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Observation of nonstandard Fickian diffusion at the interface
of isotopically pure amorphous B on 1°B by neutron reflectometry

S. M. Baker® G. S. Smith, N. J. S. Browh,M. Nastasi, and K. Hubbard
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(Received 9 September 1996

As part of a larger study to investigate atomic-diffusion behavior in both elemental boron and refractory
transition-metal borides, neutron reflectometry was used to examine the temperature-induced self-diffusion of
isotopically enriched thin films of amorphod&B on 18 deposited by electron-beam evaporation. The reflec-
tometry studies were performed and model boron density profiles for samples annealed at various times and
temperatures of 360 and 400 °C were fit to the reflectivity data. Although°®é'B interface did not move
relative to the air/boron interface upon annealing, the expected standard Fickian diffusion for the annealed
samples was not observed. A pinned Fickian diffusion model, which imposes the boundary conditions of a
fixed composition of\%B to B at the interface, fit the reflectivity data accurately and consistently. A typical
equilibrium diffusion constant was determined to-b&0™ 1" cn? s 1, measured at an annealing temperature of
360 °C. The measured diffusion constants are inconsistent with the high melting temperature of elemental
boron, but are consistent with measured boron diffusion constants in other amorphous thin films. The presence
of clusters in the boron film is proposed to explain the observed ref8@463-182807)04611-Q

l. INTRODUCTION and thus the time between the application of i film on
the 1%B film was 2—3 min. At 108 Torr, sufficient partial
Passivation of the surface of semiconductor devices hagressures of reactant gases such as oxygen may have been
been achieved by coating them with thin films of insulatingpresent in our chamber to form a monolayer or greater of
diborides!~3 While these films are chemically and mechani- contaminant at the interface. In order to test this possibility,
cally stable at ambient temperatures, boron diffusion into théhe experiment was repeated on samples whose exposure to
device at elevated temperatures is a possible side effect #ackground contaminants was minimizesét B.
such passivation. We became involved in a larger study of [N this paper, we present the results of NR measurements

diboride diffusion into semiconductors by first examining the©" both sets of samples, and a comparison of these results.
diffusion properties of elemental boron. We discuss the implications of the pinned Fickian model on

We began the study previously with the self-diffusion of tr]le measurfdl dlffusllortl cor:stant, an? fpr(?tﬁose thbe ems:_ence
amorphous, isotopically enrichedB on 1B on silicon of nanocrystals or clusters to account for these observations.

. . . Finally, we discuss in detail the parameters that affect the
substrated. The two boron isotopes have nearly identical d . e
. . N, . magnitude of the difference between the diffusion constants
chemical properties but significantly different neutron-

! . . : obtained from the different models.
scattering lengths, which gives the atoms ideal contrast for

neutron-scattering techniques. These thin films700 A of
11B on 1400 A of 19 on silicon were annealed for various Il. EXPERIMENTAL PROCEDURES
times at 360 °C, and examined by neutron reflectometry
(NR). We observetithat the reflectivity data obtained could
not be modeled by the predicted standard Fickian model for All samples were prepared as described in Ref. 4 except
diffusion at the interface. Interestingly, using a nonstandardor the differences noted below. The samples consisted of an
pinned Fickian model for diffusion that assumes a fixed com-amorphous bilayer of'B on 1% on silicon. These substrates
position at the interface, we could obtain excellent fits to ouwere 2.5< 2.5-cn? squares cut from 6.4-mm-thick polished
reflectometry data. The fits converged onto a fixed isotopsilicon discs. After thoroughly degreasing the substrates, the
composition(ratio of 1°B to 'B) at the interface indepen- bilayers were prepared by electron-beam evaporation at
dent of annealing time. The film thicknesses decreased b§x 10 8 Torr of ~1350 A of ' onto the silicon substrates
less than 6% upon initial annealing, and remained at a corfollowed by deposition of-700 A of *'B. The samples were
stant thickness upon any subsequent annealing. Furthermoxdgposited four at a time, and rotated during the deposition in
the diffusion constants obtained from the fits were nearlyorder to ensure uniformity. The boron deposition rate was
equal for each of the various annealing times, and on the-3 A/s. For a contaminant at the stated pressure, the time
orderof 101 A2s71 (107" cm? s~ 1) at 360 °C, consistent required for ideal monolayer formation wasi4 s. All depo-
with boron diffusion in other amorphous materials. sitions were made with the substrates at ambient tempera-
However, we were somewhat concerned that these resultgre. The enrichment of the boron isotopes was given by the
were an artifact of the deposition procedure. For the deposisupplier (Eagle-Picher Industries, Quapaw, DKs 93.64%
tion of this first sample sdset A discussed above, the shut- for 10B and 97.48% for''B. These values were consistent
ters on the evaporation system were not fully operationalwith secondary-ion-mass-spectroscog$IMS) measure-

A. Sample preparation
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ments. After the depositions, the samples were moved to a
vacuum oven and annealed at a pressure ok 1@ 8 Torr.

All of the samples which were prepared during one evapo- 10% -
ration were annealed at the same temperature; therefore,
there were generally four samples per annealing temperature.

10

10!

A number of samples from different depositions were pre- :‘; 10° L W

pared and not annealed. g . X
For set A, the elapsed time between tH8 and B E 107 ¥\ WP !

depositions was 2—3 min. The annealing times and tempera- 107 ATy

tures analyzed were 0.0, 2.4, 5.4, 9.7, 22.3, and 35.4 h, and 107 M

0.0, 0.5, 1.0, and 2.0 h for the 360 and 400 °C anneals, : ww'

respectively. In the case of the 360 °C annealed samples, the 10" | """""" N

reflectivity curves were measured on the first four specimens,

and then the 0.0- and 2.4-h annealed samples were further 002 003 004 005 006 007 008

annealed to produce the 22.4- and 35.4-h annealed samples. Q A"

11 -y 0 g
For set B, the™'8 deposition followed the''B deposition FIG. 1. Neutron reflectivity plotted vs the perpendicular mo-

within a matter of 3—5 s as opposed to 2—3 min. Individual c :
. o~ cnentum transfe@, , as explained in the text. Experimental data are
set B samples were annealed in a vacuum oven at 360 . C f%presented by vertical linggrror bars too small to be seerthe
0.0, 5.0, 10.4, and 23.4 h. Note that one sample of this S&{,rves are best fits to the data using the pinned Fickian diffusion
was left annealed. model. From bottom to top, annealing times are unannealed, 5.0 h,
10.4 h, and 23.4 h. Annealed data are displaced upwards from the
unannealed data by increasing factors of 10 for clarity. Data are
B. Neutron reflectivity measurements from sample set B discussed in the text.

Like the reflection of I|ght from interfaces with different VieW of the technique of neutron reﬂectivity, a number ana-
indices of refraction, neutrons reflect and refract at interfacegtical approaches, and experimental examples can be found
with different neutron-scattering length densities. Becausén Ref. 6.
the interaction is a short-range nuclear interactierf.(Q*° The measurements were made on the Surface Profile
m) that does not depend on the electron density, neutrons camnalysis Reflectomete(SPEAR at the Manuel Lujan Nr.
have significant scattering from both light and heavy nucleiNeutron Scattering CentefMLNSC) at the Los Alamos
Furthermore, differences in neutron-scattering length beNeutron Science Cent¢éL ANSCE). The beam at LANSCE
tween isotopes can be substantial, leading to the unusuil produced by spallation of neutrons from a tungsten target
ability to differentiate between electronically similar speciesusing a pulsed bear20 H2) of 800-MeV protons. The en-
such as deuterium and hydrogen, and in this case, betwe&idy spectrum of the neutrons was softened using a liquid-
198 and MB. By defining the neutron energy and the ang|ehydrogen(20 K) moderator. Thg reflect!wtyF() curves were
incident to the surface, a momentum transfer perpendicula‘FO"eCted as a function of' the time of fllght_ from the modera-
to the surface can be determined for the interaction of 4°F to the detector for a fixed angle of incidence of neutrons

neutron and a particular interface. Using the same mathema®? the sample. The detector-to-moderator distancAe is 12.38
ics used in the reflection of light, interpretation of interfer- M 0 give a range of neutron wavelengths of 2-16 A without

ence patterns for specular neutron reflectivity can be detefh® occurrence of frame overlap. By using SPEAR’s frame
mined. For example, for a single thin film, the peak heights®Verlap chopper, a second frame may be measured from 16
on a plot of reflectivity R is the number of reflected neu- to 32 A. However, for the current set of experiments o_nly the
trons divided by the number of incident neutrpas momen-  2~16-A frame was used. Typically, the angle of incidence
tum transfer are related to the magnitude of the scatterin}/@S chosen to be-1° in order to include both the critical
length difference between thin film and surface, and the peaﬁdge rilgd refl_ect|V|t|es ywth .reasonable statistics at values of
separation is related to the thickness of the thin film. R~10 ". Typical counting times for these samples were 60
For more complicated interfaces, such as the diffusion offin- The reflected neutrons were counted using an Ordela
a particular type of atom or molecule, obtaining a densitymodel 1202 N I|near-posnlon—sensnlv%-k_e detector. The
profile of the substance in question perpendicular to the sudata were reduced and plotted as reflectivity versus the per-
face is the goal. Since each element in the density profi@endicular momentum transf@,, as shown in Fig. 1. The
contributes to the overall scattered intensity at a given waveRerpendicular - momentum  transfer is  defined as
length, an inverse problem results. The common solution t&2-= (47/\)sind, where\ is the wavelength of the neutrons
this problem is to develop a theoretical model of the profile, 2nd @ is the angle of incidence of the beam upon the sample.
and to do a nonlinear least-squares fit of the resultant calcuthe error bars irR are too small to be seen in Fig. 1, and
lated reflectivity curve with the experimental data. The resulf@present the statistical errors in the measurements. The larg-
is that, as in any inverse problem, the fit is very sensitive t®Stor/R atR=1 (lowestQ) was<3x 10" ° and increased
abrupt changes in slope or dramatic differences of density 4¢ @ maximum of 0.02 for the largeQ value shown. The
an interface, in addition to smaller changes seen as an atofp@ussian resolution errarg /Q,, was nearly constant over
diffuses. Analysis of diffusion is straightforward, as long asthis range with a value of~3%. No off-specular data were
the diffusing material and substrates have significantly dif-observed indicating smooth interfaces between the silicon
ferent neutron-scattering length densities. An excellent resubstrate and®B and between thé°8B and 'B.
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C. Data analysis condition is a statement that the density profile is a step

The NR data were fitted using a standard Marquardt nonfunction att=0. Under the abpye boundary conditions, the
linear least-squares-fitting routing. A scattering lengthSelution to Fick's law{Eq. (1)] is
density profile was modeled in the following manner.
The complex values of the scattering lengthsof 1°B z
and B were calculated from their respective purities 2—\/5
as by; =(64.9¢107°-0.280<10°%) A and by =(4.2
X107°-10.3x 107°%) A and were used in all subsequent cal-  The model for the entire system examined consists of a
culations without modification. A model functional form of semi-infinite |ayer OflOB, an interface described by E@),
the atomic number density profilé(z) was parameterized. an undiffused layer of!B, a rough *'B/vacuum interface,
The scattering length density profif¢ was calculated for a  and finally vacuum. SincéB has a large imaginary compo-
series of small steps in distance to approximate the smoothent of the scattering lengtlhence a large absorption cross
functional form of the density profile across th#8/''B in-  section, the fits were insensitive to the presence of a silicon
terface for the various models. The scattering length densityypstrate in the model; therefore, the silicon substrate has
is defined asg=4mNb(z), where Nb(z) is the average been ignored. This model is referred to as standard Fickian
value of the product of the number densiMyand the coher-  diffusion.
ent neutron scattering length for each isotope at a given  |n the pinned model of Fickian diffusion, the interface
depthz. The resulting reflectivity was then calculated usingdoes not reach a homogeneous equilibrium of #8:1'B at
this stepped profile by iterative reflectance calculations at théhe interface. Rather, the concentration'd® on either side
interfaces of the small stefsand the parameters were ad- of the interface is fixed, resulting in a discontinuity at the
justed by the fitting program to minimize the value)dt. In  interface described by the paramekerFick’s law applies,
each of these fits, all parameters were allowed to vary, angut the boundary conditions require that the ratio of the con-
initial guesses were made based on knowledge of the phys¢entration of!°B to !B is held constant at=0. The flux of

cal properties of the deposited films. These initial guessestoms into and out of the interface is again equal. The
were substantially varied in order to approach a global, ratheioundary conditions then becofne

than local minimum in parameter space.
The relevant models used for the density profile of the C,
boron layers on the silicon were standard Fickian diffusion, k== (2=0),
resistive interfacial diffusion, pinned Fickian diffusion and a 1
step function model that assumes no diffusion at the interface (4)
and a constant boron density throughout. A number of func-
tional forms (simple exponential, hyperbolic tangent, gtc. D (9_(31_D 3_C2 —0
were also tried without success. 157 ~Pay (250),
The expected model was normal, unobstructed Fickian
diffusion at the interface between similar layers. Fick’'s secwhereC, is the concentration of'B on the initial !B side
ond law of diffusion for a concentration independent diffu- of the interface, an€, is the concentration of th&'B8 on the

1+ erf . (3

Co
Czt)=—

sion constant is initial 1B side of the interface. By setting the diffusion con-
) stantsD, andD, equal, since each represents diffusion for
aC _D dC 1 elemental boron, the solutions to Ed) under these bound-
Er @) ary conditions ar®
In this caseD is the diffusion constantC is the number c [ 7\
density of 1'B in %, z is the distance from theé®B/"'B Cyzt)=—>| 14k erf( ) (z>0),
interface, and is the time. For convenience of solutianis 1+k| 2\/Dt

defined as zero at the interface. The boundary and initial

conditions forC(z,t) for this system are ®)
Co Co(z,t) = KCo -1—k erf( 14 || (z<0)
COH=~, 25007 14k 2Dt/ :
C(x,t)=C, (z>0), 2) This m_odel creates an invariant discontir_wity in t_he_ funcFion
at the interface, and is referred to as pinned Fickian diffu-

C(z0)=0 (z<0), sion. o .
In the resistive model for interfacial diffusidha similar

whereC, is the initial (unannealedvalue of the concentra- nonunitary ratio of isotopes occurs at the interface, but the
tion of B. The first condition is a result of the assumption composition at the interface varies as a function of annealing
that the materials at the interface immediately reach thermalme. Although we could obtain reasonable fits with this
equilibrium, and that there is a single phase involved. Thanodel, the resulting parameters were inconsistent and un-
second condition is a simplification that results from assumphysical. Consequently, this model was determined to be less
ing a semi-infinite 1°B layer, such that full mixing never applicable to this system, and will be discussed only briefly
occurs. This is justified for short annealing times. The thirdin Sec. Ill.
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TABLE |. Best-fit results from sample set &Ref. 4 using the pinned Fickian diffusion model.

Annealing time Number density AfIB roughness !B thickness D
(h) A3 A) A) k VDt (A) (cm?s™1)/10~
0.0 0.11130.0003 11.339 646+ 31 12 8+3 b
2.4 0.1176-0.0002 11.40.7 62720 0.45+0.07 24+2 0.7£0.1
5.4 0.11710.0003 12.40.6 628+ 28 0.370.04 38:3 0.7£0.1
9.7 0.1182-0.0003 12.60.7 62840 0.36:0.03 49+ 4 0.7£0.1
22.3 0.1185 0.0003 10.20.9 619+ 80 0.36£0.02 96+ 8 1.2+0.2
35.4 0.11790.0003 13.%0.8 6175 0.41+0.02 1231 1.2+0.1

Fixed in the fitting routine.
®Not applicable for the unannealed sample.

1. RESULTS AND DISCUSSION B. Figure 1 shows the reflectivity data and the corresponding
pinned Fickian fit for this data set. Note that the oscillations
in the reflectivity curve are followed by the fit up to the
All density profiles used produced fits that were insensi-ighestQ, measured. Figure 2 shows the density profiles that
tive to the presence of a silicon layer in the model; thus anyesulted in these fits. Notice that the rafig/C, at the in-
neutrons were either reflected off the boron prior to hittingterface ¢=0) is constant for each of the anneals, and results
the silicon or absorbed by th¥B either before or after re- iy a steplike discontinuity.
flection from the siliconf’B interface. No significant off- Conversely, the standard Fickian model did not fit the
specular intensity was observed indicating a smooth interfacgeflectivity data of set B. This result is consistent with that
between the'%B and ''B. Furthermore, diffusion in samples observe on the sample set A. The standard Fickian model
annealed at 360 °C and for stated times converged to lesglequately reproduces the peaks at @ywvalues, but dra-
than 650 A in our models, the thickness of the thinnest filmsmatically damps them at higher values@f. The inability
Consequently, consideration of boron-atom diffusion into theof the standard Fickian model to describe the diffusion ad-
silicon, or backdiffusion from the Si?B interface or from equately was explainédby considering the larg®, ap-
the surface was not considered. We also examined sampl@soximation of the expression for the reflectivﬁ?/,
annealed at 400 and 520 °C, but for the shortest annealing
times usedless than 30 min %8 was observed at the sur- (4)°?
face, indicating mixing of the films through the entifé8 R(Q)= o5
layer thickness. The 1-h anneal at 400 °C proceeded as far as z

or further than the 35.4-h anneal at 360 °. In order to analyzeg Eq.(6) indicates, the reflectivity may be approximated by
any of the 400 °C or higher-temperature data, new boundane square of the Fourier transform of the derivative of the
conditions must be applied to E@l) to model the case of gcattering length density. Consequently, the fact that the ob-
diffusion to the boundary and backdiffusion, which is be-geryed reflectivity at highQ, oscillated with a greater ampli-
yonq the scope of this paper. All detailed analyses were thug,de than predicted by E¢B) implies that sharper features in
restricted to the 360 °C anneals. _ the scattering length density profile are needed to provide
_ For all unannealed samples, the step-function model pronjgher harmonic content to the reflectivity curves. The sharp
Vldeg exlcoellfant fits to the data, and required a roughness fiscontinuity at the interface in the pinned Fickian model
the !B/'°B interface of less than 12 A. The step-function gatisfies this requirement, and gives a significantly better fit
results of the unannealed samples can be found in Tablesid the reflectivity data.
and Il. A step function did not fit any of the annealed The resistance model also has a step at the interface, but
samples. no physically consistent parameters were obtained upon fit-
ting the data. The diffusion constant varied by several orders
of magnitude for a given temperature, and the interfacial
The pinned Fickian diffusion model produced excellentresistance also changed dramatically. Furthermore, the value
fits to the reflectivity data for all anneal times of sample setfor the ratio of boron isotopes at the interface did not tend

A. General observations

2

= db .
j — Q| .

_» dz ©)

B. Results from diffusion models

TABLE Il. Best-fit results from sample set B using the pinned Fickian diffusion model.

Annealing time Number density AtB roughness 1B thickness D
(h) A3 A) A) k VDt (A) (cm?s™1)/107
0.0 0.1125-0.0009 16.%20.4 7113 12 4604 b
5.0 0.1152-0.0010 11.40.3 70110 0.55:0.14 51 1.48+0.06
10.4 0.115& 0.0010 11.40.2 699t 10 0.61+-0.09 691 1.28+0.04
23.4 0.11550.0017 10.£0.2 698t 14 0.63:0.08 91t2 0.98:0.03

8Fixed in the fitting routine.
®Not applicable for the unannealed sample.
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3 ‘ . pinned Fickian model of diffusion for sample set B, which
: ; had minimal time between boron depositions. Again, the
: ; : sample density increasés2%) with a corresponding small
6 “B:/air interface™ff decrease in film thickness<2%) upon the first anneal, but
Semi-infinite Fl

\_9 remains constant afterwards. This result is graphically illus-
trated in the density profiles of Fig. 2. The observed value of

i ; k was 0.60= 0.06, which while consistent for the sample set
198/11B interface ; B is different than the observddfor sample set A, the value
- being 0.3@:0.02. Since each set is self-consistent, the dif-
J i ferent sample preparations must have resulted in slightly dif-
: . ferent film properties and interfaces. Sample set B’s higher
0 I | | | k value is closer to the standard Fickian valu&efl, which
-400 200 0 200 400 600 800 implies a smoother interface than set A. This result is con-
z (A) sistent with the preparation of set B, which was under better
controlled conditions.

In sample A, we first considered that the short delay, oc-
curring between the deposition of the first layer and second
concentration of!'B) is plotted vs the distance from thé€B/'B layer of boron, allowed contaminants io adsarb at the inter-
interface z. Annealing times from top to bottomz&0): unan- face or gave the surface sufficient time to reconstruct. Small
nealed, 5.0 h, 10.4 h, and 23.4 h. amoynts of extraneous materials may have_ formed stoichio-

metric compounds, for example,,B ;, with fixed percent-

» ages of1%B and !B, at the time of deposition or after the
toward a homogeneous composition. Although there may bys;t anneal. At the interface between this extra layer and
some resistance at the interface due to a small difference Biiher the 198 or 118 a local equilibrium would have been
thermodynamic potential petweéPB and '8, the apparent  egtaplished between the,B 5 and pure boron, and as seen in
fixed composition at the interface seems to have a largegyige layers on silicoR? provided a barrier to 950 °C diffu-

effect. ) i ) _sion for oxide layers larger than about 30 A. This layer
The parameters resulting from the fits to the pinned Fickyyouid have pinned the concentration of the boron to the

ian model of Eq.(5), and the resulting real portion of the y31ye it would have at the boundary of the two-phase region
scattering length density profiles for set A,[R€z)], are  jj the equilibrium phase diagraft?

shown in Ref. 4. Table | summarizes those results; the best- However, because the delay time was minimal for sample
fit values corresponding to the number density of a,t‘(’"l"s set B, it is unlikely that contamination plays a role at the
same value was used for bOﬂ_JfB and B), the air"'B interface. The fact that the pinned Fickian model fits the data
interface roughness, the total thickness of _the outer layer, thgg|| suggests that, if a fixed composition layer exists in both
value ofk (the ratio ofC,q to Cyy_ at the interfack VDt sets A and B, it must be very thin: otherwise, it would give
(which equals the Gaussian resolution parameteait the rise to additional interference fringes, since peak separations
118/198 interface, and the diffusion constant for each an- are inversely proportional to film widths. Additionally, the
nealing time. Also listed in Table | are the values of thediffusion from the interface preserves the fixed composition
parameters for the fit to the unannealed sample by fixing théhroughout the film rather than mixing homogeneously be-

g layer

FIG. 2. Density profiles from sample set B produced from the
parameters of the best fit to the reflectivity curves shown in Fig. 1
The scattering length densitg (which is directly related to the

value ofk=1. For this case, Eq6) reduces to Eq(3). yond the interface to sandwich a thin, fixed, contaminated
Several conclusions may be drawn upon examination ofayer.
Table 1. First, there was an initial density change-o6% The origin of the fixed composition at th&B/°B inter-

between the unannealed sample and the 2.4-h annealéatce and beyond may be better explained by the formation of
sample. Thereafter, the density remained constant. This @morphous boron clusters which do not diffuse at 360 °C,
consistent with the layer thickness change3%) as well.  while the interstitial boron atoms are mobile at this tempera-
The interface did not move significantly after the first desi-ture. Although the phase diagram for boron is virtually un-
fication, thus confirming the assumption that the diffusionknown, boron clusters are commonly found in boron-rich
constants of'°B and !B are equal within the given errors. solids!* and the conditions of transition from disordered
Also, note the interface broadened to the entire thickness dflusters to crystalline order in amorphous boron are still un-
the original !B layer by the 35.4-h anneal. Finally, from der consideration® Theoretical studies of such boron clus-
Table I, a consistent set of values is observed for the diffuters suggest that small stable positive and neutral clusters can
sion constant, although the 35.4- and 22.3-h annealegxist at room temperatuf€ Amorphous boron is known to
samples have slightly different values than the shorter anhave a network of “soccer-ball” B, clusters’ and B,
neals. This difference, although statistically insignificant,icosahedra, which can cluster in sizes 2—5 nm in diantéter,
may be due to inadequacies in the model at long annealinip both films and bulk samplé$.Although the amorphous
times, or to the fact that these two samples were annealdabron has a basic structural unit, long-range order is not
twice, and thus subjected to heating and cooling twice. Nevfound until the full metastable, amorphous to crystalline
ertheless, the values obtained for the diffusion constants am@r B-rhombohedral transition occurs above 1308°K.
all consistent with measurements on other amorphous The resulting amorphous material has clusters that are less
systemg 1 likely to diffuse than less covalently saturated boron atoms.
Table 1l shows the comparable results for the fits to theEach side of the interface has very slowly diffusing boron
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atoms(assumed negligible ratassociated with the clusters, high sensitivity of the profile to the resolution function of the
and more freely diffusing atom@ess covalently boundoe-  energy detector, which directly affects the measurement of
tween them. This result is suggested by studies on nanocrythe distance traveled.

talline Pd (Ref. 19 and on nanocrystalline NiRef. 20, A step function(which represents the unannealed boron
where fast atomic diffusion due to free volumes, clusterdensity profile convoluted with a Gaussiatwhich repre-
boundaries, or grain boundary layers can coexist with slowepents the resolution functiprgives a mathematical error
diffusion processes of the nanocrystals themselves. Consigénction. Consequently, a pinned Fickian profile can be
a weakly associated network dPB clusters on a weakly made to look identical to a standard Fickian profile merely

associated network of'B clusters. The interstitial amor- by convoluting it with a Gaussian resolution function. The

phous boron atoms can easily diffuse between the large im_smearing” effect of such resolution on the sharpness of the

mobile clusters, while the clusters remain intact. The initial"ﬁlt(:"nc"jIce and the interdependence of the paraméteaad

assumption of homogeneity at the interface upon annealin gt ma'lt(r? it |mpto§st|.ble to oltl)tal'?h fit \{ﬁllges flor th?/?/e Va”id
applies to the diffusing atoms, but the stationary clusters pi ©s with uhcertainties smater tan their vajues. We cou

the composition at the value defined lay As t—s, the obtain excellent fits by fixingk or YDt to the parameter

composition is defined by the homogeneous distribution an&)btamed by neutron reflectivity, and letting the other param-
s : eters vary. The complementary parameter converged to the
complete mixing of the mobile atoms between the cluster

: ) : ) e R value within these large uncertainties.
which will not have changed sides of the interface. This fixed Clearly, with a technique such as NR, that has high reso-

composition throughogt _the sample_ is then also glescribed BYition and that is greatly influenced by the “steepness” of
the parametek, which initially described only the interface. e gensity profile due to the nature of the inverse problem,
The amorphous boron film may be deposited with thesgnhe shape of the density profile has a tremendous influence.
clusters intact, or the clusters may be a result of annealingjowever, given direct measurements such as NDP, SIMS, or
since the density increased after the first anneal, and remajRutherford backscattering, the limited resolution is insuffi-
constant afterwards. Either effect is consistent with the regjent to distinguish between the two models. The measured
sults. However, once the clusters have formed and/or slightlgiffusion constant varies significantly for the two models,
rearrangedthe initial effect of annealing the cluster size gepending on the Gaussian resolution parametand the
and number do not change upon subsequent anneals, as Higheal time. In order to address the applicability of each of
observedk is consistent for each set. This result is consistenthe two diffusion models, we examined the application of
for both sets A and B, although differences in the samplesach model on the experimental NR data and the resulting

preparations led to a slightly smaller(less ideal of sample jfference in calculated diffusion constants in the absence of
A. Different heating and cooling rates have a significant ef-5 significant resolution restriction.

fect on the crystallinity of boron samples, at least at higher
temperature$® The measured difference i between the
sample sets A and B could be a result of a different amount D. Comparison by ratio of diffusion constants
of coollng_ between dep_osnions due to the different delays, Determining an accurate diffusion constdhtrequires a
set A having more coolm_g, more clusters and thu; a |°Weknowledge of the govering equations for a given experi-
k (farther away from the ideal standard lof1). This dif- o5 system. The calculated diffusion constant depends on
ference irk then is a function of delay time, and is consistentye diffusion model used to fit the data. Since many standard
with our present theory of cluster formation moving the in- methods for determining diffusion constants are to take mea-
terface farther from ideal. surements of concentration at various distances from the in-
terface for different annealing times, we compared the effect
of choosing separate models on the resuliamalue for our
experimental data. The standard and pinned Fickian models
Clearly the results indicate that the interface between thenight be expected, in some cases, to yield the same diffusion
two amorphous layers behaves differently than expectedonstant, within experimental uncertainty, where the ratio of
from homogeneous boron diffusion. Although the standard giangardtO Dpinness Ds/Dp, is 1. In such a situation, the
Fickian model did not fit the data, a discussion of the resultdistinction between the two models is of little practical
ing diffusion coefficienD is useful, since the pinned Fickian value. In the case of the system studied, which we have
model seems to fit the self-diffusion of amorphous boronshown to be governed by pinned diffusidd, could be ap-
rather than the expected model. Does a significant and me@roximated by using the simpler standard Fickian model to
surable difference i result from using the different mod- calculateDg. Whether such an approximation is justified
els? What parameters in the models most affect the observedbuld conceivably depend on the thickness of the sample,
diffusion constant? And what is the range of parameters imhow long it was annealed, and the care with which it was
portant in differentiatingd ? prepared, among other parameters. Given the resolution of
In order to independently test our model of pinned Fick-most experimental techniques, the ratio of diffusion con-
ian diffusion, we examined the same sample sets A and B bgtants must be nearly an order of magnitude to be significant.
neutron depth profiling (NDP), a direct measurement of Having a quantitative measure of when it is necessary to
108 concentration for thicknesses up to a few micrometersdiscriminate between the two models when calculating dif-
These NDP resulfé were inconclusive in verifying the ap- fusion constants would be valuable.
plicability of one model over the other. The main reason for The ratio described abov®/D,, proves to be a useful
the inability to distinguish between the two models is themeasure for determining the applicability of the standard

C. Comparison of the standard and pinned Fickian models
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Fickian model. Furthermore, we chose to plot the ratio

Ds/Dy as a function ofk, so that the effect of decreasing 10 i
sample deviation from ideal Fickian behavide=1) could 4
be shown. Solving Eqg3) and(5) for the respective diffu- 0.8
sion constants, and taking their ratio, yields A
]
, v((:(1+k)—co> 2 & 06
erfiny| ———— < A
DS . Cok 7 QV) i
D_p_ - 2C l ( ) 0-4 y
erfiny ——1
Co
0.2
where the inverse error functiony=erfinv(x), satisfies
x=erf(y). Notice that both time and distance cancel in the 0.0
setting up of the equations in this manner. As shown below R
' 0.0 0.2 04 0.6 0.8 1.0

this calculation can be made directly from the measured ex-
perimental values of andC,, and a known or approximate

value_ .of k. The parameters qf a given experimgnt orthe g 3 Graphs of theoreticgandard DpineaVs k for different
specific value ok are not required for the calculation, mak- measured annealing times and distances from &8 interface
ing it a convenient tool to compare the results of these tWQor the set B samples. The line style indicates distance from inter-

models. In the context of the current system, where it hagace: solid, 200 A; dashed, 50 A. Symbols indicate annealing time:
been shown that the data are best fit by the pinned modeijled triangles, 5 h; open squares, 23.4 h.

D, is assumed to be the more accurate of the two diffusion
constants.

. . . a concentration that corresponds to a scattering length den-
The calculation and interpretation Bfs/D, was accom- P g leng

lished as foll E . L g Sity of 6 1078 A ~2, At this point, the pinned profile will be
pished as Tollows. For a given annealing time and Sample, g, line, indicating instant and complete diffusion, which is
prepargtlor(sits Aor B, th? gxp(flrlme_ntal value d (con- represented by an infinite diffusion constant. Siiizg be-
Cﬁntr:_;ltmndo'f:_ E on éhe c_mgma:cl B sido was tda}ken fror;’n comes infinite at this value df, wherek=(C,/C)—1, the
the pinned Fickian density profile at a given distance oM, pecomes zero. Values of the ratio at lowehave no

10p /11 ; H H :
the .B/ E; :ntelrfacitThtlrs] valgg vxias comtt)lnte;d w?PBthe physical meaning; the large discontinuity forces the pinned
experimental value o€, (the original concentration o profile to curve downward to pass throughk @0 A 2,

. . 11 . . . .
on the original™ B Slf_ié and substituted into Bdy), yield- which creates an unrealistic density profile that is not ob-
ing Ds/Dy, as a function ok. Thus on theDs/D, vsk graph (0 qin experiment

only one point, that wherk equals the value obtained in the Examination of the graphs in Fig. 3 with a known or

fit, describgs our particular systgm. For any .experimema‘épproximated value ok will easily give the magnitude of
values of distance and concentration, the substitutions esseB-S/Dp_ In many applications, such as the study of alloys,

tially force the standard Fickian diffusion constant to iN- 116 value ok is fixed by the composition of the alloy, and is

crease or decrease relative to the pinned diffusion constant hown beforehand. In other cases. the ratio graph looks like
order to pass through the same point on the density profllqhe 5-h anneal at 200 A in Fig_(ﬁlle’d triangles, solid ling

Eé%sé)i%f;ii)/nlgspo\flsaﬁr?jglligr]l Vatlilrieesa?r:i 3?5(:;?02(;?;r\r/]a{r']%uﬁ]teryvhere the value dDs/D, is nearly constant for a large range
face were made for both gsets A and B. Representative IotOf k. In this circumstance, it is likely that an estimate kof

A - P POl be sufficient to calculat® /D, . For the boron system
from set B are shown in Fig. 3. P

. o . . studied, the ratios oD to D, were determined using the
As the figure indicates, all graphs approach a ratio of 1 "hest-fit values fromk from each sample set. As discussed
the limit ask— 1. This result is expected, since E&) re- .

duces to Eq(3), and the models converge to a single diffu- previously, these were 0.6 and 0.39 for sets B and A, respec-

sion constant. It is less intuitive as to why the graphs reacﬁ'vely' The results of this analysis on the curves in Fig. 3 are

i : X presented in Table III.
tzrﬁ;o r?atsﬂ;zf%rsgjr\éawﬁj Igflir%m: ?:n m\/‘?’/ﬁzﬁtgn gfesgr?és As expgcted, the_ diff_erence in diffusion_ constants in-
Co ; 20 . P creases with annealing time. Both models give a step func-
infinity. The physical reason for this behavior is as follows.
Take, for example, the annealing time of 10.4 h from sample
set B, for which the scattering length density at 50 A was TABLE Ill. Ratio of Dgangarat® Dpinned (Ps/Dyp) as a function
6x 107 A ~2. This corresponds to both a concentration  ©f annealing time and distance from thé'B/1%B interfacez. The
and a particular point on the density profile as shown in Fig_\/alue in parentheses is_ from set A data; all other value_s are from set
2. For values ok closer to 1, both the pinned profile shown B The value of the ratio can be interpreted as one minus the error
and the standard profile without the discontinuity at the in-" Ps When used to approximaf@,.
terface will curve up to pass through the point. Since the

pinned profile begins at the interface at a higher concentrat— vy 5.0 234

tion, it flattens out more than the standard model, yielding g A
higher diffusion constant. Hendgs/D, is less than 1. As 50 0.66(0.50 0.40
k decreases, however, the discontinuity widens. Eventuallyago 0.94 0.85

the pinned model will be forced to start at the interface with
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studied was only a factor of 2.5. For most high-resolution
methods of determining diffusion constants, including neu-
tron depth profiing, Rutherfordback scattering, and
secondary-ion-mass spectroscopy, any difference under an
order of magnitude is not significant. Since the practical dif-
ferences between the standard and pinned diffusion models
are not discernible using these methods, there has been no
need for discussion of the pinned model as applied to self-
diffusion in solids. However, we have shown that neutron
reflectivity possesses the necessary resolution to distinguish
between the two models. As a result, for the self-diffusion of
amorphous boron, pinned Fickian diffusion is clearly a more
0.0 $ I : applicable model than the traditional standard Fickian model
at the temperature studied.
0.0 0.2 04 0.6 0.8 1.0 . . . .
K As the resolution of experiments continues to increase,
the pinned Fickian model may need to be considered when
FIG. 4. Graphs 0fDgangard Dpinnea VS k cComparing the two measuring diffusion constants in amorphous materials. It has
sample sets A and B. The dashed line with filled triangles is thetlready been shown that the choice of model affects the ac-
z=200 A, t=5 h plot from Fig. 3(set B. The solid line is the curacy ofD. Using the standard Fickian model to approxi-
equivalent plot from set A with the same values fbandt. The  mate the pinned model also affects the consistency of results.
open circles highlight the difference /D, between samples due We have shown that the ratids/D,, and hence the value of
to their unequak values. D, depends on the distance from the interface where con-
centration data are taken. Consequently, any method that
tion in the limit as annealing time goes to zero, but, as timeakes data at an arbitrary distance from an interface will yield
increases, the models diverge. This effect is less noticeable aiconsistent values for the diffusion constant, unless the cor-
larger distances, for the simple physical reason that it takesect model is utilized. Although these differences are less
longer for particles to diffuse the longer distance, sothan an order of magnitude, which is currently insignificant
diffusion-related differences are not as exaggerated. The iren an experimental scale, we believe that as resolution is
verse of this is also true; at short distances, diffusion-relateénhanced it may be necessary to use the pinned model to
effects are exacerbated. Consequently, the ratio decreases diytain consistent and accurate results if this same phenom-
almost 50% in some cases when the distance to the interfa@non is observed in other amorphous systems.
is decreased by 150 A. The ratio also decreases whisn
less ideal as a result of different sample preparation. As
shown in Fig. 4 and included in Table Ill, the data from set IV. CONCLUSIONS

A gave a value foDs/D,, that was 24% less than the ratio  \ye have shown that the contrast between two different

from set B, with the same annealing time and distance to th%otopes of the same material allows measurement of the

interface. o _ . detailed shape of the density profile at the interface using
As indicated in Fig. 5, the difference in diffusion con- e iron reflectometry. From an analysis of the profiles, the
stants is less than an order of magnitude for the majority ofjittysion constant, information about the interface between
the range ok values. Indeed, the largest discrepancy that Wene two isotopes, and the position of the interface with re-
spect to the surface of the material were obtained. A rela-
10 : tively simple model system, self-diffusion of boron, was
vy found not to follow standard Fickian diffusion, i.e., simple
' \5 error function behavior, but instead had a discontinues den-
1N sity profile at the interface boundary. It is not yet known
N — L. —--L-° = what effec_t thIS re_sult_may have on the diffusion of boron
VoL .7 : from passivating diboride layers.
/:/ ‘e’ .’ The pinned composition at the boundary was a different
v s \ , self-consistent value for each of two different sample prepa-
\
1

=]

o))
alao
A~

0.1

D/ Dp

, v, rations, indicating that the sample preparation varied some-
b what in the two sample sets. Although the source of this
» vy pinning is not completely understood, the density profile
)
N
|I

measurements suggest that the boundary layer, perhaps bo-
: ron clusters, is stable at 360 °C, and does not break down or
0.0 02 04 0.6 0.8 10 shift position during the anne;als. In fact, the clus_ters may
K have been formed by the 360 °C anneal, and remained intact
thereafter. Furthermore, this temperature may be just below a
FIG. 5. Data from Fig. 3 plotted on a log scale illustrating the Significant phase transition in 6_1m0rph0_us poron, since we
range over which the diffusion constants from the pinned and starPbserved a dramatic difference in the diffusion properties at
dard models vary by an order of magnitude or greaterour shortest anneal time at 400 °C. The measured diffusion
(Ds/Dp<0.1). constants at 360 °C are inconsistent with the high melting
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temperature of elemental boron, but are consistent with medechnique may be the first with the ability and resolution to
sured boron diffusion constants in other amorphous thirdo so.
films.10 The implications of a pinned interface for the calculation
The reflectivity measurements give information about theof a diffusion constant vary depending on both the location
density, but not the structure of the film responsible for thatof concentration measurementand the anneal time The
density. The small size of the clusters and the unconverratio of D¢/D,, and thus the difference between interpreted
tional geometry of the films makes x-ray diffraction elusive. diffusion constants, is less ideal ksncreases, as the mea-
Performing reflectivity studies on known crystalline or poly- surement is taken closer to the interface and as the anneal
crystalline samples of'B/°B would be helpful in determin-  time increases. For measured valuekaff 0.6 and 0.39 in
ing the effect of nanocrystals or clusters on the self-diffusionour amorphous boron systems, the diffusion constant ratios
of boron. Furthermore, annealing to very long times could befor the 5-h anneals, using concentration data taken 50 A from
used to verify that the nanocrystallinity was consistentthe interface, were 0.66 and 0.50, respectively. Clearly, the
throughout the sample and not limited to the interfacial rechoice of diffusion models can have a significant effect on
gion. If the amorphous boron is comprised of homoge-the calculated diffusion constant.
neously distributed nanocrystals, the final boron density pro-
file will be a constant density of'B to the interface and the
complement on the other side of the interface. Although
there may be some additional resistance at the interface due We would like to thank the United States Department of
to a small difference in thermodynamic potential betweerEnergy for funding under Contract No. W-7405-ENG-36
108 and 1B, the apparent fixed composition seems to have avith the University of California. S.M.B. acknowledges gen-
larger effect at 360 °C. No one to our knowledge has eveerous support from the Luce Foundation. This research was
measured the miscibility of the two boron isotopes, and thisupported in part by an award from Research Corporation.
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