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ELUIPSOMETRY AND ATOMIC FORCE MICROSCOPY

0. Liu, J.F. Wall and EA Irene

Department of Chemisay

University of North Carolina at Chapel Hill

Chapel HilL N. C. 27599-3290

Abstract

The dependence of the Si/SiO2 interface characteristics on the thickness and oxidation

temperature for SiO 2 films grown on different Si orientations was studied by spectroscopic

immersion ellipsometry (SIE) and atomic force microscopy (AFM). Essentially, SIE uses

liquids that match to the refractive index of the films, thereby optically removing the films

and consequently increasing the sensitivity to the interface. We show that as the thickness

of the thermally grown SiO 2 overlayer increases, the thickness of the suboxide layer at the

interface also increases, and the average radius of the crystalline silicon protrusions

(roughness) at the interface decreases for the three different Si orientations (100), (110) and

(111), and two different oxidation temperatures (8060C and 1000PC) studied. The

dependence of the interface roughness on the thickness of the SiO2 overlayer was confirmed

by AFM. The results include unintentionally and intentionally roughened Si samples and are

shown to be consistent with the commonly accepted Si oxidation model.
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I. Introduction

As semiconductor devices are scaled to submicron dimensions in ULSI circuits, ultra-thin

SiO 2 films less than 10 nm thick are required. In this oxide thickness regime, the interface

is a substantial fraction of the device. It is crucial to control the atomic scale structure of

the Si/SiO 2 interface, because for example for tunneling even a small degree of interfacial

microroughness or nonuniformity can significantly alter device performance. Much work has

been done to investigate the Si/SiO 2 interface by different techniques, such as transmission

electron microscopy (TEM)1.2, low-energy electron diffraction (LEED)3, ellipsometry", etc.,

but many details about the interface remain unclear. In the present research, the interface

is studied by a novel interface sensitive technique, spectroscopic immersion

eliipsometry9'1 0,11' 12 (SIE). Atomic force microscope (AFM) is also used to provide an

independent assessment of roughness.

There are several different ways to study the interface region between film and substrate.

One way is by using spectroscopic ellipsometry in air or vacuum ambients, as shown in Fig.

la. The disadvantage of this method is that an accurate characterization of the ultra-thin

interfacial transition layer is complicated by the inability to discriminate the optical

contributions of the relatively thick overlayer and the thin transition layer by the measured 0
0ellipsometric parameters. Alternatively, one can remove the overlayer physically or

chemically and then probe the interface, as shown in Fig. lb. However, this method could
Availability 4.o

1 ant8 or
:Diat jSpia~l.1
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alter the interface region. Addressing these shortcomings, we have developed the SIE

technique, which uses a transparent liquid ambient that refractive index matches to the film

thereby eliminating the optical response of the overlayer, as shown in Fig. 1c. Hence, this

technique "optically" removes the overlayer and thus enhances the sensitivity to the interface

properties. We have shown that the sensitivity is increased more than tenfold using the

liquid ambient.9

In our previous research, we investigated the evolution of the SiISiO 2 interface as a

function of high temperature annealing (750-10000C) by SIE10 and used the interface model

shown in Fig. 2, which is also applicable to this study. Essentially, an interface layer of

thickness Linf is covered with a pure SiO 2 overlayer of thickness Lov and with SiO 2 optical

properties. The interface layer is composed of Si protrusions of radius R, separated by a

distance D, and covered with a suboxide, SiOx, of thickness LS1O so that Linf = R + LsiO.

The modeled data in terms of LW shows a shrinkage of the interface with annealing.

Distinct modes of behavior were observed for the evolution of the interface. For short

annealing times a rapid change in the interface is observed that correlates with the

disappearance of protrusions R, followed by a slower change that correlates with the

disappearance of the suboxide, LsiO. At high annealing temperatures we believe that

viscous relaxation dominates, while at low annealing temperatures LS|O reduction is

apparent. These interface changes were studied using about the same thickness, 17 nm, of

thermally grown SiO 2 film at 800°C in dry 02.

In the present work, we further investigate the interface changes associated with

different Si orientations and for different SiO 2 thicknesses. Also, to verify our model and
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the observation that R is changing, we purposely roughened the Si surface and used SIE and

AFM, to assess roughness changes.

H. Experimental procedures and data analysis

Single crystal (100), (110), and (111) oriented 2 n cm p-type silicon wafers were cleaned

using a slightly modified RCA procedure 14 and thermally oxidized at 80&0C and 1000°C in

a fused silica furnace tube in clean dry oxygen to grow SiO 2 thicknesses from about 5 nm

to 100 nm. A commercially available vertical ellipsometer bench was modified to become

a rotating analyzer spectroscopic ellipsometer. 15 A special fused silica immersion cell has

been designed for the SIE measurements.1 The key feature of the cell is that its windows

are fixed at normal to the incident light in order to prevent a change in beam direction when

the light enters the liquid medium. Generally, it is difficult to achieve a perfect refractive

index match between the liquid ambient and the SiO2 overlayer over a broad spectral range.

Therefore, small deviations are accounted for in the analysis. Carbon tetrachloride (CC14)

is a suitable immersion liquid for index matching to SiO 2 films with details previously

discussed.9 10,11,12

As mentioned above, our working model for the interface between crystalline Si

substrate and amorphous SiO 2 film is shown in Fig. 2. The transition region has a structure

with two major components: the "physical" interface and the "chemical" interface. The

"physical" interface is represented by microroughness or protrusions of Si into the oxide.

The "chemical" interface consists of a suboxide, SiOx, with 0<x<2. We describe the
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crystalline silicon protrusions as hemispheres with an average radius R, which form a

hexagonal network with an average distance D between centers. The protrusions and the

region between them are covered by a layer of suboxide assumed to be SiO (i.e. x= 1) with

an average thickness L.Sio, and an effective interface thickness Li. The Bruggeman

effective medium approximation (BEMA) was used to calculate the effective dielectric

function of the interface.16 Ellipsometry is an optical technique used for the characterization

of a bare or film covered surface and is based on exploiting the polarization transformation

that occurs as a beam of polarized light is reflected from or transmitted through the

interface or film.13 The measured wavelength (1) dependent ellipsometric quantity, p (1),

at the incident angle 0 is called the complex reflectance ratio and defined as:

p ().) = (tan*) eIA (1)

where tans' is the ratio of the amplitude attenuation, A is the total phase shift. The incident

angle in our experiment is 720 and the wavelength range is from 330 to 550 nm. In order

to obtain unknown interface parameters, we used a Marquardt nonlinear best fit algorithm

which minimizes the value of the error function:

j _- Ep, P) -OT 2,(2)

where P is a vector of unknown interface parameters, Ej is the photon energy, oi is the angle
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of incidence, and the superscripts cal and exp refer to calculated and experimentally derived

values. Acal and Tcal are the values obtained using the vector P from expanded Fresnel

formulas.

Using a commercially available AFM, rms roughness values were determined for the

different samples. Because the rough values are influenced by tip, scan size and even scan

condition, most of the parameters were kept the same from sample to sample. All tips were

checked on standards for x, y, and z calibration prior to imaging. Prior to measurement, all

samples were cleaned using a modified RCA procedure, then some samples were purposely

roughened by chemical etching using the following solution: HNO 3 : HF : CH3COOH

(30:20:40) for 10 and 15 s at room temperature with ultrasonic vibration. The etched

samples were first measured by AFM and then thermally oxidized for different times to grow

different thicknesses of the SiO 2 overlayer. After SIE measurement, the samples were HF

dipped for 10 seconds and were again measured by AFM. We have studied the effect of

HF removal of SiO 2 and found that even up to 1 min. in 48% HF the morphological

changes in the Si surface were not noticeable by AFM17. Thus we believe that the 10 s HF

dip will not measurably affect the interface roughness. After etching Si for 10 s and 15 s,

a root mean square (rms) roughness of about 3 nm and 6 nm, respectively, is measured.

While this induced roughness is greater by more the 3x than that which we see in AFM or

STE on unetched Si, we believe that this level of roughness is small enough to be relevant,

but large enough to be unambiguously measured, while the unetched rough features are at

the limit of our AFM measurement.
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IM. Results and discussion

Figs. 3 and 4 show the changes of the model parameters, LsiO and R, with oxide

thickness and Si orientation for the unetched commercially obtained highly polished Si

wafers. Within the experimental and analytical uncertainties, we observe no Si orientation

effect, i.e. the three major orientations show the same qualitative and quantitative behavior.

It is seen that Lsio increases and R decreases with increasing oxide film thickness, I.,

which is the extent of oxidation. The interface region, L, increases with Lov owing to the

fact that LsiO is typically larger than R for Lov > 50 nm. The systematic decrease in R and

increase in LsiO with increasing SiO 2 film thickness appear real. However, attempts to use

AFM to confirm changes in R proved futile, because the level of roughness and the changes

seen by SEE are below the error and noise limits of our AFM. Therefore, we also examined

the purposely etched Si where the level of roughness can be unambiguously measured by

AFM. Table I shows the root mean square (rms) roughness results from AFM along with

the results of the interface roughness from STE. AFM was performed at three positions on

each sample with an initial rms roughness of about 3.5 nm for the 10 s etch and with an

initial rms roughness of about 6.5 nm for the 15 s etching. These samples were both

oxidized for 4.5 hr (short time) and 12.0 hr (long time) at 800°C and AFM was performed

after HF etch. In both cases, the roughness decreased. AFM and SEE show parallel

deceases in roughness after oxidation, giving credence to the ability of the SEE measurement

and modeling to follow the changes at the interface. The rms values from AFM and the STE

values are different with the STE values yielding the larger radius for P. The rms value



pS

should be about 1/2 the peak to valley height of protrusions. The after oxidation AFM and

SIE measurements give this order and considering that the measurements are fundamentally

different, with AFM being a local measurement and ellipsometry averages the optical

response of a relatively huge area, the agreement is gratifying. The changes in the Si

surface topology upon oxidation as observed by AFM, are shown in Fig. 5. From prior to

oxidation (Fig. 5a) to short (4.5 h) and long (12.0 h) oxidation (Fig. 5b and Fig. 5c), a

decrease in both height and shape of the Si protrusions is observed. Interface studies were

also performed on samples grown at different oxidation temperatures but to similar

thickness. These samples were etched by the same solution as above for 11 sec. The results

from AFM and SIE in Table II are again in reasonable concordance and show that they

have similar interface roughness.

The SIE and AFM results are consistent with the well accepted linear-parabolic (LP)

Si oxidation model18 which yields an accurate representation of the growth of SiO 2 on Si

over a wide range of oxide thickness, temperature and oxidant partial pressures. 19

According to the LP model, the relationship between film thickness, L, and oxidation time,

t, is:

to=(L -LO) (L2-LO (3
t-tO ___+ (3)k, k,

where the linear, kl, and parabolic, kp, rate constants are given as:

Clk 2DC1k, k (4)
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where n= 2.3xlO22 cm"3 , k is the reaction rate constant, D the oxidant diffusion coefficient,

the subscript 0 denotes the initial values, and C1 is the concentration of oxidant at the Si

surface.

For long oxidation times, equation (3) reduces to: t a L2/kp1). This is termed the

parabolic growth law and implies that oxide growth is diffusion controlled. In other words,

as the oxide layer thickens, the oxidizing species must diffuse a longer distance to the SiiSiO2

interface and as oxidation continues the concentration of oxygen drops at the interface. The

reaction thus becomes limited by the rate at which the oxidizing species diffuse through the

oxide. It was shown that at elevated temperatures and with an oxygen deficiency, SiO2

decomposition takes place:

SiO2 + Si - 2SiO

(5)

The oxide decomposition reaction is initiated at active defect sites already present at

the Si/SiO 2 interface.20 Based on the Young-Laplace relationship21, which teaches that the

thermodynamic activity is higher for regions of smaller radius of curvature, the Si protrusions

in our model may be considered as defects that could initiate the SiO 2 decomposition. Our

results show that with the thickening of the SiO 2, the thickness of SiO layer, LsiO, at the

interface increases. That the average radius of the crystalline protrusions, R, decreases can

also be explained using the linear - parabolic model. In the early stage of oxidation the

kinetics are under interface control and the sharp protrusions would oxidize fastest, thereby
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smoothing the surface. In the diffusion region the Si surface is less important and the

change in R should be less. Fig.4 shows that after 30 nm the change in R levels.

IV. Conclusion

Using SIE we found that increased thermal oxidation reduced interface roughness and

increased the suboxide layer thickness. These results were confirmed by AFM on purposely

roughened Si surfaces. No differences were seen for the three major Si orientations or at

oxidation temperatures of 8000C and 1000°C in dry 02. The results are concordant with the

commonly accepted linear - parabolic oxidation model.
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Captions

Fig. I Methods to analyze an interface: a) optically with overlayer in place; b) remove

overlayer; and c) immersion, where overlayer is optically removed (after ref. 10).

Fig. 2 Interface model (after ref. 10).

Fig. 3 SEE modeled data in terms of the relationship between the thickness of the w- er SiO,

Lsio, and the thickness of the SiO 2 overlayer, Lo.

Fig. 4 SIE modeled data in terms of the relationship between the roughness, R, at the

interface and the thickness of the SiO 2 overlayer, L(.

Fig. 5 AFM images for samples etched for a) 10 s and before oxidation; b) for 10 s,

oxidized at 8000C for 4.5 hr, and c) for 10 sec., oxidized at 800°C for 12 hr.
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Table I. Comparison of AFM and SIE results after oxidation

Etching Oxidation Interface roughness from Interface roughness from

time(sec) time (hr) AFM-rms (nm) STE (nm)

Initial After oxidation After oxidation

10 4.5 3.45 ± 0.44 2.20 ± 0.23 7.0

10 12.0 3.45 ± 0.44 1.69 ± 0.11 5.8

15 4.5 6.53 ± 0.30 6.27 + 0.30 8.8

15 12.0 6.53 ± 0.30 4.64 ± 0.49 7.2

short ox. : 4.5 hr., dry oxidation at 8000C, Lj, = 38 nm

long ox. : 12 hr., dry oxidation at 8000CL, 14 = 70 nm


