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We have investigated the Auger depth profiling analysis of HfO2/Si by the glancing-angle ion beam sputtering method
at an incident angle of 7 degree from the sample surface with argon ion beam. The depth resolutions of the O KLL
interface profiles were 0.9 nm and 1.5 nm, at the ion-beam acceleration voltage of 2.0 kV and 3.0 kV respectively, which
were better than the depth resolutions at a commonly-used incident angle of 51 degree. However, the ion-beam-induced
reduction of HfO2 was not suppressed by the glancing-angle ion beam sputtering at the ion acceleration voltage of 0.5 kV,
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which is expected to be the lowest damage sputtering condition in this study. The reduction of HfO2 due to preferential
sputtering of oxygen was observed by the intensity ratio of O KLL and Hf NVV depth profiles. It was found that the
ratio of preferential sputtering depends on the ion incidence angle and the ion acceleration voltage. Under the
glancing-angle condition, the ratio of preferential sputtering greatly depended on the ion accelerating voltage, and it was
found that the lower the ion acceleration voltage is, the easier it is for O to be sputtered than Hf. On the other hand,
under the commonly-used incident angle conditions, the ratio of preferential sputtering did not depend much on the ion
acceleration voltage. The dependency of the ratio of preferential sputtering on the ion incidence angle can be explained
by the difference in sputtering models depending on the ion incidence angle. It was found that the O KLL depth profiles
showed partial recovery of the oxygen intensity near the interface of HfO2/Si, which can be related to oxygen generated
by the ion-beam-induced decomposition of the diffusion layer at the interface. In addition, the glancing-angle ion beam
enables the reduction of the effect of recoil implantation of Hf atoms into the Si substrate..
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Fig. 1. Overview of the 85° high-angle inclined specimen holder.
(a) Front view and (b) Side view.
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Fig. 2. Photographs of the 85° inclined specimen holder set on the stage at different azimuthal angles.
(a) The holder faces to the CHA side and (b) The holder is rotated by 35° from the CHA side.
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Fig. 3. TEM images of the interface between HfO2:6nm thin film and Si substrate.
(a) Aregion observed about 22 nm square and (b) Enlarged o region of (a).
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Fig. 4. AR-XPS spectra of Si 2p of surface of the HfO2 : 3 nm thin film/Si substrate.
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Fig. 5. AES depth profile of the HfO2:55 nm/Si substrate

using the ultra low angle incident beam method with the argon
ion energy of 0.5 keV.
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Fig. 6. 1st AES depth profile of the HfO2:55 nm/Si substrate
using the ultra low angle incident beam method with the argon
ion energy of 2.0 keV.
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Fig. 7. 2nd AES depth profile of the HfO2:55 nm/Si substrate
using the ultra low angle incident beam method with the argon
ion energy of 2.0 keV.
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Fig. 8. AES depth profile of the HfO2:55 nm/Si substrate
using the ultra low angle incident beam method with the argon
ion energy of 3.0 keV.
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Fig. 9. AES depth profile of the HfO2:55 nm/Si substrate
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Fig. 12. AES depth profile of the HfO2:55 nm/Si substrate
using the conventional method with the argon ion energy of
3.0 keV.
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Table 1. Depth resolution of the O KLL interface profiles

Depth resolution

Method lon energy (kV) (nm)
0.5 2.2
Conventional 1.0 27
method 20 35
3.0 4.6
Ultra low angle 2.0 (Fig.6) 0.9
incident 2.0 (Fig.7) 15
beam method 3.0 15

Fig. 13 [T B A S B — B EEIC L 0 A A 2k

HEEO0S5KY THINVW T 7 A7 a7 7 A L ZHIE L
T-WE D E (0min) 725 147 min A%y X% £ T
D HFNVV 27 hMrZzER Ty hLIEH DT
H5. Fig. 13 29 & 91, &Fm (0min) @A~
7 MVITRI 168 eV & 158 eV I B — 7 A FED. F L
T, 12 min ANy ZHED AT R X 0 min O A~
7 MVER L= X —fEICRE SN TEY, %
DY — 7 MEILEL 2> TWD. 27 min A3y X%
IZOWTIE, 169eV & 1596V, 42 min A /%y Z 1%
170 eV IZFNEFNE—T7 7 ML TWAH. FRLL
BEDEE T, HfF NV 27 LD E—7 3 178
eV & 170 eV IR STV S, LLEDZ Enb,
ARPHZB W TR b AN R Ay ZEMEEE X
5 AL D AR A E A B — DED A A I EE 0.5
kV T, T3 A4 BEHIC kb HIO, DiE L%
il cE 20N EnbonoTz.

340KLL & HINVW OF 7270 7 7 A VDIEE
iz oW T

31 BLW32 THRARZ L 9HIZ, OKLL & HFNVV
DT T AT a7 7 A )VOIRE W IXEE L TIEA 4
IEEEAEFETIRE—ETH Y, MM AS
B — DRI BT DR EIE A A I E IR IE L
T, AFVIMEBEMEVIEE Hf LV & O 28 AR
VA ENRT NI ERboTs. ZHIZHONT, A
Wy B AF 2 AHWA, A4 IEERE, A4
VHEBLOANRNy X INDH X —5y MR (Hf,0)
DOBRINDELERT 5.

Fig. 14 1%, 81 A4 ZEEEmICRS L72BEED A
I AN & ARy RO BIR A A AIC R LTz
KTH5. WS ZENY —47 > b2
AF L ERE LD ARy 2 U 7BST, RO

EORIFILELELET VTP SN 5H[13-15]. EH,

ANy 2 U TBGIE, AEFA A NREIN D 2 —
7y MR- ESEIRIOEEE VIR L, AHA 4

Intensity (arb. units)

147 min A

150 160 170 180 190

Energy (eV)
Fig. 13. Raw data of the Hf NVV depth profile of the HfO2:55
nm/Si substrate using the ultra low angle incident beam
method with the argon ion energy of 0.5 keV.
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Fig. 14. Schematic diagram of angular dependence of sputtering yield with an incident light ion.
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Fig. 15. (a)Raw data near the surface of the Hf NVV depth profile of the HfO2:55 nm/Si substrate using the ultra low angle incident
beam method with the argon ion energy of 3.0 keV. (b) Raw data near the interface of the Hf NVV depth profile of the HfO2:55
nm/Si substrate using the ultra low angle incident beam method with the argon ion energy of 3.0 keV.
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Fig. 16. Raw data near the interface of the Hf NVV depth
profile of the HfO2:55 nm/Si substrate using the conventional
method with the argon ion energy of 0.5 keV.
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