Journal of The Electrochemical Societys2 (3) G213-G2192005 G213
0013-4651/2005/183)/G213/7/$7.00 © The Electrochemical Society, Inc.
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Hafnium oxide (HfQ) thin films were deposited from tetrakéthylmethylaminghafnium (TEMAH) and ozone (@) by atomic

layer depositiofALD) on 200 mm silicon wafers. Thegalf-reaction shows good saturation behavior. However, gradual surface
saturation is observed for the TEMAH half-reaction. Within wafer non-uniformity of less than 1% and step coverage of about
100% were achieved for trenches with aspect ratio of around 40:1. The film thickness increased linearly as the number of cycles
increased. From susceptor temperatures of 160-420°C, the lowest depositiéA/cgtze) and the highest refractive index is
observed at 320°C. The atomic ratio of hafnium to oxygen determined by Rutherford backscattering is 1:2.04 for the films
deposited at 320°C. The carbon and hydrogen content determined by secondary ion mass spe¢Btd&pplecreased as the
susceptor temperature increased from 200 to 320°C. Lower carbon and hydrogen levels were obtained in the control films made
with H,O than the films made with O A reaction mechanism of the TEMAH O; ALD process is discussed. The results show

that an Q-based ALD HfQ deposition is promising for microelectronic applications.
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Hafnium oxide (HfQ) has been extensively studied as a poten- end. Because the half life of Gt 120°C is 1.5 hand Q stayed in
tial alternative to silicon dioxide due to its high dielectric constant the gas line for less than 1 min during the process, more than 99%
and relatively high thermal stability with respect to a silicon O, should have survived from thermal decomposition at 115°C if
surface* Among numerous techniques that have been used to dethere were no chemical reactions with the inner surface of the gas
posit HfO, thin films, atomic layer depositiofALD) showed great  line. Argon was used as the hafnium precursor carrier gas and purge
advantages in depositing conformal films on high-aspect-ratiogas. The process chamber pressure was in the range 100-500 mTorr.
structures ® The most established ALD Hf{Odeposition processes The susceptofSi substrate holdgrtemperature was in the range
used water (KO) as the oxygen souré&.100% step coverage and 160-420°C. The substrate temperature was 20-30°C lower than the
excellent electrical properties have been achieved for ff@-bhased  Susceptor temperature. The substrates were 200 r(tOwafers
reactions using hafnium alkylamides as the hafnium precu?gorsl for most of the characterizations. For step coverage tests, patterned
Because KO tends to physisorb on surfaces strongly, the purge timewafers with elliptical holes 0.1% 0.22X 7.5 um deep etched in
needed to sufficiently remove the physisorbe®Hrom the reactor ~ Silicon were used. For the composition measurements, a polished
surface could be long, especially at low temperafufer practical ~ glassy carbon substrate was used. After a wafer was transferred into
applications, long purge time means low throughputfers per the reactor, it was heated for 30 s bef.ore the deposition started. The
houn, which in turn means high cost. Generally speaking, in orderfeactor was a warm wall reactor with wall temperature of 110-
to reduce the purge time, precurséasid their by-producisthat can ~ 140°C. Liquid tetrakitethylmethylaminghafnium (TEMAH) of
be easily removed from the reactor surface are desirable. Ozon89 + % chemical purity purchased from Sigma-Aldrich Fine
(0O5) is a strong oxidizing agent and is highly volatile, which makes Chemicals was used as the hafnium precursor. The Hf precursor
it one of the most promising alternative oxygen sources in ALD container was heated in the range from 75 to 95°C, Correspondlng to
processes. Actually, Sbased ALD was studied for cerium oxide @ Vapor pressure of 0.05 to 0.27 TBiwhen HO was used as an
thin-film deposition by Mtsa and Niinistosome years ag%HOW_ oxidant, the container was at rO(?m temperature, corresponding tO. a
ever, Q-based ALD HfQ deposition has not been widely reported Vapor pressure of 20 Torr. An Inficon Transpector CIS2 gas analysis
and the reaction mechanism has not been well understood. Thi§ySteém was attached to the process chamber for collecting residual
paper addresses whethes © a good ALD reactant for HfQdepo- gas analysi$RGA) data of the by-products of the ALD reaction.
sition and evaluates the advantages and disadvantages of the
Os-based ALD processes compared to thgOkbased ALD pro-

cesses, as well as discussing the possible mechanism for the 1N€ film thickness was measured with a spectroscopic ellipsom-
0,-based processes eter made by J. A. Woollam Co., Inc. 16 points along the radius from

0 to 97 mm from the center to the edge of the wafer were measured.
Experimental The thickness uniformity, index of refraction, deppsition rate linear-
) . ity, and temperature dependence of the deposition rate were evalu-
The ALD reactor used in our experiment was a Genus StrataGented based on the ellipsometer measurements. Within wafer nonuni-
ALD system which was designed to process 200 mm silicon wafersformity (WIWNU) was defined as the standard deviation divided by
vertically with a Genus precursor delivery system. Theg@nerator scanning electron microscop$EM). About 1000 A HfG film was
was an Ebara prototype ozonizer. The carrier oxygen gas flow ratjeposited on a polished glassy carbon substrate for composition
was 0.5 slpm, and the catalytic;)gas flow rate was 0.5 sccm. The analysis by Rutherford backscattering spectrosd®BS). Integra-
ozone concentration was 150-200 §/(@.5-10 mol %. A stainless  tion of the area of the hafnium and oxygen peaks was used to de-
steel gas line for delivering Qwas heated to 115°C at the reactor termine the atomic ratio of hafnium to oxygen. The carbon and
hydrogen content was measured by secondary ion mass spectros-
copy (SIMS) and RBS by the Evans Analytical Group in Sunnyvale,
* Electrochemical Society Active Member. California. A Materials Development Corporation three-function
2 E-mail: xinyeliu@yahoo.com mercury probe with an electrode area of 0.525 ‘nmas used to

Characterization Methods



G214 Journal of The Electrochemical Socigtys2 (3) G213-G2192005

Purge Gas 1 Purge Gas 2 1.00
0.90

l l 3 0.0
& 0.70 4
4(8) < 60
— [—> 20
& 0.50 °0
c A H20
) S 040
0
Carrier Gas | l l 2 020

2 0.20
0.10
0.00

»o
»
"o

w0

0 200 400 600 800 1000
Pulse Time (ms)

Figure 3. The saturation curves of oxidants @nd H0O at 250°C susceptor
temperature. TEMAH pulse time was fixed at 800 ms. Bojta@d H,O had
good self-limiting characteristics and were indicative of being good ALD
reactants with TEMAH.

To Vacuum )
were also done by using J@ as the oxygen source. TEMAH

To Vacuum showed a somewhat flatter saturation characteristic for the
H,O-based processes. The variation of the deposition rate with
respect to the exposure time above 500 ms is about B)°
(Alcycle)/ms.

Different O; pulse times from 100 to 800 ms gave a very similar
measure the capacitance of the Hffdms on low-resistivity Si wa-  deposition rate, showing tha@ a useful reactant for ALD. Within
fers. The dielectric constant values were calculated from the meathe range studied, 40 also showed good saturati¢fig. 3. Both
sured capacitance, the ellipsometric thickness of the,Hil@®, and the H,0-based process and the;-Based process exhibit self-
an estimated measured thickness of 10.5 A of native, SiO limiting reactions in their ALD half-reaction with TEMAH.

Figure 1. Schematic of the Genus StrataGem ALD system.

Results Deposition rate—control experimef®, vs. O;).—A control ex-
. . . . periment was carried out at a susceptor temperature of 200°C to
Deposition rate—saturation behavierDifferent amounts of the examine whether ©could react with TEMAH to deposit a film.

Hf precursor(TEMAH) were delivered into the ALD reactor by _ o )
adjusting the TEMAH pulse time at a susceptor temperature OfTwo 60-cycle depositions were conducted at exactly the same ex

250°C. The deposition rate increased sharply as the TEMAH pulsé)er'mem{jll condltlons_ except that one was deposited with dnd

time increased from 200 to 500 niSig. 2). Further increase of the the other was deposited with;OThe eII_|psometer measurements

TEMAH pulse time above 500 ms caused the deposition rate toShowed that the measured average thickness of thendale film

increase slightly, showing that the Hf precursor half-reaction wasWas 24 A, and the average refractive index was 1.4. Because there

reaching a self-limited state for Hf pulse times longer that 500 ms.was a layer of native SiQwith 10.5 A thickness, the 24 A measured

The slow increase of the deposition rate indicates a gradual saturghickness probably reflected the native Sil@yer and the Hf pre-

tion behavior of TEMAH. Similar TEMAH saturation experiments cursor adsorbed or decomposed on the ,Si&yer. The average
thickness of the film made with Owas 58 A, and the average
refractive index was 2.01. The results indicate thatwas substan-

1 tially more reactive than ©for deposition of HfQ film at 200°C.
09 This result is consistent with the chemical vapor deposit@©xWD)
%08 o ° experiments reported by other researcHers.
@ 0. —o
$07 O 2 & a A 4 Deposition rate—WIWNK-By carefully adjusting the pulse
< 06 4 time, purge time, and other experimental conditions, WIWNU of
2" 00, less than 1% was achieved. A group of typical thickness profiles for
p 05 AH0 the O; process are shown in Fig. 4. The films were deposited at
2 04 1o 250°C susceptor temperature with different hafnium pulse times.
§ 03 14 Longer pulse times give higher deposition rates, which is consistent
a 02 with the gradual increase in deposition rates shown in Fig. 2. It was
| observed that shorter purge time usually resulted in higher nonuni-
0.1 formity. The necessary purge time to deposit uniform films depends
0 \ , : - on many experimental parameters such as deposition temperature,
0 1000 2000 3000 4000 5000 the amount of precursor that was delivered into the reactor, and the
Hf Pulse Time (ms) process pressure of the reactor, etc.

Figure 2. The saturation curves of TEMAH for both;0and HO-based Deposition rate—linearity—By changing the number of cycles

HfO, ALD at 250°C susceptor temperature. The pulse time was fixed at 400(.)f deposn!on In the. experiment, the thlc_k_ness of ALD f”.m Cha_nged
ms for both Q and HO. Low deposition rate at 200 ms showed that the linearly (F!g. 5. This Sh(,)wed a 9090' d'g'tal, control of f',lm thick-
surface was not saturated. A slow increase of the deposition rate after the 500€SS. Again, the deposition rates with &e higher than with 5D,

ms pulse time showed that TEMAH was a good ALD reactant, though theas shown in Fig. 2. The intercept of the fitting line at the thickness
saturation curve was not perfectly flat. axis was due to thé~10.5 A) native oxide on the silicon wafers.
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Figure 4. Typical profiles of Q-based ALD HfQ films deposited on 200 . . . o
mm wafers. The WIWNU is less than 1%. From the bottom to the top, the Hf 3 21 . N
pulse time was 0.8, 1.2, and 2.0 s. z °
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The slope of the fitting line was deposition rate in Angstroms per 2 R
cycle. The data was taken at 250°C susceptor temperature. 105
Temperature dependence of deposition rate and refractive 10
index—As the susceptor temperature increased from 160 to 320°C "4 18 200 260 300 s 400 450
the film deposition rate decreased slightly. As the susceptor temperap) Susceptor temperature (°C)

ture increased to 370°C, the deposition rate started to increase, in-

dicating the onset of thermal decomposition of TEMAH. As the Figure 6. (a, top Temperature dependence of the deposition rate of

susceptor temperature increased further to 420°C, the deposition ratfFEMAH + O;/H,0O ALD reaction. The sharp increase of the deposition rate

increased sharply, indicating that much more thermal decompositiorat 420°C indicates a major thermal decomposition of TEMAW. bottor)

took place in film deposition(Fig. 63. Therefore, in the current Temperature dependence of the refractive index of the,Hil@s. The re-

apparatus, to have a good ALD process for TEMAH, it is necessaryfractive index increases as the susceptor temperature increases to 320°C,

to deposit films at a susceptor temperature lower than 370°C. suggesting film quallty_lmproved as the s:Jsceptor temperature |ncr9ased. A
The temperature dependence of refractive index was plotted irfi€crease of the refractive index after 370°C suggests poor film quality asso-

Fig. 6b. As the susceptor temperature increased from 160 to 320°d:,|ated with CVD decomposition of TEMAH.

the refractive index of films made withOncreased significantly.

The increase of refractive index of films made with@GHwas much

less than that of films made with;Othough it showed similar trend. Step coverage—A step coverage of 100% was achieved on pat-

At lower temperaturesT < 320°C), the films made with Dhad terned 200 mm wafers with aspect ratios of about 40. The SEM

lower refractive index than the films made with,®L As the sus-  images also showed that the film was very smdéily. ), indicat-

ceptor temperature is increased, the difference of the refractive ining that an amorphous film was formed at 200°C. gsin5 times

dex between the films made with;@nd the films made with }0  lower O; dose gave lower step coveragféig. 8). It was also ob-

decreased. As the susceptor temperature further increased to 420°€grved that the step coverage decreased as the deposition tempera-

the refractive index dropped sharply for both, @nd H,O made  ture increased for the same exposure dose and purge conditions.

films, also coinciding with precursor thermal decomposition.

140
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Figure 5. The film thickness changed linearly as the number of cycles in- Figure 7. 100% step coverage of the ALD H{Qilm made at 200°C on the
creased in the deposition. The slope in the fitting equation is the depositiordeep trenches located at both the center and the edge of a 200 mm wafer with
rate, and the intercept is the thickness of the native oxide of the Si wafer. an initial aspect ratio of 40.
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160 °C 200°C 250°C Table I. SIMS data.
T (°C) C-0; H-0; C-H,0 H-H,0
200 26.2 14.1 1.98 2.85
e 250 14.9 5.98 0.882 1.35
320 1.94 0.598 0.588 1.15

The simulation of the RBS result showed that the carbon content
was about 7%. It was therefore estimated that the C content of the
measured film was safely less than 10%. By using the RBS mea-
sured atomic percentage of C as the scale, the upper limit of C and
H content in other samples was obtair@dbles | and I, Fig. 10
Figure 8. Step coverage of ALD Hf@film deposited at different tempera- An interesting observation was that in thg-ased ALD HfQ

tures using the same process conditions. Films made at higher depositiofilms, the H content was lower than the C content. Conversely, in the
temperatures had lower step coverage. H,O-based HfQ films, the H content was higher than the C content,
which is not surprising because the atomic ratio of C to H is 3:8 in
the hafnium precursor. The unusual higher C content in the

This effect maybe due to thermal decomposition of the rabl- O;-based films provides some insight for the reaction mechanism
ecules as they travel down to the bottom of the hole, which is more(see the discussion part belpw
rapid at higher temperatures. The trends in the C residue for H§@Ims using Q vs.H,0 was

carried out using a stacked film approach,@{ layers were depos-

Composition and impurities-The RBS spectrum of a HiCfilm ) : .
deposited at 320°C was shown in Fig. 9. Because a glassy carbo ?d between each Hi0layer. _Each HIQ layer was deposned_ W'th.
erent temperatures or oxidants. The experimental configuration

substrate was used in the RBS sample preparation, the oxygen pe IS shown in Fig. 11. The stack of films was then analyzed by SIMS,

was not overlapped with the Si substrate background spectrum. In o S =
tegration of thgparea of the oxygen and the ghafniumppeak gaveand these data are shown in Fig. 12. The carbon contamination in

atomic area density of oxygen and hafnium in the film. The integra-the Os-grown films decreased as the susceptor temperature in-

tion of the oxygen peak gave 4.82 101 atom/cn? and integration ~ ¢réased. The carbon contamination in thgHgrown films did not
of the hafnium peak gave 2.36 10'7 atom/cn?. The atomic ratio change significantly as the susceptor temperature increased. Clearly

was Hf:O= 1:2.04. Considering the experimental accuracy of at the lower temperatures, the-grown films havg more C than the
RBS, the film composition is considered stoichiometric. H,O-grown fllm;. At higher temperature., the difference of the car-
The carbon and hydrogehi) content was measured with SIMS. bon contamination between the-@rown films and the KO-grown
Because there was no good reference for SIMS calibration, only thdims is negligible. Our observation is consistent with a latest
relative content was obtained from SIMS. It was found that the C Publication:
and H content decreased as the susceptor temperature increased. TheDieIectric constant—Low-resistivity Si wafers were used in di-
change of the impurity level due to the substrate temperature changgiectric constant measurement. The films for capacitance-voltage
for the H,0-based films was very small; for the;@ased films, as  (c-v) measurement were made at three different temperatures, 200,
the susceptor temperature increased from 200 to 320°C, the impuritgso ~and 320°C. For each temperature, two samples of different
level decreased by more than an order of magnitude. At a susceptQpickness, around 140 and 190 A, were prepared. For each wafer, at
temperature of 200°C, the impurity level of;®@ased films was  |east six locations at about half the radius were measured. It was
much higher than that of }-based films. As the susceptor tem- found that the variation of measured capacitance was less than 10%
perature increased to 320°C, the impurity levels qftf@sed and  of the average capacitance. The average capacitance was used to
H,O-based films were low and comparable. calculate the dielectric constant. The thickness of the native SiO
To estimate the upper limit of C and H content, an RBS mea-(10.5 A) was considered in calculation. Dielectric constant of the
surement for the sample with highest carbon content was conductedilms made at 200, 250, and 320°C was about 16, 18, and 20, re-
spectively(Fig. 13. The thickness dependence of the dielectric con-
stant could not be determined in our experiment.
12000

e Throughput—A recipe with 2.8 s cycle time, where Hf
10000 r, pulse= 500 ms, Hf purge= 1000 ms, Q@ pulse= 300 ms, Q

purge= 1000 ms, was used to deposit blanket films of KHith a

8000 200 mm Si wafer. 70 cycles was needed to deposit 50 AHigsed

on the deposition rate obtained at 320°C and 200 mTorr process

£ S X ;
S 6000 pressure. Considering 60 s overhead time that is needed for trans-
=] . .
o ferring and heating up a wafer, each wafer needs 256 s to be pro-
4000 cessed. Therefore the throughput of thg-ased process was
3600/256= 14 wafers/h.
2000
o
0 [ e ‘ T
0 200 400 600 800 1000
Table Il. Estimated upper limit of atomic percentage.
Channel
T(°C C- H-O C-H,0 H-H,0
Figure 9. RBS spectrum of the HfOfilm deposited on a glassy carbon o % 3 2 2
substrate at 320°C susceptor temperature. The atomic ratio of hafnium to 200 10.00 5.38 0.76 1.09
oxygen in the film given by integration of the area of the oxygen and the 250 5.69 2.28 0.34 0.52

hafnium peaks was Hf:G= 1:2.04. 320 0.74 0.23 0.22 0.44
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Figure 12. SIMS data of the 12-layer Hf$JAI,O; stack, showing higher

Figure 10. The carbon and hydrogen impurities measured by SIMS. At ) ;
carbon content for the 2grown films deposited at lower temperatures.

200°C, the HO-based ALD HfQ films showed much lower impurity level
than the Q-based ALD HfQ films. The difference between the;Oand
H,0-based ALD films became small as the susceptor temperature increased
to 320°C.
appreciably at process temperatures within a few seconds. In this
case, a longer purge time may result in more thermal decomposition
of the precursor and leave more impurities in the film. If the precur-
sor decomposes fast enough on the substrate surface, the reaction
may be no longer self-limiting. A fast increasing deposition rate can
Saturation—Saturation behavior of an ALD reactant depends on be a good indication of this kind of thermal decomposition. The
many factors such as dosage, purge time, purge gas flow rate, angeposition rate shown in Fig. 6a indicates that the exposure condi-
deposition temperature, etc. For example, if two precursor dosagesions used in these experiments do not result in significant thermal
are different, the amount of precursor left in the reactor after thedecomposition of TEMAH below 300°C. However, if exposure
same purge time is not the same, especially for very retention-pronéimes longer than those used in these experiments are used, then
precursors such as,® and NH. Insufficient purge time leaves thermal decomposition may appear at lower temperatures.

more overdosed precursor in the reactor to react with the second
precursor in the gas phase. Gas phase reactions from the remnant, lemperature dependeneeThe temperature dependence of the

reactants lead to CVD components of the film. Shorter purge time/€fractive index showed good consistency with the temperature de-
results in more CVD components in the film. To have true ALD pgndence of the |mpur|ty levels over thg temperature range stqdled.
saturation data for evaluation purposes, the purge time has to bEirst, for the Q-based films, the refractive index of the films in-
sufficiently long to keep the amount of CVD components in the film Créased significantly as the susceptor temperature increased from
Very |0W1 Un|f0rm|ty |S a good |ndlctor Of Whether the purge t|me 200 to 320°C, Wh|Ch was consistent W|th the S|gn|f|cant decrease Of
is sufficient for chemically self-limiting ALD reactions. As the sim- their impurity level. For the KO-based films, the refractive index
plest one-dimensional example, ALD films deposited in a horizontalincreased slightly as the susceptor temperature increased from 200
flow reactor can have thicker leading edge or thicker trailing edgeto 320°C, which was consistent with the minor decrease of their
when the purge time is insufficient. A thicker leading edge may beimpurity level. Second, at a lower susceptor temperatdg°0,
caused by circulation@vhich can trap more precurgaat the input the O;-based films had a much lower refractive index than the
to the reactor. A thicker trailing edge could be related to backH,O-based films, which was consistent with the fact that the
streaming. A longer purge time should improve the thickness unifor-Os-based film had much higher impurity level than theQH4based
mity in both cases. films at 200°C. As the susceptor temperature increased, the differ-
However, longer purge time is not always better. The most sig-ence in refractive index between thes-Based films and the
nificant drawback of a long purge time is that it results in a low
productivity, which is the major barrier for process commercializa-
tion. An additional problem is that some precursors decompose

Discussion
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Figure 13. Dielectric constant of the HfOfilms measured with a mercury
probe. As the susceptor temperature increased from 200 to 320°C, the dielec-
tric constant of the Hf@films increased from 16 to 20.

Figure 11. A 12-layer stack of Hf@ and ALO; films grown at different
conditions. The six layers of AD; films were used as markers.
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Figure 14. A possible HfAA + H,O reaction mechanism. A hydroxylated
surface is necessary to initiate the reaction. A HfAA molecule reacts with
chemisorbed OHs and produces two alkylamine molecules as by-products. |
the second half-reaction, @ removed the other two alkylamine ligands to
form a hydroxylated surface for the next cycle of reaction.

Figure 15. A possible HfAA + O3 reaction mechanism.{nolecules react
With a chemisorbed HfAA and produces two alkylamine radicals as by-
products. In the second half-reaction, HfAA reacts with oxidized surface to
produce another 2 alkylamine radicals.

H,O-based films decreased, which was consistent with the fact thafechanism would be the relatively high C residue in the@action
the difference of impurity level between the-®ased films and the film.

H,O-based films decreased. As the susceptor temperature increased For the Q-based reaction, we speculate that mos(NEEMe)4
to 320°C, the refractive index of the ;thased films and the molecules are cleaved at the Hf-N bonds by. Ohe major "inter-

H,O-based films became very close, which was consistent with th mediate” by-product iSNEtMe. The' indicates that it is not a stable

Lo . . olecule. Th&NEtMe then is oxidized by Qinto final by-products
z:m!ar impurity levels of the @based films and the 4®-based CO,, H,0, CH,O, and NQ/NO, etc. The by-product }O can be
the source of hydroxyls and thus can partially rehydroxylate the

: . . . Qurface. It is also possible that part of the surface is terminated with
consistent with the temperature dependence of the dielectric congt o instead of H-O-H. Because a Hf-O bond has an unpaired

stant data. The implipation of this consjstency is that the i,mpuritieselectron, it may cleave an incoming (WEtMe), molecule at the
incorporated in the films have a negative effect on electrical PrOP-Ht-N bond in the next Hf half-reactiofFig. 15. However, Q is so
erties. The higher the impurity level, the lower the refractive index. eactive that it may also cleave the N-é bo.nds and é-H bonds of

We were not able to distinguish the change of the dielectric constankyq by products or ligands that are still attached to Hf to produce
caused by different impurities such as C, N, or H separately, becausplzoy CO,, N,O/NO, and other by-products. Use of, @oes not

none of them can be singly incorporated into the film without having totally eliminate the presence of,B from the reactor environment

others at the same time. but significantly reduces it.

Possible mechanism of TEMAM#H O3 ALD reaction—A two- Our SIMS data showed that the C content was higher than the H
step mechanism for the ALD reactforof hafnium alkylamide  contentin the @-based ALD HfQ films. This suggests that H has
(HfAA) and HO is as follows: HfAA first reacts with a hydroxy- been remc_>ved from C-H bond of either by-products or the Ilgands
lated surface to eliminate two alkylamine ligands; theyOHeacts ~ that are still attached to the Hf to producg®or OH. The species
with chemisorbed HFAA to remove the other two alkylamine ligands With their H atoms removed may have more than one unpaired elec-
and regenerates a new hydroxylated surféig. 14). The Hf-N tron so that they can bind strongly on the surfgc_e and cannot be
bonds in the HFAA molecule are selectively cleaved bycHmol- easHy removed from the surfape or be further oxidized Ry 1[11!5
ecules. The by-product of this reaction is ethylmethyl amine €XPlains why the C content is higher than the H content in the
(HNEtMe). Based on this mechanism, the impurity of the film Os-based films. As the_ t_jeposmo_n te_mperature |ncreas_es,_the kinetic
should mostly be due to the unremoved NEtMe ligands or by-€N€ray of the C-containing species is closer to the activation energy

product HNEtMe molecules that were trapped in the film. The ratio ©f desorption or the activation energy of oxidation by,Qvhich
of the impurities should be N:C:H 1:3:8 for incompletely re- means more C-containing species can be removed from the surface

acted HFNEtMe) or N:C:H = 1:3:9 for atrapped by-product ©F Pe oxidized by Q. Because a 5D molecule or a Hf-OH can

HNEtMe. In both cases, the H content is higher than the C content{?’hnly cleave aHHf-N bor:jd,cthe [[‘najpr by-prc_)ductth 'St HNEgMg, an(t'jh
The saturation characteristics of the half-reactions for the oxi--c'c aré no ri-remove -containing species that can bind on the

dants are nominally the same within our experimental determinatiorpUface strongly. This is why the C content in thg-liased films is
for O3 and for HO. The half-reactions for the TEMAH are also higher than that of the }0-based films.

similar, but with the @-based TEMAH half-reaction being some- Comparison to HO.—The advantage of {based ALD pro-
what less ideally saturating. Thus the final reaction state for thecesses is that the Opurge time is much shorter than,® purge
saturating reactions for both;Cand HO are indicative of self-  time, which suggests that® generated in @based processes is
limiting behavior. However, the saturating characteristics do notmych less than 5O that is delivered into the reactor in,8-based
necessarily give insight to the reaction pathways. rocesses. To have better step coverage, a lower deposition tempera-
RGA data shows that there are a Complex set of by-pl‘OdUCtS (0) ure is desired. However7 at lower temperanﬁf‘g, ZOOOC, the im-
the Q; reaction. There are strong signals with intensity ordering atpurity levels of the G-based HfQ films are much higher than that
amu= 44, 18, 29, and 30, suggesting that £@ N,O (44), H,O of the H,0-based ALD HfQ films. If the impurity levels are proved
(18), and CHO (29,30 are major products. The signals at amu 58 to have unacceptable negative effect on film properties, another way
and 59 are negligible, suggesting that HNEtMe is not a final prod-to improve the electrical properties of;®ased films has to be
uct. Because both NO and N@ave strong signals at 3dut not at ~ found. The trade-off of good conformality against higher residual C
29), we cannot eliminate NO or NQas possible final products. The at lower deposition temperatures remains a challenge for the
final information that would be important in considering a reaction TEMAH/O5; chemistry. The reduction of C using combinations of
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05 and K0 or the use of plasmaexposures for leaching C impu-
rities may be pathways, but this is beyond the scope of this work.

Conclusions

ALD HfO, thin films deposited from TEMAH and are sto-
ichiometric. A gradual saturation was observed for the TEMAH
half-reaction. However, the {or H,O half-reactions showed a good
saturation behavior within the range of the exposure times that stud-l
ied, suggesting that Qand HO are good ALD reactants with 2
TEMAH. The film thickness increased linearly as the number of 3.
cycles increased. A WIWNU of less than 1% was achieved. The
lowest deposition rate and the highest refractive index was observed,
at 320°C susceptor temperature. Evidence of TEMAH thermal de-
composition was observed at and above 370°C. A nominal 100% 5.
step coverage was achieved for trenches with aspect ratigiofl.

The carbon and hydrogen content decreased as the susceptor tent:
perature increased from 200 to 320°C by an order of magnitude for 7.
the O;-based ALD films. The difference in the impurity levels be-
tween the @made films and the }0-made films decreased as the
susceptor temperature increased and became trivial at 320°C. Hencgy,
TEMAH + O3 may be used while making consideration of various
trade-offs. Throughput of 14 wafers per hour was achieved on planat*-
wafers using @ at 320°C. Our results show that TEMAH O4

ALD is promising for mass production. 12.
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