different bias levels.
G,/w curves with respect to frequency were used to determine the
interface state densityp;. PeakD; values for different tempera-
tures are shown in Fig. 9. Because thg shows a similar turn-

around effect, and;, is directly related to the amount of interface-

trapped charge, it suggests that interface states strongly contribute to”
the low-temperature charge trapping characteristics. We also obz2.

served that theés,/0 curves with respect to frequency get wider
when the temperature is decreagadt shown due to the presence

of an increased number of active interface trap levels at lower tem-14.
15.

peratures. We may assume that at the Si/Hf@erface all interface
states above the intrinsic levE| are acceptor type and beldsy are
donor type?* Acceptor-type traps are negatively charged when filled

and neutral when empty, whereas donor-type traps are neutral whety.

filled and positively charged when empty. At the flatband condition,
the Fermi levelEg, is higher thanE; at the Si/HfQ interface for
n-type substrates, and interface states al&yeand belowE; are
neutral®* Only the acceptor-type interface traps having energy lev-
els betweerk, andE; capture electrons and get negatively charged

and thus contribute to the positive shift of the flatband voltage.21.

Therefore, the concentration of interface states is highest within the
energy levels betweds;, andE; at the HfG /Si interface. It further
confirms that the domination of electron trapping by shallow inter-

face traps near the substrate in the 290-210 K range and near thea.
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