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X-ray reflectivity has been utilized in a study of the SiO,/Si interfacial structure for dry 
oxides grown at room temperature on highly ordered Si(OO1) surfaces. Scattering near ( f 1 IO) 
demonstrates the Si lattice termination of the wafers studied is characterized by a highly 
ordered array of terraces separated by monoatomic steps. Specular reflectivity data indicate the 
“native” dry oxide thickness is approximately 5 A with a 1-h; vacuum interface width. 
Residual laminar order in the oxide eiectron density along the oxide/Si interfacial normal 
decays exponentially from the oxide/Si interface with a -2.7-A decay length. 

Widespread interest in the structure of the 
SiOZ/Si(OOl ) interface stems both from the crucial role 
this interface plays in electronic device performance and 
from the fundamental importance of understanding the 
chemistry and physics of semiconductor oxidation. Despite 
extensive and sustained experimental effort, characteriza- 
tion of the SiO#i interfacial structure remains incom- 
plete. It is well established that oxides grown on Si(OO1) 
are structurally amorphous, stoichiometric SiOZ to within 
- 7 A of the SiO,/Si interface; however, definitive charac- 
terization of the structural evolution from Si crystalline 
order to amorphous SiO, is lacking. Recently, grazing in- 
cidence x-ray scattering,14 reflection-high-energy-electron 
diffraction (RHEED ) ’ and high-resolution transmission 
electron microscopy5-7 have been utilized to study the 
SiO,/Si (001) interfacial structure. Each of these studies 
has focused primarily on order in the plane of the interface 
and the decay of this in-plane order away from the inter- 
face. The existence of the truncated Si lattice, however, can 
induce laminar order in the oxide along the interfacial nor- 
mal even in the absence of in-plane order. Since the extent 
and perfection of in-plane order at the interface are dis- 
puted, it is essential to establish the decay of oxide order 
along the interfacial normal independent of the degree of 
in-plane order. X-ray specular reflectivity probes the inter- 
facial normal order of the Gxy = (00) Fourier component 
of the electron density (xg in the plane of the interface) ; 
hence, it provides the requisite sensitivity to interfacial nor- 
mal order even in the presence of in-plane disorder. 

The wafers employed in this study were aligned to 
within 0.05” of the [OOl] crystallographic axis. Following 
evaporative removal of a protective Shiraki oxide, residual 
disorder in the Si lattice termination was healed through a 
combination of Si MBE deposition and thermal annealing. 
Oxides were formed in the vacuum chamber by exposing 
room-temperature wafers to dry oxygen at 1-atm pressure 
for 12 h (wafer 1) or similar dry oxidation for two weeks 
(wafer 2). X-ray scattering measurements were conducted 
at the National Synchrotron Light Source (NSLS) on 
beam lines X20A and X22B in a vertical scattering geom- 
etry using doubly focused radiation of 1.54-1.57-A wave- 
length. To prevent uncontrolled wet oxidation, the wafers 
were maintained continuously in a dynamic vacuum 
(2x 10 - 9 Torr) throughout transport and during the x- 
ray measurements. 

In this Letter we present results of an x-ray reflectivity 
study of interfacial order in dry oxides grown at room 
temperature on well oriented, molecular-beam epitaxy 
(MBE) prepared Si(OO1) surfaces, Characterization of the 
Si lattice termination as a highly ordered array of terraces 
separated by monoatomic steps with the mean terrace size 
determined by the wafer miscut is obtained by analyzing 
x-ray scattering near ( f 1 lo).” X-ray specular reflectivity 
is utilized to establish the oxide thickness, vacuum inter- 
face width, and decay of oxide order along the SiO/Si 
interfacial normal. 

The x-ray scattering observed in transverse scans at 
( * 110) for wafer 1 is presented in Fig. 1. Scattering at 
( f 110) is forbidden for an infinite Si crystal; however, 
truncation of the Si lattice results. in diffuse rods of scat- 
tering extending in reciprocal space along the interfacial 
normal away from the bulk diffraction peaks.‘.” Since the 
crystal is slightly miscut from the [OOl] crystallographic 
axis, rods emanating from the ( =t= 1 1 f 1) Bragg peaks do 
not coincide at ( * 1 lo), resulting in the two principal 
maximum observed in each of the transverse scans of Fig. 
1. The secondary maxima apparent in Fig. 1 are an indi- 
cation that the lattice termination is characterized by an 
ordered terrace structure” which is the microscopic man- 
ifestation of the crystallographic miscut. 

“Present address: Lawrence Berkeley Laboratory, Berkeley, CA 94720. 

Electron scattering from stepped surfaces has been dis- 
cussed by several authors.‘1-‘3 The formalism developed 
for electron scattering is applicable to the x-ray scattering 
case provided the scattering factor for the truncated col- 
umn of scatterers is explicitly included.‘4 Since [OOl] is a 
fourfold screw axis for Si there are two types of lattice 
terminations (denoted A and B) which are related by a 90” 
rotation about the [OOl] axis. At (110) the scattering fac- 
tor for a column of scatterers with a B termination van- 
ishes while that of the A termination is nonvanishing.” At 
( - 110) the situation is reversed. Using the formalism of 
Pukite et al.,” the scattering cross section for a terraced 
structure with monoatomic stepsI can be written 
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FIG. 1. Scattering at ( * 110) for wafer 1 (0). The different peak sepa- 
rations at (110) relative to those at ( - 110) result from spectrometer 
resolution and scan trajectory effects. The lines represent the results of the 
tit to the terrace ordering model. 
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where this form is derived by approximating the actual 
terrace structure as a series of terraces with straight edges 
and the size of any individual terrace is assumed statisti- 
cally independent of the size of all other terraces.” FA is 
the scattering factor for a column of scatterers ending in an 
A-type termination, 64, is the in-plane momentum transfer 
along ;;‘ measured relative to (110) [i.e.,&, = (q 
- Gllo) .a where n” is the in-plane unit vector normal to 

the terrace edges, l,a is the average type A terrace size, PA 
and PB are the Fourier transforms with respect to Sq,, of 
the A and B terrace size distributions, S* = S + - S _ , and 
S + (S- ) is the probability of a step up (down). At 
( - 110) the scattering cross section is identical to Eq. ( 1) 
with A and B interchanged and Sq, = (q - G _. , 1o) .n? 

The solid lines shown in Fig. 1 depict the results of a 
simultaneous fit to both transverse scans. to the form of Eq. 
(1) after convolution with the spectrometer resolution 
function and using Gaussians to represent the terrace size 
distributions (i.e., P,4 = e isqn’Ae - @id”>. The Gaussian ter- 
race size distribution parameters determined from the fit 
are IA = 1480 f 30 a, lB I-- 1760 i 35 &cr, = 300 f 30 & 
o, = 470 f 50 A, andS + = 0.994 f 0.006. The projection 
of the miscut into the [loo] x [OlO] crystallographic plane 
(i.e., n> is 1.6* 1.0” towards [loo] from [OlO]. Comparable 
quality fits were obtained using exponential terrace distri- 
butions with similar values for IA, Ia and the miscut pro- 
jection and q4 = 240 f 25 a, 0~ = 370 f 40 A, and S + 
z: 1.00 + O.O/ - 0.006. Regardless which functional 
form is utilized to represent the terrace size distribution, it 
is apparent the Si lattice termination is accurately de- 
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FIG. 2. Absolute scattering intensity along the specular rod (0) for wafer 
1. The solid (broken) line represents the results of the fit to the model 
with (without) a laminar oxide component. The inset depicts the average 
electron density along the crystal normal as determined from the fit rep- 
resented by the solid line. The Si lattice extends for ~(0.0. 

scribed as an ordered array of large terraces separated by 
monoatomic steps with the average terrace size determined 
by the wafer miscut. We believe the perfection of the order 
in this terrace structure reflects the MBE preparation of 
the Si surface prior to oxidation rather than an intrinsic 
property of SiO.#i interfaces. 

X-ray specular reflectivity data collected from wafer 1 
are depicted in Fig. 2. The absolute reflectivity approaches 
1.0 at small momentum transfer (not shown) as expected 
for a semi-infinite medium. The reflectivity -data were col- 
lected with the wafer [ 1001 axis in the scattering plane such 
that the staircase of terraces resulting from the miscut as- 
cends in the direction perpendicular to the scattering 
plane. Since the spectrometer resolution is very coarse in 
this direction (100 A typical coherence length) the ob- 
served specular scattering does not result from the coher- 
ent interference of scattered fields from adjacent terraces. 
Thus any interfacial normal order invoked to explain the 
specular reflectivity data represents the average order 
along the interfacial normal of any one average terrace and 
not an effect associated with the steps in the lattice termi- 
nation level. 

The specular reflectivity data were fit by comparing the 
measured scattering with that calculated for a model sys- 
tem. The model system consists of an abruptly truncated Si 
lattice with the oxide electron density represented by two 
components: ordered along the interfacial normal (i.e., 
laminar order) and amorphous. The laminar component 
decays exponentially away from the SiO,/Si interface. This 
component is embedded in a smoothly varying amorphous 
component such that the average total electron density in 
any oxide layer is constant until the oxide terminates at the 
vacuum interface. In the Born approximation the reflectiv- 
ity is given by the expression” 
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TABLE I. Parameters from the best fits to the specular retlectivity data of 
wafers 1 and 2. pe is scaled by the electron density of crystalline Si, 
doxide is the oxide thickness, and ovavacuum is the oxide/vacuum interface 
width. The ps were determined using counting statistics to represent the 
reflectivity data uncertainty. 

Parameter Wafer 1 Wafer 2 

PdPSi 0.86 
doxidr 4.93 .A 
uvacuum 0.95 A 
LJ 2.85 8, 
4 1.37 A 
4 1.36 8, 
4 1.16 8, 
,I? 5.0 

0.89 
4.57 A 
1.08 8, 
2.46 li 
1.35 ‘4 
1.31 A 
1.19 A 
3.2 

1;) _ 16e-$(P) 17-y ;$;;7+ i, bfsi 

2 

Xe- $@/2e(iq - l/D,“;= ,dj + a2 
s 

p,(z)e’q’ dz 
I (2) 

where IO denotes the incident flux, r, is the Thompson 
radius, P(q) represents a polarization correction, a is the Si 
lattice constant (5.431 A), q is the momentum transfer 
along the surface normal, f si is the Si atomic form factor, 
and e- $@)” is the crystalline Si Debye-Waller factor. 
The term proportional to l/( 1 - e - ‘q”/4) results from the 
truncated Si lattice. The sum over n represents the scatter- 
ing from the exponentially decaying ordered oxide with 
characteristic decay length D. The scaled Si atomic form 
factor ‘bf si represents the effective atomic form factor of 
the ordered oxide and the Debye-Waller term e - $#J/2 
approximates the effect of static disorder on the reflectivity. 
The final term denotes the scattering from the amorphous 
component of the oxide where the amorphous electron 
density p,(z) has the following properties. The interface 
between the amorphous oxide and vacuum is~ described by 
an error function profile. Away from the vacuum interface, 
the total average electron density in any .oxide layer n is 
constant (pc) with the average amorphous electron density 
in the layer given by p. - [bfsi( q = 0)e - “~=ldi”~/dna2. 
Within a given layer p,(z) varies linearly (subject to the 
constraint on the layer average amorphous density) such 
that p,(z) is continuous. 

The results of the best fit to the reflectivity data of 
wafer 1 are depicted as the solid line in Fig. 2. The param- 
eters determined from this lit and a fit to the specular 
reflectivity data of a second wafer dry oxidized for two 
weeks are listed in Table I. The number of ordered oxide 
layers was restricted to three owing to the thinness of the 
oxide; however, inclusion of a fourth layer does not sub- 
stantially alter the results. The Debye-Wailer factor 
(u?,y2 was fixed at 0.2 A and the scale factor b was fixed 
at 2 which is roughly the expected value for a perfectly 
ordered oxide. The uncertainties in the tabulated fitting 
parameters are typically less than the intersample varia- 
tion. These fits indicate the thickness of native dry oxides is 
substantially less than the - 15-h; thickness of typical na- 
tive oxides formed by air oxidation. The residual laminar 

order in the oxide decays with a -2.7-A characteristic 
decay length. The necessity of including residual laminar 
order in the oxide is illustrated in Fig. 2 where the broken 
line depicts the results of the best fit to a model consisting 
of an abruptly terminated Si lattice with only an amor- 
phous oxide overlayer (x2 = 97). While these data do not 
address the characteristic length for stoichiometric evolu- 
tion, the clear evidence for a nonzero decay length for 
laminar order in the oxide indicates the crystalline Si to 
amorphous SiO, transition is not abrupt. Given the sensi- 
tivity of electron mobilities to the SiO,/Si interface width, 
this diffuse character of the interface should be considered 
in calculations of the electronic properties of the interface. 

To recapitulate, the SiO,/Si interfacial structure for 
dry oxides grown on highly ordered Si(OO1) surfaces has 
been investigated by x-ray reflectivity. Scattering at 
( &, 110) indicates the Si lattice termination is character- 
ized by an ordered terrace array with monoatomic steps at 
the terrace edges. Analysis of specular reflectivity data 
shows the native dry oxide is -5-A thick with 1-A vacuum 
interface width. Residual laminar order along the oxide/Si 
interface normal decays exponentially into the oxide from 
the oxide/Si interface with a -2.7-A decay length. 

The authors acknowledge discussions with P. H. Fuoss 
and G. Renaud. This work was supported by DOD JSEP 
Grant No. NOOO14-89-J-1023. NSLS is supported by DOE 
Contract No. DE-AC02-76CH00016. 
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