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The paper will introduce a smple new method on the synthess of both

hafnium and zrconium nitrate precursors.  The intermediate product,
dinitrogen pentoxide produced from the water extraction from fume nitric
acid via phosphorus pentoxide, was condensed by liquid nitrogen trap into a
flask equipped with hafnium or zirconium tetrachloride.  To give the high

yidld, the mixture of fume nitric acid and phosphorus pentoxide was heated
to a certain temperaure, from which large quantity of dinitrogen pentoxide
had been generated. In the following sep, hafnium or zrconium
tetrachloride was refluxed over dinitrogen pentoxide at 30 to 35 °C for hdf-
hour. The product was purified by sublimation. High yield, above 95%,
was obtained. The cost br the hafnium nitrate precursor synthess was
estimated. The precursor was not stable at room temperature, and should
be stored in refrigerator in seded vids. No chlorine was detected from

both EDS and chemicd andyss. The volatility was evduated by thermd

gravity andyss  For high k thin film gpplications, the precursors were
evaduaed through the hafnium oxide thin film deposition via ALD process.

High quality hafnium oxide thin films were obtained. The hafnium oxide thin
film property consstence using different batches of our synthesized hafnium
nitrate precursor was adso verified. X-ray diffraction andyss indicated the
films were smooth, uniform, amorphous as deposited and monoclinic after
post anneding. For as-deposted hafnium oxide thin films, XPS sudies
showed the films were rich in oxygen and contained nitrogen residues,



which could be diminated from forming gas pos-annealing process. On the
electrica property messurement, the 57A hafnium oxide thin film showed a
didectric congant of k ~ 10.5 and a capacitive equivaent thickness of
approximately 21A.
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INTRODUCTION

Recently, hafnium oxide thin film depodtion via atomic layer chemica vapor
deposition (ALCVD) process has been attracted gresat attention because of
its high potentid applications in semiconductor indugtry as high k gate oxide
materid. Precursors for hafnium oxide thin film depostion via ALCVD
process have been evauated and developed. Among those, hafnium
tetrachloride, hafnium bb-diketone, hafnium akoxide and hafnium nitrate are
mainly four compounds under consderation. However, the fird three,
comparing to hafnium nitrate, are not cgpable for the depodtion of high
qudity hafnium oxide thin film via ALCVD process on hydrogen terminate
glicon wafers. Hafnium tetrachloride can be usad for hafnium oxide thin film
ALCVD process on SO, or SN, subdrate, but faled on hydrogen
terminated S wafers because of poor quality. Hafnium b-diketone, such as
Hf(thd),, gives high depostion temperature in CVD process, and in
ALCVD process on SO, subdrate, gives rough hafnium oxide thin film and
high carbon contamination. Hafnium akoxide precursors are extremely
sengdtive to ar and moisture, which results in not only the difficulty in
handling, but fast decompogtion in the cycle of water during the ALCVD



process. Hafnium nitrate is different. Firdly, it does not contain both
carbon and hydrogen, and eiminates the possibility of both hydrogen and
carbon contamination in the depodited hafnium oxide thin films. Secondly, it
is not extremely sendtive to air, which leads to easy precursor handling
operation. And findly, the mogt important is it gives high qudity hafnium
oxidethin film on hydrogen terminated silicon wafer viaALCVD process.

In this paper, we are going to describe a smple method for the
synthesis of laboratory scale hafnium nitrate precursor, and aso, the hafnium
oxide thin film properties usng this hafnium nitrate precursor will be
introduced.

Hafnium Nitrate Precursor Synthesis

In the early of 1960's, the preparation of zirconium nitrate was reported by
B.O. Fidd™ according to the reaction between zirconium tetrachloride and
dinitrogen pentoxide, as shown in equation (1). The dinitrogen pentoxide
can be obtained by the dehydration of fuming nitric acid over P,Os
according to the reaction of equation (2).
ZrCly + 4N,Os %%%® Zr(NOj), + 4NOJI- @
2HNO; + P,0Os %%%® N,Os + 2HPO, )
The product was obtained by refluxing ZrCl, in excess dinitrogen
pentoxide at 30 °C for 30 minutes, and purified by sublimation. After the
first sublimation, the compound was confirmed as the adduct of both N,Os
and N,O,, and then further purified as pre Zr(NOs), after the second



sublimation. However, since the non-gtability of dinitrogen pentoxide even
at low temperature, we can follow Fidd's synthess procedure directly only
until we can manage in-Ste preparation of dinitrogen pentoxide. The
fallowing is the description of our lab-scae zirconium or hafnium nitrate
precursor synthesis method.

Figure 1 is the synthes's gpparatus, and the Figure 2 describes the
gynthes's procedures for hafnium nitrate precursor, from which zirconium

nitrete can aso be prepared in high yidld.
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Figure 1. Apparatusfor the synthess of hafnium nitrate
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Both phosphorus pentoxide and hafnium tetrachloride were
equipped into flasks B and C in glove box, and then the sysem was
ingdled in a manifold line. The fuming nitric acid was filled into a graduated
cylinder, and then little vacuum was gpplied. FHask C was immersed into
liquid nitrogen filled vessd D. Then the fuming nitric acid was dowly
dropped into flask B. Dinitrogen pentoxide, formed from the dehydration
of fuming nitric acid over phosphorus pentoxide, was condensed into flask



C as white crystas. It takes severd hours for the dehydration process.
When enough dinitrogen pentoxide was collected in flask C, a long
digillation column was equipped on flask C, and then the flask C was
heated to 32 °C in awater bath. At this temperature, hafnium tetrachloride
was refluxed over dinitrogen pentoxide for 30 minutes. The refluxing liquid
was in a deep yellow color. After reflux, the flask C was connected to a
dynamic vacuum line, and the compound was stripped to dryness as white
solid, which was then purified via sublimation to white crygas.

Set-up the Synthesis Appratus in Glove Box
equip P20s in B and HfCl4 in C

fill fuming nitric acid into A and apply little of vaccum in Cand B

\

apply liquid nitrogen in D and slowly drop fuming nitric acid into B

N>Os, as white crystals condensed in C

}

remove liquid nitrogen D and fill nitrogen in both C and B

}

connect a long distilling column to C

reflux HfCl, in N,Og at 30 °C for 30 minutes

strip the product to dryness

sublimation at 105 °C/0.2 mmHg

}

Hf(NO3), with N,Og or N,O,
Figure 2. Procedures of the synthesis of hafnium nitrate

Chemicd andysis indicates the white crydas consst of hafnium,
oxygen and nitrogen. No chlorine was detected, which was consstent to



the EDS result as shown in Figure 3. Comparing to the caculated hafnium,
oxygen and nitrogen composition in the formula of Hf(NOs),, chemica
andyds reaults give lower hafnium. Thus the white crygds, &fter the first
sublimetion, were believed to be the hafnium nitrate coordinated with

nitrogen oxygen compound.
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Figure 3. EDS of hafnium nitrate

Thermal Properties of hafnium nitrate precur sor

The therma properties of syntheszed hafnium nitrate precursor were
evauated by TGA. Inthe TGA experiments, samples were heated to the
designed temperature quickly, and then the weight loss was recorded when
the temperature was balanced. The weight losses recorded were at
balanced temperatures of 70, 80, 85, 90, 100 and 110 °C respectively, and
the results were shown in Figure 4. When the hafnium nitrate precursors
were heated from 70 to 85 °C, the weight losses at balanced temperatures
were low, and so the constant precursor evaporation can be maintained
over along time. As temperature increases, the weight loss increases, and
S0 the amount of precursor evaporated can not be maintained as a constant

over a long time. According to TGA results, on the purpose of sable



hafnium oxide thin film deposition, the precursor heeting temperature should
be in the range of 80 to 85 °C.
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Figure 4. TGA results at different temperatures

Hafnium oxide thin film properties usng hafnium nitrate precur sor

Hafnium oxide thin film was deposited directly onto hydrogen terminated S
viaALCVD. The temperature for the precursor ddlivery was 82 °C. The
pulse sequence in each cycleis the first of 0.6s Hf(NOs),, followed by 0.6s



N, and 0.6s water, and finaly 0.6s N,. The deposition temperature was
180 °C, from which 0.36 nm/cycle deposition rate was obtained. XPS
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Figure 6. XPS gtudies on hafnium oxide thin film

sudies indicated the as-depodited hafnium oxide thin films contained about
1.2% amount of nitrogen. However, after RTA process a 450 °C for 30
seconds in forming gas, the nitrogen was decreased to less than 0.2%, as
shown in Figure 6. In XRD sudies shown in Figure 7, the as-deposited
hafnium oxide thin film has amorphous phase, and after RTA post-anneding
at 850 °C for 300 seconds under nitrogen amosphere, the thin filmisin the
monodlinic phase.  The didectric congtant of HfO,.gq thin film is about
10.7, determined from C-V measurement as shown in Figure 8. The
thickness of hafnium oxide thin film for the GV measurement was 57 A,
and the size was about 200 nm.
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Figure 7. XRD spectraof hafnium oxide thin film
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Figure 8. C-V curve for hafnium oxide thin film
Further experiments indicated the smilar hafnium oxide thin film
deposition rate usng different batch of hafnium nitrate precursors. The
improvement of electric propertiesis gill going on.

Summary

A smple method for the synthesis of |ab-scae hafnium nitrate precursor has
been presented. Detailed therma property studies indicate the precursor
has stable mass delivery property in the temperatures ranging from 70 to 85
°C, which leads stable and repeatable hafnium oxide thin film deposition via
ALCVD process. The hafnium oxide thin film showed monoclinic phase



after RTA process, and has the didectric constant about 10.7 for 57 A
thick HfO .gack thinfilm.
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