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Charge accumulation of non-equilibrium holes induced by X-ray irradiation is studied in silicon
oxide layers of MIS structures. Thermal silicon dioxides obtained by oxidation in dry oxygen using
chlorine technique as well as an anodic silicon dioxide are used as gate dielectrics. In all cases accu-
mulation of approximately the same number of positively charged centers occurred after an X-ray
exposure. Activation energy of isothermal annealing process is estimated as (0.2 to 0.5) eV.

Hccnenopano HAKOILIEHNE B OKUCHHIX ¢lIoAX MOII-CTPYKTYD Ha KPpeMHHUM 3apAla Hepas-
HOBECHLIX ABIPOK, BOSHUKHUINX TIOX BIANAHWEM PEHTTeHOBCKOTO H3iyueHHMs. B KauecTme
TIO3aTBOPHOTO JUAJIEKTPHUKA MCIOJB30BANIACh TEPMUYECKAA NBYOKNCH KPEeMHHA, HOIY-
yeHHas OKHCJIEHHEM B CYXOM KHCIODOAe M ¢ MCIOJb30BAHHEM XJIOPHON TeXHOJOruH,
a Tax)Ke METONAMM AHOIHOTO OKHCIeHHA. Bo Becex ciyuaax mocie o0IyueHNd B OKHCIAX
HaGIIONAJOCh HAKOINIEHNE NPUMEPHO OTMHAKOTO KOJMYeCTBa NOJIOMHTEIBHO 3apsKeH-
HBIX HeHTPOB. Beluuuna 3HEPrMM AKTHBANNA NPH H30TEPMUYECKOM OTKHNIe COCTABIANA
(0,2 no 0,5) eV.

1. Introduction

The use of X-ray lithography and electron beam covering deposition methods in
planar technology of semiconductor device manufacturing promotes the interest in
studying changes in the electro-physical properties of insulator and semiconductor—
insulator interface in MIS structures due to X-ray irradiation. Space charge accumu-
lation and annealing in the dielectric and in surface states at the semiconductor—
dielectric interface are of particular interest.

Charge accumulation induced by X-ray irradiation in thermal SiO, formed by
oxidation in dry oxygen has been discussed in [1 to 6]. The effect of ionizing radiation
on an anodically grown silicon dioxide has not been considered. It has been shown [7]
that a high concentration of electron trapsis observed in anodic silicon oxides. It isalso
known [5] that MIS structures with an Al,O, gate dielectric showing high density of elec-
tronand hole traps exhibit high stability against irradiation. One can expect that anodic
8i0,, by analogy with aluminium oxides, would be more stable to irradiation effects.
At the same time, according to the model of radiation-induced surface state genera-
tion [8], the presence of a great number of hydroxyl groups in anodic oxides as com-
pared with thermally grown oxides should cause an increasing surface state density
at the semiconductor—dielectric interface. The use of the chlorine technique for the
thermal oxidation of silicon also changes the electro-physical properties of a silicon
dioxide [9]. Thus, it seems to be interesting to compare the accumulation and dis-
eharging of the radiation-induced charge in silicon oxides which have the same struc-
ture but were formed by different techniques.

1) Prospekt Lenina 33, 185018 Petrozavodsk, USSR.
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2. Experimental

The kinetics of radiation-induced charge accumulation and annealing in the oxide
layer and in surface states at the silicon—silicon dioxide interface in MIS structures
has been studied in this work. Silicon dioxides produced by thermal oxidation at
1000 °C in dry oxygen and at 1150 °C in dry oxygen with HC] admixture and by anodic
(galvanostatic followed by potentiostatic) oxidation in 0.04 N solution of KNO; in
ethylenglycole were used as gate dielectrics in a MIS structure with an area 5 X
X 10-3 cm?. The gate dielectric thickness varied from 400 to 1200 A. The irradiation
was performed using an X-ray apparatus “Dron-2” with Cu anode; the mean energy
of the non-monochromatized beam was equal to 10 keV. The absorbed dose was cal-
culated according to [10] and was found to be 3.3 x 107 rd for ¢ = 1 min at exposure
to 1.25 x 10® R. The exposure dose was measured by a dosimeter “DRGZ-02".

The technique used in this study was a high-frequency capacitance—voltage (C-U)
technique. Since the charge accumulated in the dielectric during X-ray exposure
discharged significantly at room temperature, C-U characteristic measurements were
performed 5 to 10 min after X-ray exposure.

3. Results and Discussion

The flat-band voltage of initial MIS structures was Ugp = (1 to 2) V, the density of
surface states Ny = (1 to 3) X 10 cm—2eV~1. The C-U chracteristics contained no
hysteresis. After X-ray exposure the hysteresis was observed in the C-U curves for
MIS structures with a ““dry’’ thermal oxide and its magnitude increased with exposure
dose approaching 1 V at an absorbed dose D = 108 rd. Simultaneously an increase of
the surface state density N, was observed. In structures containing HCl oxides the
quantity Ng also increased to Ny = 1012 cecm=2 eV~L. In the case of MIS structures
with anodic oxide the hysteresis did not appear on the C-U curves and the surface
state density did not increase in these structures. The character of the dose dependence
of the radiation-induced change of the flat-band voltage shift AUpp was the same in
structures with anodic and thermal oxides and corresponded to positive space charge
accumulation in the dielectric.
Fig.1 shows the X-ray dose dependence for the C-U characteristics of a MIS
structure with anodicsilicon oxide as an example. One can see that the C-U character-
istics shift to the negative voltage region dur-
ing X-ray exposure corresponding to positive
[ 120

charge accumulation in the dielectric. At the
same time the slope of the C-U curves re-
mains constant for MIS structures with anodic
silicon oxide. In MIS structures with thermal
and chlorine oxides the slope of the C-U
characteristics increased due to the increase in
surface state density at the interface.
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Fig. 1. C-U characteristic changes vs. X-ray exposure
time ¢ for a MIS structure with anodic oxide SiO,
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Fig. 2. Flat-band voltage change AUyp as a function
12|~ of the exposure time for a MIS structure. The exposure
| dose rate N = 2 X 10°R/s.[J thermal oxide, dox =
= 1000 A¢0 anodic oxide, dox= 1000 A
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Fig. 2 demonstrates the flat-band voltage change with irradiation time ¢ for struc-
tures with anodic and thermal oxides. The maximum radiation-induced change AUxp
for structures with 1000 A oxide was determined to be (8 to 10) V corresponding to
positive charge accumulation both for anodic and thermal silicon oxides. It can be
seen from Fig. 2 that saturation of the radiation-induced change of the flat-band
voltage AUgg occursin ¢ ~ 30 min which corresponds to an absorbed dose D ~ 10°rd.
A similar dependence has been observed for all gate dielectric thicknesses. The maxi-
mum change of the flat-band voltage AUygp depended on the gate dielectric thickness.
This dependence is illustrated in Fig. 3. The absorbed dose was about 10° rd. It can be
seen that the relation between AUrg and the oxide thickness is described by a linear
law AUgp ~ d,x for both types of oxides indicating accumulation of a constant in the
oxide during X-ray exposure of structures with different oxide thicknesses.

Discharging of the accumulated charge in the dielectric and in surface states was
observed at zero gate voltage in a temperature range 7' = (100 to 200 °C). The kine-
tics of the C-U characteristic changes at 100 °C is shown in Fig. 4 for MIS structures
with thermal oxide, As the time of low-temperature annealing increases the decrease
of the amount of charge in the oxide, the surface state density, and the hysteresis
magnitude on C-U curves is apparent. Annealing at 7' = 200 °C for 30 min results in
returning of the C-U characteristics of the MIS structure to the original state.

Isothermal annealing curves of the flat-band voltage change AUyg, as a function
of time ¢ at constant temperature are plotted in Fig. 5. Discharging of the trapped
charge causes changesin flat-band voltage AUgp with time ¢ following the power law
AUgp ~ t*, where ““n” increases with the growth of dyx and varies from 0.2 for the
anodic oxide at 7' = 100 °C to 1.5 for the thermal oxide at 7' = 100 °C. It follows
from Fig. 5 that the discharging of the accumulated charge is slower in the anodic
oxide than in the thermal one. The radiation-induced charge discharging in MIS
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- Fig. 8. The dependence of the radiation-induced flat-band vol-
tage change AUyg on the oxide thickness dox. The absorbed
7 dose was about 10? rd. O thermal oxide; O anodic oxide
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Fig. 4. C-U characteristic change during isothermal annealing of the MIS structures with a thermal
oxide 8i0,, dox = 600 A, 7 = 100 °C

Fig. 5. Flat-band voltage change dependence on isothermal annealing time for MIS structures
with the oxide thickness dox = 1000 A at various temperatures. O anodic oxide; O] thermal oxide

structures with the chlorine oxide was still slower. The calculations of activation
energy for the isothermal annealing process according to [11] indicated that the
activation energy E, = (0.4 to 0.5) eV for anodic and HCI oxides and E, = (0.2 to
0.15) eV for SiO, thermally grown in dry oxygen. As a result of such a difference
between the activation energies the isothermal annealing curve at 7' = 210 °C for
MIS structures with the anodic oxide practically coincided with that for MIS struc-
tures with thermal oxide at 7' = 100 °C. The effective amount of the trapped positive
charge in the dielectric calculated from the maximum change of the flat-band voltage
AUrg~ 10V was estimated as AN, &~ 2 X 1012 cm~2 for MIS structures with the
anodic oxide and dry and ‘“‘chlorine’’ thermal oxides.

It should be noted that electron traps which were observed in anodic silicon oxides
[7] exhibited no radiation-induced charge in both accumulation and discharging
kinetics. It is typical that on exposure to ionizing radiation the anodic oxides SiO,
did not show an increase of the surface state density Ng. This is in contrast with the
models [5, 8] where such an increase did take place and was explained due to the
pressure of hydroxyl groups.

4. Conclusions

Studies of radiation-induced charge accumulation in the dielectric of MIS structures
showed that positive charge is accumulated in thermal (dry and chlorine) and anodic
silicon oxides. Radiation-induced charge anneals well at elevated temperatures. The
activation energy is of the order (0.2 to 0.5) eV.

Acknowledgements

The authors express their thanks to E. G. Kucherova and A. F. Akulov for valuable
assistance in performing this work.



Accumulation and Discharging of the Hole Charge in Oxide Layers of MIS 111

References

[1] A.S. GrovE and E. H. Snow, Proc. IEEE 54, 894 (1966).
[2] J. M. ArrkEN and D. R. Youne, J. appl. Phys. 47, 1196 (1976).
[3] D. J. DIMaRia, Z. A. WEINBERG, and J. M. A1TrEN, J. appl. Phys. 48, 898 (1977).
[4] E. Koor, Philips Res. Rep. 20, 306 (1965).
[5] V. A. GurTtov, Influence of Ionising Radiation on MIS devices, Reviews on Electronic Tech-
nics, Ser. 2 (Semiconductor Devices), No. 14, Moscow 1978 (p. 595) (in Russian).
[6] A. G. RevEsz, IEEE Trans. Nuclear Sci. 24, 2102 (1977).
[7] G. A. BueNiva, L. V. DEGTYARENKO, and 8. N. Kvznersov, Microelectronica 2, 563 (1973).
[8] V. A. Grmr, S.I.KorwyusHIN, and L. G.SHEGOLEVA, Proc. Internat. Conf. Radiation
Physics of Semiconductors and Related Materials, Thilisi 1980 (p. 854) (in Russian).
[9] C. R. ViIsSWANATHAN and J. MASERJIAN, IEEE Trans. Nuclear Sci. 23, 1540 (1976).
[10] M. A. BLoxHIN, Physics of X-Rays, Moscow 1973 (in Russian).
[11] V. M. ErmMov, Thin Insulating Films and MIS Structures, Academy of Sciences of the USSR,
Siberian Branch, Novosibirsk 1978 (p. 36) (in Russian).

( Received November 15, 1982)





